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introduction 

Once again it ha5 been possible to fit the year’s results into the seven sections 
(Nuc1e:ir Cliernist ry to Chemical Physics) used f o r  some time. And, again, brief 
introductory paragraphs preface each of those to point out unifying themes and relations 
to the overall interests of the AEC and other sponsors. 

By a year from now, the new directions of research in support of broader AEC 
missions - directions of research we have worked so hard during the year to identify, 
describe, arid justify - may require a reorgankation of our Annual Keport. But for one 
more time, at least, constant readers will find topics where they expect them, and a 
generally similar table of contents. 

L 
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1 .  Nuclear Chemistry 

In spite of recent emphasis on noniiuclear energy, it is almost certain that nuclear 
fission will be it major source of energy for some period of time. Therefore they study of 
nuclear properties, both for specific pieces of information of practical importance and for 
general understanding, is still of special importance. Further impetus to such work here 
has been given by the decision o f  the AEC: to  locate a major nuclear research facility, an 
advanced heavy-ion accelerator, at OKNL. 

The work reported this year represents a continuing evolution of the program of 
recent years. The trend already in evidence a year ago toward on-line experiments, 
particularly with heavy ions, has continued, and, because such experiments tend to cut 
across the interests o f  rnany groups? rnost o f  the reports show collaboration with persons 
in other divisions or  other institutions. Keports involving Orsay, Darmstadt, and other 
European institutions reflect foreign assignments f o r  some of our nuclear chemists, 
undertaken principally to  obtain experience in research with heavy ions in anticipation oi‘ 
our new accelerator. 

Our capabilities for low-level gamma spectroscopy continued to be demonstrated on 
lunar samples. It is likely that this source of material is about dried up, but we are 
actively seeking other applications, particularly in connection with the monitoring of 
re ac t o I effluents. 

Some other nuclear work is reported in the following section, “Ctietnistry and Physics 
of Transuranium Elements;” the dividing point is Z = 93 + 6 .  

DELAYED NEUTRON EMISSION FRQM 

ALKALI ISOTOPES’ 

P. F. Dittner C.  Tt-tibault3 
E. Roecklz C. Rigaud3 
I<. Klapisch3 C. Detraz3 

R. prieeIs4 

THE DECAY OF NEUTRON-RICH 

‘The need for more and better experiniental data on 
delayed neutron emission in the fission product mass 
region has been stressed during the past few years. Due 
to the importance of the understanding of the delayed 
particle emission itself and its astrophysical implication 
in the r process, the delayed neutron emission probabili- 
ties P, of individual isotopes and their neutron spectra 
are  of primary interest. Experiments along this line, 
however, are difficult because of the low production 
cross sections and the short half-lives of delayed- 

neutron precursors and by the inherent difficulty of 
neutron detection and spectroscopy. 

We undertook a systematic study of the delayed 
neutron emission probabilities for the decays of neu- 
tron-rich alkali isotopes. Two series of experiments 
were carried out: The first one at the “‘Cyclone” 
isochronous cyclotron of the University of Louvain-la- 
Neuve, using the I -  to 5-pA, 100-MeV external alpha 
beam, which was pulsed for typically 0.1 -sec beam 
pulses at a lG% duty cycle, and the second one with the 
24GeV proton beam of the CERN proton synchrotron, 
giving 2.1 +set pulses every i 0 see. In both experiments 
;in on-line mass ~pectronieter~ was used. Essentially, the 
reactiori recoils from the 2 3 5 U  target are caught in 
heated graphite, from which alkali isotopes diffuse very 
quickly. Ions produced by surface ionization are accel- 
erated arid analyzed i n  a magnetic prism. The rnass- 
separated ion beam is refocused onto a thin stainless 
steel catcher in a shielded area several meters away from 

1 
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the target. 'The catcher is located at the center of a 
beta-neutron detector array. A 5-cm-diam, 0.3-mm- 
thick NE 102h plastic scintillator faces the catcher with 
the beta detection probability limited by solid angle 
t o  about 20%. It is surrounded by eight 3He propor- 
tional counters embedded in a paraffin moderator and 
shielded by a cadmium sheet and an additional paraffin 
layer. The neutron detector has been designed to give a 
high efficiency and a relatively fast response to enable 
observation of beta-neutron coincidence. Its  absolute 
detection probability E ,  for neutrons, measured with an 
americium-lithium standard source, was approximately 
10%. 

'The target was bombarded by  short beam pulses, 
while the mass spectrometer was set to a fixed mass. 
After a suitable collection time the ion beam was 
switched off by a fast electrostatic deflector in order to  
observe the radioactive decay of the collected activity 
regardless of the time dependence (due to diffusion) of 
the  upp ply of ions on the collector. The signals from 
both detectors were simultaneously multiscaled; thus 
the P, value can be determined from the ratio of the 
two rates. I n  this direct P, determination the depend- 

96y \ 
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ence on the production cross section is circumvented. 
The final multiscaling wives are the result of the 

activity of the sum of many ion bursts having a period 
determined by the primary beam. Thus activities 
produced by earlier bursts will contribute to  the 
counting rate of later multiscaling sweeps. This effect 
tends to enhance the relative intensities of longer-lived 
comporients and was accounted for in our analysis. All 
but one of the neutron multiscaling curves (NMC) had 
only one component (the alkali), since the decay 
daughters do  not emit neutrons. The exception oc- 
curred at mass 98, where a weak, longer-lived neutron 
activity from 98Sr  and/or 9 8 Y  was found. The beta 
rnultiscaling curves (BMC), however, are more complex 
due to  the daughter activities from beta and neutron 
decays. We assumed time dependences for the number 
of precursor nuclei arriving at our detector, consistent 
with the respective target bombardment times and 
diffusion time characteristics. These, together with the 
appropriate differential equations, enabled us to  calcu- 
late the contribution of the daughter activities to the 
BMC's. The calculated BMC's were fitted to the 
experimental points using a previously measured or 
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Fig. 1.1. Beta and neutron rnultiscaling curves for 97Rb, obtained from 139 collection-counting cycles with a timing of 0.2-sec 
beant pulses every 1.3 sec. The neutron deray curvc ( b )  consists of one component only, whereas the beta curve (n) is complex due to 
daughter activities from beta and neutron decay 
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Table 1.1. Half-lives and delayed neutron emission probabilities 
~~.~~~~~~~~ 

T p(rnsecj P,(T) 
Precursor Mass 

This work Others This work" Others 

Li 9 180.56 * 0.65 177 t 3b 35.0 s 3.5 35.0 f 3.Sb 
11 9.71 t 0.55 60.8 -t 1.2 

Na 27 295 t 10' 0.08 t 0.03 
28 30.3 t 1.1 35.7 s IC 0.58 .I 0.1 2 
29 42.3 k 2.3 48.6 c 2c 15.1 i: 1.8 
30 54.5 f 2.4 55 t 3c 33.1 t 3.8 
31 17.7 i lC 3 0 s  8 

Rb 93 6390 i 350 5890 s 40d 1.24 t 0.14 2.6 ? 0.4e 
1.65 fr 0 . 3 d  
1.43 i: 0.18s 
2.1 i: 0.6'' 

94 2755 -t80 2670 t 40d 8.46 -f 0.92 11.1 e l .lg 

95 383.2 c 6.0 360 i 20d 3.54 i 0.91 7.10 i 0 . 9 g  
96 199.0 i 3.5 207 t- 3' 13.0 t 1.4 12.7 t 1.5g 
97 172.2 55.0 176 ?I 5: 27.2 c 3.0 >2@ 
98 106.1 t 5.6 136 :t 8' 13.3 + 2.1 

cs 145 611 + 2 1  563 t- 27' 12.1 ? 1.4 
146 3 5 2 c 4 2  189 f 1li 14.2 f 1.7 

11 t 2" 

"Normalization oft',, values and error calculation; see text. 
S. Chen, T. A. Tombrello, and K. W. Kavanagh, Nucl. Nzys. A 146, 136 

(1970). 
'R. Klapisch et  al.,Plzys. Rev. Lett. 2Y, 1254 (1972). 
d I .  Amaral et at., Phys. Lett. B 24,402 (1967). 

Amid et al . ,  p. 1 15 in Delapd Fission Neutrons, Proc. of IAEA Panel, 
Vienna, 1967. 

fW. L. Talbert, A. R .  Tucker, and 6. M. Day, Phys. Rev. 177, 1805 (1969). 
g1. Amarel, H. Gauvin, and A. Johnson, J.  Irzorg. N z d  Chem. 31,577 (1969). 
*H. 1). Schussler and G .  Herrmann, Radiochim. Acta 18, 123 (1972). 
'B. L. Tracy et al., Phys. Lett. R 34, 277 (1971). 

estimated value of P, as a trial value. Iteration of  the P, 
was then begun, and the intensity of the precursor 
component of the BMC's was obtained. Figure 1.1 
shows as an example the BMC and the NMC for mass 
97, for a data set from Louvain. The NMC is a 
single-component exponential giving a half-life for 
97Rb of 172 k 5 msec. In the BMC the beta activities of 
97Rb,  of the beta-decay daughters, 97Sr and 9 7 Y ,  arid 
of the neutron-decay daughters, 96Sr  and 96Y,  have 
been adjusted to  ieflect the neutron branching. 

'The values of P,, can now be calculated from the 
relation 

where I ,  and I p  are the intensities of the neutrons and 
betas respectively. We used the previously measured6 
P, of 9Li and out value of In/Ip for Li to determine 
the ratio of E ~ / E ,  in situ. 

In Table 1.1, our results for the half-lives and P, 
values are listed arid compared with previous measure- 
ments. The error of a particular P,  value (Table 1.1) 
includes the statistical uncertainty of' the intensities I,z 
and fp of that riuclide and the error of the efficiency 
calibration [see Eq. (l)] . The latter was assumed to be 
equal to the uncertainty of the E ~ / E ,  for 9Li, which 
results almost entirely from the I@$ uncertainty of  the 
P,  value, since the value of In/fp for 9Li was deter- 
mined to better than 1% in our experiment. 

1. Expanded abstract of paper, Niicl. Phys. A 222, 621 
(1974). 

2. Gesellschaft fur Schwerionenforschung rnbR., Darmstadt, 
Germany. 

3. Laboratoire Ren6-Berms du Centre de Spec t romhie  
Nucldaire et de Spectrom&rie de Masse, Orsay, France. 

4. Institut de Physique Corpusculaire, Louvain-la-Neuve, Bel- 
gium. 

5. C .  Kjgaud, Thkse de 3e Cycle, Orsay (1972j, unpublished. 
6. Y. S. Chen, T. A. Tombrello, and K. W. Kavanagh; NucL 

Phys. i t  146,136 (1970). 



NEUTRON CAPTURE IN SULFUR TO 
1 100 keV 

J.  Halperin R. L. Macklin' 
R. R. Winters' 

Neutron time-of-flight radiative capture data for a 
sample of natural sulfur (95%' "S, 0.026 atoms/b) have 
been taken at OKELA and have been analyzed for 
single-level resonance parameters. Detailed descriptions 
of the experimental arrangemcnt and data handling 
have been given p rev i~us ly .~  Figure 1.2 illustrates the 
structure discernible in a plot of capture cross section 
(mb) vs laboratory neutron energy (keV) and the 
adequacy of the background corrections. More than 50 
resonances to 1 100 keV have been identified and listed 
in Table 1.2, of which more than half had not 

previously been r e p ~ r t e d . ~  Resonances appear not t o  
have been missed up to about 500 keV as judged by a 
plot of the cumulative number of observed resonances 
vs energy. 

On the basis of ten identified s-wave resonances, an 
upper limit may be placed for the average level spacing 
D(I = 0) < 110 keV. The average reduced s-wave 
neutron width and strength function are found to be 
(gl',')= 10.3 f 4 eV andSo = (0.94 f 0.42) X l F 4 .  Of 
some 14 resonances assigned to  p-wave neutron capture, 
we obtain an average level spacingD(Z = 1) = 25 keV. Of 
the 14 identified p-wave resonances, 6 were found to be 
J = Y2 resonances from analyses of total cross-section 
m e a ~ u x e m e n t s . ~ . ~  The J = '4 p-wave strength function 
was found to be SI = (0.57 f 0.3) X whereas the 
J = '4 p-wave strength function i s S l  = (0.16 2 0.05) X 
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Pig. 1.2. Radiative capture yield of 32S (95%). No resonance9 were seen below 25 keV cxcept for two resonances at 17.6 and 
(EWHM) at the lower energics to 4 23.9 keV attributable to the minor (0.75%) isotope 33S. Resolution worsens from 1.7 X 

X at 1000 keV. 



I O 4 .  Further, the average s- and p-wave radiation 
widths can be similarly estimated as 4.1 k 2 eV and 
2.33 * 0.6 eV respectively. Interestingly, the s i x  
resolved J = 34 resonances give a mean radiation width 
of 0.91 eV. 

Table 1.2. Re9onance pnratneters for 32S(n,7)33S 

30.36 1 312 
43.12 
46.8 
97.4 1 312 

102.9 0 1/2 
112.1 1 312 
145.2 
160.3 
172.8 
203.0 1 312 
261.3 
272.3 1 112 
288.7 1 312 
309.4 
312.8 
32 1.4 
346.1 
353.6 

378.9 
382.6 
40 1.6 
412.8 
426.2 
460.2 
463.3 
514.0 
533.9 
576.5 
587.2 1 312 
649.5 1 112 
668 6 
675.7 1 112 
688 
699.5 0 112 
725.5 0 112 
741.5 1 112 

184.5 
819.1 1 1/2 
835 
869 
886 
904 
921 0 112 
921 1 112 
948 1 112 
986 0 112 

1008 0 112 
1048 0 1/2 
1056 1 l/2 
1061 
1084 

377 0 112 

779.3 0 1/2 

1091 0 1/2 

I .26 
0.075 
0.050 
0.52 

0.62 
0.25 
0.87 
0.82 
0.34 
1.42 
2.23 
3.62 
2.29 
1.73 
1.58 
1.56 
3.20 
0.47 
1.32 
0.66 
1.27 
1.52 
0.42 
1.91 
1.13 
2.23 
2.20 
1.82 
4.55 
3.76 
1.89 
1.31 
1 .oo 
1.36 
1.41 
1.62 
2.05 
2.39 
0.87 
3.74 
5.81 

16.6 
1.21 
5.0 
5 .o 
1.2 
3.6 
2.0 

15.0 
5.1 
7.6 
3.0 
2.0 

80 0.64 

<4 0.51 
200 0.52 

1000 0.62 
<22 0.26 

27 0.89 
<26 0.85 

3100 0.34 
<23 1.5 

1700 2.2 
5000 3.6 
<41 2.4 
<42 1.8 
435 1.7 

72 1.6 
<43 3.5 

5000 0.47 
<49 1.35 

95 0.66 
<56 1.3 
176 1.5 
<SO 0.42 
177 1.9 
184 1.1 
136 2.3 
141 2.2 

<115 1.85 
3000 4.6 
1000 3.8 

90 1.9 
500 1.3 
<30 1.1 

10000 1.4 
6000 1.4 
2000 1.6 
4000 2.1 

150 2.4 
1200 0.87 
300 3.8 
4 0  6.2 
150 18.3 
<40 1.3 

3000 5.0 
2000 5.0 
2200 1.2 
9000 3.6 
2000 2.0 
3000 15.4 
2100 5.1 

250 7.9 
250 3. 

1200 2. 

<4 0.076 

17000 7.5 

18.6 
(C0.6) 
(<0.6) 

8.6 

35.2 
(COS) 

(0.6) 
(<OS) 
48. 

(<0.3) 
17.7 
48.4 

(Cr0.4) 
(C0.4) 
( ~ 0 . 3 )  

(0.6) 
(C0.3) 

(<0.4) 
(0.6) 

(40.40) 
(1.11 

(C0.4) 
(1.0) 
(1.0) 
(0.6) 
(0.6) 

(<OS) 
12.7 

3.8 
(0.4) 
1.7 

(C0.4) 

53.0 

8.2 

12.0 
7.0 

4.5 
6.4 

(0.5) 
3.4 

(0.9) 
( ~ 0 . 3 )  
(0.4) 

(L0.2) 
3.1 

5.1 
5.4 

9.1 
2 .o 
2.9 

4.6 
(0.5) 
(0.5) 

1 1  

The current evaluation o f  the capture gamma area for 
the 30.88-keV resonance i s  about 5Ph greater than 
reported earlier.4 The effect of this resonmce is 
relevant to the theory of weak s-process element 
formation since ”S serves as a seed nucleus and 
Maxwellian averages for kT zz 30 keV neutrons are of 
course sensitive to  this resonance.’ The 30-keV Max- 
wellian average cross section is computed as 4.95 * 0.50 
mb. 
-- 

I .  Physics Division. 
2. Denison University, Granville, Ohio. 
3. B. J. Allen, K. L. Macklin, R. R. Winters, and C. Y. Fu, 

Plzys. Rev. C 8,  1504 (1973). 
4. S .  F. Mughabghab and U. 1. Garber, Neutron Cross 

Sections, vol. 1, Rcsonance Parameters, BNL-325, 3d ed. (June 
1973). 
5. S. Cierjacks et al., “ H l g  Resolution Total Neutron Cross 

Sections between 0.5 and 30 MeV,” Gesellschaft fur Kernfors- 
chung mbH., Karlsruhe, June 1968. 

6 .  We are indebted to J. A. Hasarvey for permitting us to 
exanline preliminary and unpublished data of the total cross 
section of sulfur from 10 to 1000 keV. 

7. J. G. Peters, W. A. Fowler, and D. D. Clayton, Astroplrys. 
J. 173,637 (1972). 

DECAY OF 9Fe TO LEVELS 
OF 59C01 

S. C .  Pancholi’ S. IC. Soni4 
J. J. Pinajian3 M. M. Bajaj4 
N. K. Johnson S. L. Gupta4 
Ashok Kuma4  N. K. Saha4 

The decay of 45.1-day 5 Y F e  has been studied with a 
40-cm3 Ge(Li) detector, a Ge(Li) low-energy photon 
detector, and a Ge(Li)-Nat(T1) coincidence system. The 
measured gamma-ray energies in keV (intensities in 
parentheses) are as follows. 142.648 ( I  02% k 0.04%), 
192.344 (3.08% t O.lW),  334.8 ?r 0.2 (0.27% ? 
O.Ol%), 382.0 k 0.4 (0.018% +_ 0.003%), 1099.224 
(56.5% k 1.5%), 1291.564 (43.2% * l.l%), and 1481.7 
?r 0.2 (0.05% t- 0.006%). Gamma-gamma coincidence 
measurements show that the 382.0-keV gamma ray is in 
coincidence with the 1099.22-keV gamma ray and that 
the 1481.7-keV gamma ray is a ground-state transition, 
thereby establishing a 5 9 C 0  level at 1481.7 f 0.2 keV. 
We also measured gamma-gamma duectional correla- 
tions for the following cascades, and the expansion 
coefficients obtained are: 142.65-129 1.56 keV, A 2  = 
-0.070 t 0.005, 334.8-1099.22 keV, A P  = 0.099 ? 

0 012; and 192.34-1099.22 keV, A 2  = +0.008 _+ 0.004. 
The mixing parameters F for the 1 4 2 . 6 ,  192.34-, and 
334.8-keV gamma rays are 0.015 to 0.026, -0.12 i 
0.06, and -0.22 5 0.02 respectively. 
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Fig. 1.3. Comparison of experimental and theoretically calculated energy 1cve8s of "Co below 3 MeV. 

Numerous theoretical attempts have been made in an 
effort to explain the low-lying level structure in the 
odd-mass cobalt nuclei. The premise of most of these 
calculations is that the odd particle or odd hole state 
couples to  the quadrupole vibrations of the neighboring 
even nickel core. The approaches differ in such aspects 
as a variation in the coupling strength, the inclusion of 
pairing effects, and the introduction of quasi-hole 
states. In Fig. 1.3 we show a surninary of the best 
energy data available on the levels o f 5  9Co up t o  3 MeV 
including the results of the present measurements, 
'These data are compared with the theoretical calcda- 
tions of Satpathy and Gugrathi,' Gomez,' and Stewart 
et al.7 As seen in Fig. 1.3, all of the calculations show 
general agreement with experiment, but those of 
Stewart, Castel, and Singh7 give the best overall fit. 
-. ........ 

1. Expanded abstract of published paper, Phys. Rev. C 8 ,  
2277 (1973). 

2. Physics Division and Univeisity of Delhi, Delhi, India. 
3. Isotopes Division. 
4 .  University of Delhi, India. 
5 .  L. Satpathy and S .  G. Gugrathi, Nucl. Phys. A 110, 400 

6 .  G. M. C .  G6rncz,Phys. Rev. C 6, 149 (1972). 
7 .  K.  W. C. Stewart, K. Castel, and A. E'. Singh, Phys. Rev. C 

( 1968). 

4 ,2131 (1971). 

TBON RESIDUE CMQSS SECTION 
IN THE REACTION 

R. E. Ferguson 
F. Pleasonton' F .  Plasil' 

7Ag + ' Ne 

R. L. Hahn 

The excitation function for 20Ne-induced fission of 
has been reported recently.' In that work, 

attempts to fit the experimental results with calculated 
excitation functions3 were unsucce3sful wlien it was 
assumed that the cross section for compound-nucleus 
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formation UCN was equal to the calculated total 
reaction cross section UR , at all bombarding energies. 
For UCN < UR, however, it was shown to be possible to 
fit the experimental results using a wide range of 
parameters. These parameters were U C N / U R ,  Bf; the 
fission barrier for a nonrotating system, and af/a,, the 
ratio of the level density parameter for fission to that 
for particle evaporation. Thus, in order to  extract an 
unambiguous value for the fission barrier from such 
data, it is necessary to determine the value of ucN/aR. 
We have begun a series of measurements of the 
excitation function for forniation of evaporation resi- 
dues U E ~  in the "'Ag + "Ne reaction, which, 
together with results on the fission cross section u j ,  will 
yield the required values of uCN . Evaporation residues 
are those products resulting from the fusion of' target 
and projectile nuclei, followed by the emission of a few 
nucleons. 

In this report we present results of a measurement 
performed at a bombarding energy EL of 163.5 MeV. 
Angular distributions of reaction products were deter- 
mined at laboratory angles between 3" and 30" wth a 
AE--E counter telescope similar to one described by  
Hildebrand et al.4 A telescope of this type was first 
applied to  the measurement of evaporation residue 
cross sections by Gutbrod, Winn, and Blann.' 

From AE-vsE arrays for each angle, events corre- 
sponding to detection of evaporation residues (high AE, 
low E)  were extracted and summed. Events corre- 
sponding to  detection of neon ions elastically scattered 
by the target (low AE, highE) were also extracted from 
the telescope data. Values of UER were then calculated 
relative to  the known cross section for Rutherford 
scattering, as measured by the elastic-scatter events. At 
those angles where the elastic scattering is no longer 
Rutherford, normalisation via bean  monitor detectors 
was performed. The resulting distribution in U E R ,  
corrected for geometrical cffects, was then extrapolated 
to  0" and integrated over all angles t o  yield the total 
cross section. 

Our value of UER was combined with the appropriate 
value2 of uf to give a value of UCN at El, = 166 MeV, 
and this result is shown in Fig. 1.4 as the triangular 
point. The circular point is the result of a track detector 
experiment by Natowitz6 and is in good agreement 
with our present result. The curves shown in Fig. 1.4 
represent interpretations of the fission results2 based on 
the assumption that only at  the lowest EL does u ~ N  = 
UR and that, at higher energies, the highest partial 
waves lead to incomplete fusion of projectile and target 
and thus to values of U ~ N / U ~  < 1. For the lower curve, 
a c ~ l u ~  was determined, as a function of El,, by 
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Fig. 1.4. Ratio of compound-nucleus cross section to total 
reaction cross section for two sets of Bf and uf/u,, values as 
functions of bombarding energy. Both curves were arbitrarily 
required to pass through UCN/UR = 1 at EL = 110.4 MeV. The 
dashed portions of the curves represent extrapolations. The 
triangular data point is the result of the present work and the 
circular point is due to Natowitz, Phys Rev. C 1, 623 (1970). 
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setting Bf equal to  the predicted7 nonrotating liquid- 
drop barrier BfLD; calculating the value of uf/au 
required to  fit the experimental uf value at  EL = 110.4 
MeV (with the assumption that U ~ N / U R  = 1); and 
fitting, with these parameters, to the ufdata' at higher 
energies. The upper curve was derived similarly, begin- 
ning with a choice ofBf = 0.7BfLD. 

We are currently measuring UER at enough other 
energies in this system to enable us to  determine 
unambiguous values of Bf and af/a,,, as well as to 
remove the necessity for assuming that UCN = UR at the 
lowest energy. This will allow us to  rnake valid 
comparisons with theory and should lead to  a better 
understanding of the nuclear macrophysics8 of heavy- 
ion-induced reactions. 

- 
1. Physics Division. 
2. F. Plasil, R. L. Forguson, and F. Pleasonton, "Neon- 

Induced Fission of Silver," paper IAEA/SM-I 74/71 in Proc. 
Third IAEA Symposium on the Physics and Chemistry of 
Fission, Rochester, N .  Y., Aujpst 1973; also CONF-730823-8 
(1972). 

3. M. Blann and I;. Plasil, ALICE: A Nuclear Evaporation 
Code, USAEC report COO-3494-10 (Nov. 1, 1973). 

4. K.  D. Hildcbrand et al., Nucl. Phys. A 157, 297 (1970). 
5. H. H. Gutbrod, W. G. Winn, and M. Hlann, Nucl. Phys. A 

6. J. 3. Natowitz,Phys Rev. C 1,623 (1970). 
7. S. Cohen, F. Plasil, and W. J. Swiatecki, Ann. Phys (New 

8 .  W. j. Swiatecki, J. Phys. (Paris) 33, (2.545 (1972). 

213,267 (1973). 

York) 82,557 (1974). 
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ANGULAR MOMENTUM EFFECTS IN THE 
FISSION OF THE 3Tb COMPOUND 

NUCLEUS' 

R. L. Ferguson F. Plasi12 
F. Pleasonton2 

There is experimenta13i4 as well as theoretical5 
evidence that high angular momenta can lower the 
fission barrier drastically. This effect not only influ- 
ences the decay properties of compound nuclei6 but 
may also play a role in determining the compound- 
nucleus formation pr~babi l i ty .~, '  Calculations indi- 
cate5 that for angular momenta greater than about 
lOOh the fission barrier vanishes for all nuclei. 

We have attempted to isolate angular momentum 
effects on fission barriers and thus to check the validity 
of liquid-drop predi~t ions.~ To accomplish this, we 
have investigated two reactions in which angular mo- 
mentum effects are substantially different, in particular, 
the reactions 3 3 C s  + 20Ne + [' 53Tb*]  3 fission and 
14'Pr f 1 2 C +  [ ' 53Tb*]  ~f i ss ion . I le rewerepor to i i r  
results on the fission excitation functions for these 
reactions. 

The compound-nucleus excitation energy ranged from 
70 MeV to 120 MeV in the "Ne case and from 70 MeV 
to about 100 MeV in the " C  case. Over an identical 
range in excitation energy, the difference in cross 
section between the two fissioning systems is very 
probably due to the different values of angular mo- 
menturn involved. Thus, at a comparable excitation 
energy, we would expect the fission cross section of 
from the 20Ne-induced fission of 1 3 3 C s  to be higher 
than that from the I 2C-induced fission of ' Pr since 
the higher angular momentum brought in by the "Ne 
ion results in a greater lowering of the fission barrier. 
The results are shown in Fig. 1.5. The experimental 
values of the fission cross section are given by the 
closed circles and triangles. It can be seen that at a given 
excitation energy, ufis higher for the 20Ne  than for the 
12C case. At an excitation energy of 90 MeV, for 
exaniple, uf 2 0.7 mb for the I 2 C  bombardment, 
compared with uf= 10mb for the 2oNe reaction. 

The curves of Fig. 1.5 represent fits to the experi- 
mental data obtained from the compound-nucleus de- 
excitation program ALICE,' which allows for multiple 
neutron, proton, and He evaporation in competition 
with fission and which includes angular-niomentum- 
dependent fission barriers. The absolute magnitude of 
the nonrotating fission barrier, B f ,  and the ratio of the 
level density parameter for fission, n f ,  to the level 
density parameter for particle emission, a,, were treated 
as adjustable parameters. The angular momentum de- 

500 

200 

100 

5 0  

20 

IO 

5 

9 
E ._ 
6 - 2  

1 

0.5 

0.2 

0. I 

0 0 5  

0.02 

001 

ORNL-DWG 74-1905R2 

60 70 00 90 100 110 120 130 
EXCITATION ENERGY ( M e V )  

Fig" 1.5. Fission excitation functions for fission of the ' 53Tb 
compound nucleus. Circles, 20Ne bombardments of 33Ccs; 
triangles, I 2 C  bombardments of I4'Pr. The curves are calcu- 
lated excitation functions (see text); Bf = 0 . 8 B f r '  for both 
curves, and af/uu = 1.0 for the upper curve and 0.965 for the 
lower curve. 

pendence of Bl-, however, was taken from liquid-drop- 
model  calculation^,^ and the variation of Bf was made 
by varying k in the expression Bf = kBf12D, whereBfLD 
is the liquid-drop value of B f  

The fission barriers associated with the curves are 
given by Bf = 0.8RfLD in both cases, while af/a,  i s  
0.965 in the 1 2 C  case and 1.0 in the "Ne case. It can 
be seen that the fit to  the steep part of the excitation 
function is good in both cases up  to  an excitation 
energy of about 90 MeV. These are "best fits" in the 
sense that they follow the experimental data over the 
greatest range of excitation energies. They are, however, 
based on the assumption that the compound-nucleus 
cross section U ~ N  is equal to the estimated total 
reaction cross section O R ;  that is, UC:N/UR 1. This 
assumption almost certainly- does not hold over the 
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entire range of excitation energies studied in this work, 
and thus the fission barrier is not uniquely determined 
from our fit. The deviation of the solid curve from the 
data points at higher excitation energies i s  most 
apparent in the "Ne case and can, very probably, be 
accounted for by a decreasing (TCN/UR ratio with 
increasing excitation energy. Thus, while adequate fits 
to our data can be obtained, the unambiguous determi- 
nation of Bf can only by made if U , - N / ( T ~  is known. 
For this purpose, measurements of evaporation residue 
cross sections are required. 

We conclude that angular momenturn effects in 
fission can be understood reasonably well in terms o f  
the rotating-liquid-drop model' and that the variation 
of' fission barriers with angular momentum given by the 
model is probably adequate. We also emphasize that 
unambiguous extraction of fission barriers from fission 
excitation functions is only possible when the evapora- 
tion residue excitation fiinctions are also known. We are 
presently in the process of measuring the required 
evaporation residue cross sections. 

1. A similar report has appeared in Phys. Diu. Annu. Progr. 

2. Physics Division. 
3. J. Gilmore, S. G.  Thompson, and 1. Perlman, Phys. Rev. 

4. T. Sikkeland. Phys. Rev. 135, B669 (1964). 
5 .  S. Cohen, F. Plasil. and W. J. Swiatecki, A m .  Phys. (New 

York) 82, 557 (1974). 
6. 1LI. Blann and 1;. Plasil, Phjx Rev. Lett. 29, 303 (1972); M. 

Blann and F. Plasil, 10 be published. 
7. H. H. Gutbrod, F. Plasil, H. C. Britt, B. H. Erkkila, K. H. 

Stokes, and M. Blann, "Fission and Complete Fusion Measure- 
mcrits in "'AT Bombardments of "Ni and "'Ag," paper 
IAEASM-l74/5Y in Third IAEA Symposium on the Physics 
and Chemistry of Fission Rochester, N. Y., August 1973. 

8. M. Blann and F. Plasil. ALICE: A Nucleur Evuporufion 
Code, UShEC report COO-3494-10 (Nov. 1, 1973). 

Rep. Dec. 31, 1973, ORN1.4937, p. 28. 

128,2276 (1962). 

PRECESSION OF GAMMA-GAMMA 
CORRELATION IN Xe' ,2 

K.  S. R. Sastty3 
A. V. Kamayya4 R. Mlekodaj' 
R. S. Lee" 

J. H. Hamilton4 

N. K. Johnson 

The g factor of the first 2' level ( T I  p = 40 psec) in ' Xe IS being investigated by measuring the precession 
of the gamma-gamma directional correlation involving 
the 2'+2+-+0+ cascade in l Z 6 X e  populated by the 
decay of 1 2 6 [  The "'1 atoms were implanted as a 
dilute impurity in an iron foil using the UNISOR 
facility to utilize the strong internal field (about I 
megagauss) felt by the "'Xe nucleus in iron. A 

NaI-Ge(Li) coincidence system was used. Preliminary 
results indicate that the asymmetry R = (N+ ~-~ N...)/(N+ 
+ N - )  is about 3%, corresponding to  a precession angle 
of about 50 milliradians. The g factor is positive, and it 
is less than ZIA. 

1. Abstract of paper presented at  the American Physical 
Society Meeting, Bloomington, Ind., Nov. 3 ,  1973; Bull. Amer. 
Phys. SOC. 18, 1425 (1973). 

2. Research supported in part by the National Science 
Foundation. 

3. University of Massachusetts, Amherst. 
4. Vanderbilt University, Nashville, Tenn. 
5.  UNISOR - a consortium of 14 institutions supported in 

part by the U.S. Atomic Energy Commission. 

HEAVY-ION FUSION REACTIONS' 

H. G. Bingham' R .  I,. Hatin 
C. K. Bingham3 M. J .  Saltmarsli2 
E. E. Gross' A. Zucker4 

The question of the interaction of heavy ions and 
target nuclei to form compound systems (complete 
fusion) has received considerable interest, both experi- 
mentally and theoretically, in recent years,5 espe- 
cially since beams of very heavy ions sucli as 8 4  Kr and 
I ' Xe have become available. Consideration of the 
interaction mechanism for such reactions gives rise to 
specific questions about barrier heights, interaction 
radii, channel effects, and limiting angular momentum 
effects on cross-section systematics for fusion reactions. 

How does one effectively and efficiently measure 
integrated cross sections for heavy systems where the 
fusion product angular distribution is spread only a few 
degrees from the beam direction'? Two methods of 
detection have been developed which have enjoyed 
some degree of success - gas proportional counters6 
with thin entrance windows, and track  detector^.^ But 
proportional counters have one distinct disadvantage in 
measuring fusion products, and that is their inability 
because of size and count-rate limitations to go forward 
of 3". That is not to  say track detectors are faultless. 
Registration efficiency, radiation damage levels, and 
etch rates for optimum track exposure plague the 
reliability factor for most tiack-detector measurements. 
However, glass or quartz track detectors appear to have 
complete registration efficiency under normal con- 
ditions and optimum damage sensitivity for inter- 
mediate and heavy masses.' ' 

Using quartz track detectors at ORIC, we have 
measured cross sections for argon-induced fiision on 
targets of titanium, nickel, copper, and silver at incident 
energies from 115 to 189 MeV. Targets were of the 
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order of 70 pg/cm2 thick and were prepared by vacuum 
evaporation of the metal onto 40-pg/cm2 carbon 
backings, except for the nickel target, which was 
self-supporting. Beam intensities were monitored by 
silicon surface-barrier detectors placed at +15” with 
respect to the beam, assuming that the yields from each 
target were given by the Rutherford law. Beam inten- 
sities for the track detector in-bean1 measurements were 
obtained by comparison of Kcu yields from a Si(Li) 
detector at 135” to Kcu yields associated with the 
Rutherford yields of the * 15” surface-barrier detectors. 

The quartz track detectors exposed to fusion 
products were etched in a 26% hydrofluoric acid 
bath (at about 21°C) for 5 min to reveal etch pits, 
the signature of a heavy charged particle. Figure 1.6 
is a scanning electron micrograph (SEM) taken at 
10,OOOX of a region on a quartz disk that was 
exposed to  argon-plus-copper fusion products and 
then etched. These disks were then automatically 

P H O T O  0459 -74 

Fig. 1.6. Scanning electron micrograph taken at 10,OOOX of a 
region on a quart) track detector that has been exposed to 
fusion products from 190-MeV argon plus copper and etched in 
a 26% hydrofluoric acid bath for 5 min. The large holes 
correspond to fusjon or “heavy” products, and the smaller holes 
are fission, inelastic scattering, etc. Reduced 59%. 

scanned in the region of the beam spot at a magnifi- 
cation of 1600X using an image-analyzing computer. 
The scanning procedure consisted of a sizing of each 
etch pit encountered and the increment of a storage 
register representing its average size I The resultant 
measurement appears as the number of etch pits 
scanned having diameters which fall between prede- 
termined limits as in Fig. 1.7. The fusion products 
appear as the largest etch pits encountered. The 
smaller pits represent fission, inelastic scattering, and 
few-nucleon transfer reactions. These conclusions are 
based on SEM calibrations of etch pit diameters 
obtained by directly irradiating quartz wafers with 
beams of 3 2 S  (101 MeV), 40Ar (115, 150, 190 
MeV), 56Fe  (60 MeV), 65Cu (50 MeV), 83Kr (87 
MeV), 93Nl) (78 MeV), and ‘ 2 9 X e  (101 MeV). 
These beams were selected because they correspond 
to average fission and fusion products of the systems 
studied. 

The fusion cross-section results are given in ‘I’able 
1.3. The errors associated with each measurement 
represent the cumulative experimental uncertainties 
and are typically 10%. The largest single uncertainty 
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Fig. 1.7. Sample of raw data output from a beam spot scan 
by an image-analyzing computer. It shows the number of holes 
within a given diamcter limit encountered in a complete scan. 
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Table 1.3 Fusion cross section for argon on titanium, 
nickel, copper, and silver 

._ __ 
.- 

energy Cioss section (mb) 
(MeV) 'Ti Ni C h  Ag 

98 i 3 0  +65  
~ 50 '92 -130 115 

151 804 t 80 892 r 90 

189 1065 t 100 928 t 93 1634 & 160 (0) 

Table 1.4. Radius and barrier-height parameters extracted 
from fusion cross sections for aTgon on targets 

of titanium, nickel, and copper 

Approxiii~ate barrier 
re (fm) height (MeV) Target 

Ti I .35 110 
Ni 1.50 112 

CU 1.50 112 

is that associated with distinguishing fusion tracks 
from those of fission, inelastic scattering, etc., but 
that uncertainty is generally 5% or less. 

'The total reaction cross sectiori U R  for the inter- 
action of auclei with masses A ,  and A 2  and atormc 
numbers Z1 and Z, can be approximately expressed 
as 

where D is the radius of the compound nucleus, 
taken to be 

B is the Coulomb barrier, 

E IS the kinetic energy in the center-of-mass system, 
and r,, is the effective nuclear radius parameiei.' ' 
Iking Eqs. (1)-(3), one can extract values o f  r, and 
B from the data; these are listed in Table 1.4. 

For argon on nickel, the fusion cross sectiori was 
found to increase rapidly above the barrier up to 
some critical energy and then level off. By coni- 
bining these results with those o f  Gutbrod and 
Ph i l , '  it appears that the limiting angular niomen- 

tum7 for this system is not constant but increases 
slowly with energy. This conclusion would appear to 
be consistent with the argon-plus-titariiuni results, 
but additional data on this and other systems are 
necessary for a complete analysis. 

1 .  A similar account of this work has appeared in Phys. 
Div. . A r u m  Progr. Rep. D w .  31, 1973, ORNL4937, p. 31. 

2. Physics Division. 
3 .  Consultant, IJniversity of Tennessee, Knoxville. 
4.  Director's Division. 
5 .  For example, see L. Kowalski, J .  C. Jodogne, and J .  

6 .  EI. 13. Gutbrod, W. G. Winn, and M. Blann, 1?!24cl. Phys. 

7.  J. U. Natowitz, Phys. Rev. C 1,  623 (1970). 
8. M. Bkdnn and 17. Plasil, Phys. Rev. ?,err. 29, 303 

9. J. Galin et d., Phys. Rev. C 9, 1018 (1974). 
10. A .  J .  Sierk and J .  R. Nix, Los Alamos Scicntific 

1 1 .  C. Y .  Wong, Phys. Let[. B 42, 186 (1972). 
12 .  M. Lecerf and J .  PBter, N~AcZ. Iristnim. Methods 104, 

13. H. 13. Gutbrod and F. Plasil, to be published. 

Miller, Phys. Rev. 169, 894 (1968). 

A 213, 267 (19731. 

(1972). 

Laboratory report LA-IJR-73-981 (1973). 

189 (1972). 

EXCITATION FUNCTIONS ANI) ALPHA DECAY 

REACTlQNS ON '44Sm AND '66Er' 

KJ. Cauvin? €3. Lagarde2 
R. L. Hahn Y. LeReyec2 

M. Lefort' 

FROM COMPOUND NUCLEI IN ARGON-INDUCED 

As part of a program to study the mechanisms of 
nuclear reactions induced by very heavy ions, excita- 
tion functions for the reactions 40Ar -t ' 44Sni  -+ Pt 
and 40Ar  + 166Er  -+ Po, in which the observed 
radioactive nuclei have two protons less than the 
product of the complete fusion of projectile and 
target, were measured at the accelerator ALICE in 
Orsay and found to be characterized by two peaks 
(Figs. 1.8 and 1.9). This double-peaked structure was 
shown not to he due to isotopic impurities in the 
targets nor to radioactive decay iron1 othzr reaction 
products but to be the result of nuclear reactions on 
t 4 4  Sni and 1 6 6 E r  that lead to  the observed 
platinum and polonium nuclides. 

Similar two-peaked excitatioti functions for re- 
actions leading to products with two protons less 
than the composite nucleus (agglomeration of pro- 
jectile arid target) have been previously reported in 
studies3- involving projectiles much lighter than4 Ar. 
All of these investigations, with ions such as protons, 

B, or "C, ascribed at least one of the two peaks to  a i n  
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Fig. 1.8. Excitation functions for the production of platinum 
isotopes by bombardment of '44S1~1 with argon ions, for x = 3 
to 6. 

direct nuclear process, such as alpha-particle knockout 
or a transfer reaction. However, it is difficult to admit 
such possibilities in the present work. Studies of 
other nuclear reactions induced by Ar indicate 
that (1) the emitted protons and alpha particles are 
products of compound-nucleus reactions, with almost 
no contribution from direct reactions,' and (2) 
that the transfer of a large aggregate such as 3 2 S  
from 4 0 A r  to the target (leaving an alpha particle as 
a product of the reaction) is very improbable." 

We thus conclude that the observed two-peaked 
excitation functions must arise from compound- 
nuclear processes. To interpret these results further, 
we note that the two peaks are consistently found 
to be separated by about 40 MeV of excitation 
energy, independent of whether the target was 
samarium or erbium and independent of the mass of 
the product. Then, since the hinding energy of the 
alpha particle i s  28 MeV, it seems reasonable to 
assign the first peak in the excitation funcfion to 

O R N L - D W G .  7 8 - 5 8 5 0  
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104 120 136 €*(MeV) '72 ea 

Fig. 1.9. Excitation functions for the production of po- 
lonium isotopes by bombardment of l 66Er with argon ions, far 
x = 3,4,  and 5.  

the evaporation of an alpha particle from the com- 
pound nucleus, that is, the (Ar,oLwn) reaction, and 
the second peak to the successive evaporation of the 
2n + 2.p that would constitute an alpha particle, the 
[Ar,2p(x+2)n] reaction. The enhanced probability 
for alpha-particle emission observed here, relative to 
results obtained with lighter ions, wodd  appear to 
be due to the large angular inomentum values 
brought to  the coinpound nucleus by 40Ar.  

_ _ _ ~ ~  ..... ~ __ 
1. Expandzd abstract of published paper, Nucl. Phys. A 220, 

2. Institut de Physique Nucldajre, Orsay, France. 
3 .  J. W. Meadows and R. B. Holt, Phys. Rev. 83, 47 (1951). 
4. F. 0. Bartell and S. Softky, Phys. Rev. 84,453 (1951). 
5 .  R. A. Sharp, R .  M. Diamund, and G. Wilkinson, Phys. Rev. 

6. €1. Gauvin, M. Lefort, and X. Tarrago, Nucl. Phys. 39,147 

7 .  R. Bimbot and PX. Lefort, J. Phys. (Paris) 27, 385 (1966). 
8. lu. Oganescian et al., Dubna preprint P7-5912 (1971). 
9. F.  Hubert, thesis No. 408, University of Bordeaux, 1973. 
10. J .  Galin et al., Phys. Rev. (in press). 
1 1 .  A. G. Artukh et al.,Nucl. P h y .  A 176, 284 (1971). 

84 (1974). 

101, 1493 (1956). 

(1962). 
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MULTINUCLEON TRANSFER REACTIONS' 

K. 13imbot2 R. L. Hahn 
D. Gaides2 Y. de Moras2 

M. F. Rivet2 

Two classes of reactions induced by heavy ions have 
been extensively studied: complete-fusion reactions, in 
which the projectile and target completely merge, and 
transfer reactions, in which a small number of nucleons 
are exchanged between projectile and target. A third 
type of reaction that is beginning to receive attention, 
especially now that beams of very heavy ions are 
becoming available, involves multinucleon transfers, 
wherein a large number of nucleons are exchanged by 
the colliding partners. 

A systematic study of such complex transfer reactions 
is being carried out at the accelerator ALICE in Orsay, 
by determining the recoil properties of selected radio- 
active products. The nuclides ' s ' Dy, ' s 'Dy, and 

9gTb have properties such as reasonably large alpha 
branching ratios and long half-lives (18 min, 7.1 min, 
and 4.1 hr respectively) that are especially suited for 
such experiments, and so were used in the work 
reported here. To survey a wide variety of transfer 
reactions, the production of these three nuclides was 
followed for the reactions of 40Ar  at 282 MeV with 
many different target nuclei, from cesium to gado- 
linium. 

The most complete set of results has been obtained to 
date for reactions of 40Ar  with enriched targets of each 
of the stable isotopes of neodymium (mass numbers 
142, 143, 144, 145, 146, 148, and 150). The experi- 
mental technique involved the measurement of the 
cross sections, angular distributions, and recoil ranges 
(or energies) at each recoil angle, of the heavy product 
nuclei. 

Measuring the (relative) yields as a function of both 
recoil energy and angle represents a significant improve- 
ment in such studies because one then has sufficient 
information to transform the data to  the center-of-mass 
system (c.m.s.). The c.tn.s. angular distributions so 
obtained, as illustrated in t:ig. 1.10 foi Dy produced 
with the 142Nd target, are peaked at large angles, close 
to 180". This observation suggests that the present 
reactions are of the same type as the multinucleon 
transfer reactions recently studied by other authors: 3 4  

where the angular distribution of the light fragment was 
found to be peaked forward in the c.ni.s. (in a 
two-body breakup in the c.ni.s., the angles defining the 
trajectories of the resulting riuclei are supplementary). 

The experimental energy distributions in the c.m.s. 
were used to test the feasibility of various assumed 
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Fig. 1.10. Angular distribution in the center-of-mass system 
of  l s l D y  from thereaction of 282-MeV40As+ I4*Nd. 

reaction paths which could lead to the production of 
the observed isotopes. Each path was assunled to  
involve a two-step process: the first step was the 
transfer, from the projectile to the target, of some 
number o f  nucleons, leading to  an excited intermediate 
nucleus, and the second step, the deexcitation of the 
intermediate nucleus by nuclear evaporation to reach 
the final product. This testing procedure is illustrated in 
Fig. 1.11, which shows the measured c.m.s. energy 
distribution for I Dy fioni Ar + Nd (note that a 
net transfer of six protons and three neutrons is 
required to  reach ' Dy from 2Nd). Each horizontal 
line above the energy distribution represents the calcu- 
lated span of allowable kinetic energies for a particular 
two-step path. On the right side of the figure, each 
postulated transfer path is identified by the first step of 
the process; thus, there may be the transfer of six 
protons and from three to ten neutrons, to  be followed 
by the evaporation of the appropriate number (xn)  of 
neutrons. For possible reaclions involving transfer of 
seven or eight protons, multiple paths are indicated, 
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Fig. 1.1 1. Kinetic energy distribution in the center-of-mass 
system of ls 'Dy produced from 2S2-MeV 40Ar + 142Nd. 
Dotted vertical lines show the maximum and half-width values 
of the distribution. The horizontal lines give the calculated 
spans of kinetic energies for the various assumed transfer paths 
indicatcd; the vertical bars show the kinetic encrgics expected 
from Coulomb repulsion of the two nuclei resulting from the 
transfer. 

since, for example, one can reach Dy by the transfer 
of seven protons and 2 + x neutrons followed either by 
evaporation of a proton and x - 1 neutrons or by 
evaporation of x neutrons succeeded by radioactive 
(electron-capture) decay. 

Several conclusions can be readily drawn from the 
comparison in Fig. 1 . 1  1. First, the large width of the 

energy distribution is evidence for several different 
reaction paths contributing to the observed product 
' Dy. Second, all of the assumed reaction paths lead 

to kinetic energies that fall within the span of the 
measured values. 'Thud, the peak of the distribution, at 
about 15 MeV, indicates that the most likely reaction 
path involves the transfer of six protons and seven or 
eight neutrons (our cross-section data show that the 
transfer probability decreases as the number of trans- 
ferred protons increases, so that transfer of six protons 
is more likely than transfer of seven or eight). 

In summaiy, measurements of the energy and angular 
distributions of transfer products such as have been 
described here allow us to draw conclusions about, and 
perhaps even to choose among, the mechanisms in- 
volved in complex transfer processes. 

1 .  Surnrnaiy of a paper to be published in Nuclear Physics. 
2. Institut de  Physique NuclCaire, Orsay, France. 
3.  A .  G. Artukh et  al.,Nuc[. Phys. A 215,91 (1973). 
4. L. G. Moretto,Rull. Amcr. Phyc SOC. 19,465 (1974). 

DIRECT DETERMINATION OF THE 
ELECTRON-CAPTURE BRANCHING 

RATIO, 1 4 9 D y + 1 4 9 g T b 1  

H. Cauvin* B. Lagarde' 
R. L. Wahn Y. LeBeyec' 

M. Lefort' 

Dy, and ' 4 9 D y  The radioactive nuclei ' ' Dy, 
have been used in many studies of nuclear-reaction 
mechanisms (see, e.g., refs. 3 -5). Unlike the alpha- 
emitting nuclides ' s ' Dy and ' ' Dy, ' Dy is difficult 
to detect directly because it decays by electron capture. 
Its radioactive daughter, 1 4 9 g T b ,  which decays by 
alpha-particle emission, has usually served as a measure 
of the number of 14'Dy atonis produced in a given 
nuclear reaction. However, no direct measurement had 
previously been made of the decay probability, X,  for 
the transition 

Alexander and S i m ~ n o f f , ~  by comparirig the yields of 
nuclear reactions leading to ' ' L)y and "Dy with 
those for '49g ' rb  (produced by decay of '49Dy)  had 
obtained an estimate of x = 0.22. 

In the present work, we determined x directly by 
producing ' Er in the reaction ' Sn("Ar,5n) at thc 
accelerator ALICE, and observing the alpha-active 
products in the decay chain 
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Table 1.5. Radioactive &cay properties 

Nuclide Half-life Decay mode Branching 
ratio 

36 sec ff (4.67 MeV) 0.95 I 53Er 

1 4 9  DY 15  inin EC (to 149%b) 
hC (tu 149mTb) 

149g*,-,, 4.1 111 ff (3.97 MeV) 0.16 
149m- I% 4.3 min FC 1 .0 

1 S 3 E r  -149 Dy -----+149gTb----3145E~, 
a! EC a 

(149Dy also decays by electron capture to an isomeric 
level, 9mTb).  Pertinent decay properties of these 
nuclides are listed in Table 1.5. By determining the 
number of alpha particles emitted from the same 
s a m p k  by *’ 3Er and 149gTb,  we measured x, inde- 
pendent of such experimental conditions as target 
thickness, beam intensity, efficiency of collection of 
the product nuclei, and efficiency of the counting 
system. To ensure that no ‘ 4 9 D  y or ’ 4yTb could be 
directly produced in nuclear reactions such as (ArpSit) 
or (ArppSn), the irradiation was done at 180 MeV, 
below the thresholds of these reactions. Thus all of the 
detected 149gTb came fiom the decay of I s3Er .  The 
value of x = 0.475 k 0.050 measured in this work is 
much larger than the previous estimate of 0.22 used in 
refs. 3 and 4. 
- 

1 Sumindry of pubhshed paper, C. R. AcQJ. S a . ,  Ser. R 277, 

2 Institut de Physique Nucldaire, Orsay, France. 
3. 3. M. Alexander And G. N. Simonoff, Phys. Rev. B 133,93 

(1964). 
4. J M. Alexander and C. N. Simonoff, Phys. Rev. H 133, 

104 (1964). 
5 .  R. Kimbot, D. Gardeq, R. I, Hahn, Y. de Moras, and M F. 

Rivet, “hhllinucleon Tran$fer Reactions,” the preceding contri- 
bution, this report 

107 (1973). 

OBSERVED DIFFERENCES BETWEEN ARGON- 
AND KRYPTON-INDUCED REACTIONS 
LEADING TO THE SAME COMPOUND 

NUCLEI, ’ * Er AND ’ Er’ 

1-1. Gauvin2 M .  Lefort’ 
Y .  LeBeyec’ K. L. I-Iahn 

There have been a great number of experiments done 
tu verify the independence hypothesis of compound- 

nucleus formation and decay, with identical compound 
nuclei being produced by different entrance channels. 
111 principle, when tlie excitation energy and the angular 
momentum are specified, the decay processes should be 
entirely determined, independent of the manner in 
which the compound system was formed. Cross- 
bombardment experiments, so called Ghoshal-type 
tests,3 have been carried out by many authors who have 
particulaily compared the excitation functions for the 
production of the same evaporation residues in differ- 
ent reactions. A typical example is shown in the work 
of Alexander and Simonoff? who found that excita- 
tion functions of lhe rcactions 144Nd(’ 2C,6n)i ”Dy 
and Ba(”Ne,6n)‘ ’” Dy had tlie same threshold 
energy, the same maximum energy, and 1 he same width. 
Until recently the heaviest projectiles used in cross 
bombardments were neon and argon ions. 

In order to  explore how much heavier projectiles fuse 
with target nuclei and to obtain information on the 
compound systenz which (night be formed, a com- 
parison has been nude ,  using beams from the accelei- 
ator ALICE, between (“Ar,xn) and ( 8 4 K r , ~ ~ ~ )  re- 
actions leading to the same compound nuclei, ’ s a Er 
and Er. Excitation functions were constructed for 
two evaporation residues, Er and Er, for excita- 
tion energies between 50 and 110 MeV. These two 
isotopes are very convenient for such measurements 
because they are well-characteri~ed alpha emitters with 
short half-lives. The (H.I.,xn) and, to a lesser extent, the 
(H.I.,pm) ieactions (where H.I. = heavy ion) were 
studied for the interactions of 40Ar wth ‘6Sn and 

Sn and of 8 4  Kr with ”Ge, ’ Ge, and 7 4  Ge, with x 
varying from 1 to  6 for the germanium targets, atid 
from 3 to 6 €or the tin targets. 

To obtain precisely the same compound nucleus by 
different entrance channels, it is necessary to produce i t  
at the same excitation energy and the same angular 
momentum. The maximum values of the orbital angular 
momentum brought into the compound system by the 
projectile have been calculated for a hrge range of 
excitation energies E* with the simple relationship 

‘ 

where R1 and R2 are the radii of the partners, ,u the 
reduced mass, the center-of-mass kinetic energy, and 
Bo the energy at the total reaction threshold, taken to 
be the Coulomb barrier. Also, 6’* = E + Q ,  where Q is 
the mass balance for compound-nucleus formation. 
These results are presented in Fig. 1 . I  2, and it is seen 
that in the energy range under consideration, 50 to 110 
MeV, the maximum I values are always a little higher 
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Fig. 1.12. Excitation energies vs calculated maximum orbital 
angrrlax momenta [Eq. (l)] for the systems l60 + ‘42Nd3 40Ar 
+ 116Sn, and 84Kr + 72Ge. Values of 1h were calculated by 
taking radius parameters r, = 1.30 frn for 84Kr. r, = 1.41 fm for 
40Ar, and re = 1.45 fm for 60. 

for argon projectiles than for krypton, since the kinetic 
energies for argon relative to krypton are much farther 
above the barrier. However, they are never very 
different, and one might assume that the compound 
nuclei are formed with very similar angular-momentum 
populations. ‘The situation is quite different for the case 
of oxygen. where l,,, is always much lower than for 
the very heavy ions (the reaction l 6 O  + I4’Nd, ref. 5,  
leads to ’ while the curves for argon and krypton 
are for compound nucleius Er). 

Several interesting and unexpected results were found 
in this comparison of argon- and krypton-induced 
reactions. 

1. A comparison of the absolute cross sections shows 
that complete fusion is more severely limited in the case 
of krypton ions than for argon ions, at the same values 
of excitatioii energy and of maximum orbital angular 
momentum. The argon-induced reactions [i.e., the 
(Ar,xii) and (Ar,pxn) reactions] have probabilities for 
compound-nucleus formation that are approximately 
double those for the corresponding krypton-induced 
reactions. Relating this fact to the notion of a critical 
angular momentum lCr for compound-nucleus forma- 

tion (see, e.g., ref. 6), we find that since l,, % 7ofi for 
argon ions7 at an excitation energy of 80 MeV, I,, = 
4% for krypton ions. 

2. A measurable probability of emitting only two 
neutrons is still observed when a compound nucleus is 
formed by 84Kr + 70Ge at 70 MeV of excitation 
energy. This energy is much above the threshold for 
emission of three neutrons and corresponds to a very 
large energy available per neutron (around 25 MeV), an 
unexpected result. 

3 .  The most striking result found in these experi- 
ments is that the excitation function for a given 
reaction induced by krypton ions, (Kr,xn), exhibits a 
threshold energy about 15 MeV higher than for the 
same reaction induced by argon ions, (Ar,xn), for the 
evaporation of the same number of neutrons. Such a 
shift is not due to any Coulomb barrier effects, since 
both thresholds are well above the interaction barrier, 
and is observed for any value of x where the com- 
parison can be made, for x = 4, 5,  or 6. ‘This behavior is 
illustrated in Fig. 1.13, where U / O R ,  the ratio of the 
observed xn cross section to the calculated total 
reaction cross section, is shown vs E* for x = 4, 5,  and 
6. It is striking to observe exactly the same behavior for 
the three cases. The krypton-induced excitation func- 
tions are narrower, due to  the larger values of the 
reaction thresholds. For example, if one takes 
o(4n)/aR = 5 X as a reference for the rising part 
of the curve, this value is found at 48 MeV for (Ar,4n) 
and at 64 MeV for (Kr,4n). The same ratio for 
o ( S n ) / a ~  is observed at 60 MeV for (Ar,5n) and at 75 
MeV for (Kr,S?i). There is a shift of about 15 MeV 
toward higher excitation energies with krypton ions, 

which is not at all predicted by any theoretical aspect 
of the coinpound-nuclear deexcitatioii pr0ce.w Such a 
difference was so unexpected that the measurements o f  
the energies of the argon and krypton beams were 
carefully rechecked, and the observed energy shifts 
were verified. 

A useful way4 of seeing the effect of angular 
momentum on neutron-evaporation chains i s  to  calcu- 
late the “available energy per emitted neutron,” 

where Q is the mass balance. In the case of compound 
nuclei formed with high angular momenta in the 
rare-earth region by carbon, nitrogen, and oxygen ions, 
it was previously found4 that (Exn) was around 5 to 6 
MeV, as compared with a value of about 3 MeV per 
neutron when low angular momenta were involved. 
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Fig. 1.13. u(H.I.,XtZ)/frR as a function of excitation energy for x = 4,5, and 6. 

Using this concept of (El,), Fig. 1.14 presents our 
results on 40Ar  + 'Sri and 8 4 K r  + 74Ge and those of 
ref 5 for " 0  + Nd for emission of five neutrons 
fioni compound nucleus ' "Er. The maximum of the 
ratio C J ~ ~ / ~ S R  is located at a higher energy (about 7.3 
MeV per neutron) for argon than for 0 (about 5.2 
MeV per neution), as expected, since large angular 
mornenta occur in the compound nuclcus 15*Er  
formed by argon piojectiles Similar results have been 
obtained by Natowiti. and Alexandei' for tlie reaction ' Cd(hr ,5n) .  The fact that excitation functions are 
broader when high angular momenta are involved can 
be prcdicted from consideration of the angular 
monientuin population o E  1 lie compound nucleus. For 
low angular mornenturn (r)  values, the minimum excita- 
tion energy :kt which a given X I Z  reaction occurs stiould 
be ersent ially independenf of the way the compound 
nucleus was formed. But when high angular momenta 
ole reached, a large part of the excitation energy 
becornes rotational energy, reducing the energy avail- 
able for neutron einission. Therefore a given xn 
evcifaiion functlon is broadened toward higher en- 
ergies, and the rnaviinuni 1s shifted. This change in 
slidpe and centroid of ihe excitation functiori also 
causes an apparent shift in the reaction threshold, for 
the ielative number of luw-l waves decreases 3s I,,,, 
becomes larger 

Now If one considers the curve for the (Kr,5n) 
ieaction in Fig. 1.14, a pu7iling result 1s observed. 
While (lie proliability for E5,1) r ises from at about 
I MeV up to  I O - '  at 7.3 MeV in the case of (Ar,Sn), 
the probahiltty of lo-' for (Kr,57z) i s  observed only at 
about 5 MeV. 'This result aiises from the energy shifts 
of about 15 MeV observed in the krypton excitation 
[unctions. It i s  difficult to f h d  any explanation for lhis 
difference based on angular momentum effects. First of 

O R N L -  OWG. 74- 5853 

L ~ l ' l ' l ~ l ' l ~ l ' l ' l - l  
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Fig. 1.14. u(H.I.,5n)/nR--vs the available energy per neutron 
(E + Q ) / 5 ,  where E is the center-of-mass energy of the '.Es,) 

bombarding projectile and Q the m a s  balance. 

all, the maximum 1 values (Fig. 1.12) are lower for 
krypton than for argon ions, and rherefoie the excita- 
tion funclion for tlie (Kr,Sn) reaction stiould be in 
between tlie ( 0 , 5 n )  and (Ar,Sn) curves. Moteover, there 
is no re3:ison why low angular momenta would not exist 
at  a/l wlien a compound nucleus is formed by the 
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entrance channel Kr + Ge. And finally, it is not likely 
that this result is an effect of some special fusion 
barrier, since ai energies lower than the threshold for 
the (Kr,Sn) reaction, we found large cross sections for 
the (Kr,4n) and (Kr,3n) reactions. 

Our interpretation of these differences in the argon 
and krypton excitation functions is that they do  not 
result from differences in the way- the compound nuclei 
decay (i.e., exit-channel effects), but from the fact that 
the compound nuclei formed by argon and krypton are 
not identical (entrance-channel effects). More specifi- 
cally, it appears that there is some special effect which 
inhibits the evaporation of nucleons from the com- 
pound system formed with krypton ions, affecting all 
of the reactions observed, namely, (KrPn), (Kr,Sn), 
(Kr,6n), and (Kr,p3n) and (Kr,p4n). We conclude that a 
fairly large amount of energy is somehow dissipated in 
the interaction of krypton with germanium, so that the 
compound niicleus which is formed does not share all 
of the excitation energy which is deduced from the E +  
Q balance. 

Further investigation of these interesting questions is 
planned, both experimentally, where other compound 
systems formed by argon and krypton beams will be 
compared, arid theoretically, where ideas such as 
“pre-compound e~niss ion”~ and “special barriers to 
fusion”’ will be considered. 
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1. Siinimary of paper to be published in Physical Review, 
2. Institut de Physique NuclCaire, Orsay, France. 
3. N. T. Poriie, chap. 2 in Nuclear C’henzi~R~y, vol. 1 ,  ed. L. 

4. J .  M. qlexander and G. N. Simonoff,Phys. Rev. B 133,93 

5. R. D. Macfarlane and R. D. Griffioen, Phys. Rev. 131. 

6.  L. Kowalski? I.  lodogne, and J .  M .  Millcr,Phys. Xcv. 169, 

7 .  Y. LeBeyec, M. Lefort, and 1. Peter, Riv. Ntrovo Cirrienro 

8. I .  B. Natowitz and J. M. Alexander, Phys. Rev. 188, 1734 

9. hl. Blann, personal communication. 
10. A. I. Sierk and J .  R. Nix, Los Alamos Scicntific 

Laboratory report LA-UR-73-981 (1973). 

Yaffe, Academic Press, New York, 1968. 

(1964). 

2176 (1963). 

894 (1968). 

Ser. 2, 4, 1 (1974). 

(1969). 

A I)OPPEER-SHIPI’ PLUNGER DEVICE 
FOKMEASUREMENTOF 
PICOSECOND LIFETIMES 

E. Eichler R.  J .  Sturm’ 
N. K.  Johnson E. W .  Chandler’ 

Even though energy-level systematics have been the 
basis of many nuclear models, lifetimes of the nuclear 

states provide much more stringent tests of these 
models. A great body of lifetime data has been 
accumulated using electronic methods; however, the 
shortest measurable half-life with thcsc techiiiques is 
about 0.1 nsec. The Doppler-shift recoil-distance 
method opens up a new range of lifetime possibilities in 
that it is capable of determining nuclear lifetimes as 
short as 1 psec ( lo-’’  sec). The “hardware” for 
applying the method requires three components: ( I )  a 
target holder. ( 2 )  a plunger whose end adjacent to  the 
target serves as a beam “stopper,” and (3) a distance- 
measuring system. ‘The target holder must hold the 
target rigid and perpendicular to  the beam and must 
include a device to stretch the tliin target foil flat. The 
stopper must also be flat, parallel to the target, and 
capable of changes in position from tens of micrometers 
to  several millimeters. Finally. the measuring system 
should be able to measure the relative target-stopper 
separation to bctter than 2.5 pm. The principle of the 
method is outlined in the following contribution3 as 
well as in last year’s annual r e p ~ r t . ~  

For some time the “standard” system in the field was 
that designed by Alexander and Bell.’ They placed the 
stretched target on a 9-cni-high support to intercept the 
beam. Since the stopper requires careful adjustment to 
establish accurate coplanarity with the target, it is 
mounted on a multiply articulated mount which rides 
on a slide. The position of the slide, and hcnce the 
separation of target and stopper, is changed hy means 
of a micrometer screw acting through a high-vacuum 
seal. 

The advent of the Heidelberg‘ design marked a new 
departure in the design of plunger apparatus since it 
utilized a hollow micrometer with the beam axis 
corresponding to  the centcrline of the double cylinder: 
the target was mounted on the stationary cylinder and 
the stopper on the rotor. I n  a variant due to Brandolini, 
Signorini, and Kusstatscher7 the screw aspect of the 
Heidelberg system is replaced by smooth cylinders with 
a slot guide to prevent rotation and depth gagcs to give 
relative separation. 

We chose to construct a modified version of the 
plunger of Brandolini et for two basic reasons: (1) 
It avoids the elaborate setting up and alignment 
procedure required with the Alcxander-Bell system.’ 
(2) There is no danger of the target destruction that can 
occur at zero separation with a rotating device such as 
the Ileitleiberg‘ apparatus. 

Figures 1.15 and 1.16 present a schematic and 
photographic rendering of our plunger design. We used 
brass for the outer (movable) cylinder, while the inner 
cylinder is a composite of brass and stainless steel. A 



19 

ORNL-DWG. 73-90844 tab and groove guide prevents rotation of the outer 
cylinder, and an O-ring maintains high vacuum. The 
large knurled brass ring pro s the outer cylinder, and 
the inclusion of a thrust b ng (barely visible in the 

ph) is of great assistance in reducing friction. 
al, since under vacuum the system supports an 

approximately 10-kg force due to  atmospheric pressure. 
The Lucite ring joins the stopper to the outer 

cylinder has two It insulates the stopper electri- 
cally, permitting beam-current measurement, and also 
allows visual inspe n of target and stopper. A layer 
of metallic lead a 25 pm thick is evaporated onto 
the copper stopp previously lapped to a 
surface-finish tolerance of 3 pm. 

Separation measurements involve adjusting the 
Boeckler precision micrometer until the null meter 
indicates + 1 .O mil, an arbitrary readi 

PRECISION 

Ta COLLIMATOR 
40Ar BEAM 

Fig. 1.15. Schematic drawing of the Doppler-shift recoil- 

Fig. 1.16. Photuipph of the Doppler-shift apparatus attached to the cyclotron beam line. 
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of the micrometer scale in an actual experiment is 
established by measuring electrical resistance. With this 
system we can measure relative target-stopper separa- 
tions to an accuracy af about 1 pm. 

1. Max Kade Foundation Fellow, University of Marburg, 

2. Plant and Equipment Division. 
3. M. W.  Guidry and R. J. Sturm, “A Computer Program for 

the Correction of Doppler-Shift Recoil-Distance Data,” the 
following contribution, this report. 

4. N. R. Johnson, R. Sturm, M. W. Guidry, E. Eichler, R. 0. 
Sayer. N. C .  Singhal, and D. C .  Hensley, Chem. Dip. Annu. 
Progr. Rep. May 20, 1973, ORNL-4891, p. 5. 

5. T. K. Alexander and A. Bell, Nucl. Instrum. Methods 81, 
22 (1970). 

6 .  H. Saun et al., vol. 2 in Proc. Int. ConJ on Properties of  
Nuclei Far from the Region of  Beta-Stability, CERN-70-30 
(Nov. 23, 1970). 

7 .  F. Brandolini, C. Signorini, and P. Kusstatscher, Nucl. 
Instrum. Methods91,  341 (1971). 

Marburg, Germany. 

A COMPUTER PROGRAM FOR THE CORRECTION 
OF DOPPLER-SHIFT RECOIL-DISTANCE DATA 

M. W. Guidry’ R. J. Sturm’ 

The Doppler-shift recoil-distance technique is cur- 
rently regarded as the most favorable method for the 
determination of lifetimes for nuclear states in the 
range of to lo-’* sec. In the major portion of our 
work at ORIC, we utilize this technique to measure 
half-lives of excited states in deformed nuclei. As a part 
of this project, we have developed a detailed method of 
extracting lifetimes from the recoil-distance data which 
is implemented in the computer code ORACLE. The 
mathematical details of this procedure will be described 
in a forthcoming publication. In this contribution we 
will limit ourselves to a qualitative discussion only. 

0- 
40Ar 
BEAM 

ORNL- DWG. 72-99928 

mm rDi 

TARGET 

DETECT0 R PLUNGER 
(Stopper) ANNULAR 

S i  DETECTOR 

Fig. 1.17. Illustration of the recoil-distance method for 
measurement of lifetimes of nuclear states. 

Figure 1.17 illustrates the basic principle of the 
recoil-distance method. The nuclei in a thin target foil 
are Coulomb-excited with a beam of heavy ions. The 
excited target nuclei recoil from the target until halted 
by a movable lead stopper (plunger). The deexcitation 
gamma rays emitted by the ensemble of recoiling nuclei 
are divided into two subsets by the movable stopper: 
(1) the gamma rays that are emitted after the recoiling 
nuclei strike the stopper - these have the characteristic 
energy E of the transition - and (2) the gamma rays 
that are emitted in flight with an energy shifted to a 
higher value E + aE due to the Doppler effect. 

With sufficient gamma-ray energy resolution the peak 
in the spectrum characterizing the transition is split into 
a doublet - a lower-energy “unshifted” peak and a 
higher-energy “shifted” one. Typically one defines a 
ratio R of the unshifted intensity I ,  to the total 
intensity (1, + Is): 

As a first approximation it is a simple matter to  show 
that R is related exponentially to the mean life 7: 

R = exp (-DIvr) , (2) 

( 3 )  In R = -D/w , 

where D is the target-stopper distance and v is the recoil 
velocity. The mean life r is then obtained from the 
slope of a linear fit of In R as a function of D. 

In practice the simple exponential relation between R 
and r is altered by several perturbing effects, which 
include: 

1. Different detection efficiencies for the shifted and 
unshifted gamma rays. 

2. Different detector solid angles presented to the 
shifted and unshifted gamma rays due to 
a) the emission of unshifted and shifted gamma rays 

from different average positions relative to the 
detector, 

b)  the relativistic transformation of the angular 
distribution of gamma rays between the moving 
and stopped reference frames. 

3. Attenuation of nuclear alignment as the nucleus 
recoils in vacuum through interaction with the 
electronic hyperfine field. This reduces the angular 
distribution correction by a varying amount for the 
two members of the doublet. 
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Pig. 1.18. Illustration of recoil-distance data corrected and 
fitted by the program ORACLE. 

4. Cascade feeding of the level in question by other 
levels having comparable lifetimes, which alters in a 
tme-dependent manner both the population and 
alignment of the state being analyzed 

These effects cause deviations fiom the linear behavior 
of In R predicted by Eq. (3). The theoretical considera- 
tions embodied in the code ORACLE correct the 
experimental data for these perturbing effects by a 
self-consistent iterative process. The corrected data then 
exhibit the linear behavior predicted by Eq. ( 3 ) ,  and the 
mean life follows from a weighted least-squares (linear) 
fit to the coirected data As an example, Fig. 1.18 
illustrates the effect of the corrections on the experi- 
mental data for a case where the perturbing effects 
(most notdbly cascade feeding) were quite large. 
_-__ 
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One main aspect of our Coulomb-excitation program 
at ORIC is a continuing investigation of the behavior of 
deformed actinide nuclei at high spins. For example, in 
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Fig. 1.19. Spectra of shifted and unshifted gamma rays in 
2Th at several target-stopper separations. 
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Fig. 1.20. Plot of ratios of unshifted to sum of unshifted and shifted gamma-ray peak intensities as a function of target-stopper 
separation for 232Th. 

a study of the multiple Coulomb-excitation process in 
2 3 2 T h  and 2 3 8 U  with 40Ar  projectiles, we' were able 
to  establish that the shapes of the nuclei are character- 
istic of large positive rather than negative hexadecapole 
moments. Some reservation is introduced into s ~ ~ c h  a 
conclusion since it is necessary to rely on the rotational 
model for the required E11 and E4 matrix elements in 
the Winther-de Boer computer program. 

Since the emission of E4 radiation cannot compete 
with the E? process in the deexcitation of these 
rotational states, a direct measurement of their lifetimes 
provides the E?_ matrix elemznts in a model-free 
manner. 'These matrix elements are a measure of the 
overlap of the wave functions of the connecting statcs 
in a rotational band. Information about them is 
necessary to the ultimate understanding of such nuclear 
phenomena as multiple Coulomb excitation and the 
apparent drastic change in the nuclear moment of 
inertia at high spins. Thus a major objective now is to  
obtain such lifetime data for the actinide nuclei. 

We have used the Doppler-shift recoil-distance tech- 
nique to  measure the lifetimes of members of the 
ground-state band in 2 3 2 T h  up through a spin of 19'. 
A beam of 152-MeV 4 0 A r  projectilcs from OKIC was 
used to Coulomb-excite the states in 1 .5-mg/cmz 
metallic thorium foils. The experimental details were 
described previously.x 

The type of data obtained in these experiments is 
illustratcd in Fig. 1.19. which shows the spectra of 

shifted and unshifted gamma-ray peaks at several 
target-stopper separations. In Fig. 1.29 we show for 
each transition a plot of the ratio of the unshifted 
gamma-ray peak to  the sum of the shifted and the 
unshifted peaks as a function of both the target-stopper 
separation and the equivalent time of flight of the 
recoiling thorium nuclei. These data have been cor- 
rected for several small perturbing effects described 
p rev io~s ly .~  A siirninary of the half-lives determined 
here is given in column 3 of Table 1.6. 

For each half-life, we have computed the corre- 
sponding reduced electric quadrupole transition proba- 
bility, B(E2), and compared it with the pre lc t ion  of 
the rotational model. As seen in column 5 of Table 1.6, 
there is good agreement between experiment and 

TaMe 1.6. Summay of half-Rife andB(E2) data for 2321% 

Transition E (keV) Exptl B(E2) 
(e2b2) 

2 -a 0 49.37 1.84' 1.00b 

4 - 2  112.75 154 ' 9  2.56 0.97 f 0.05 

6 - 4  171.00 6 1 . 1 i 3 . 8  2.87 0.99 f 0.06 
8 - 6  223.84 23.6 f 1.7 2.94 0.97 * 0.07 

10-8  270.47 11.6 f 1.9 2.72 0.88 i 0.14 
I___ ... ... _._ 

'C. E. Beniis, Jr . ,  F. K. McGowm, J. L. C. Ford. W. T. Milner, P. H. 

b ~ o r m a ~ i z e d  to unity. 

Stelson, and R. L. Robinson, Phys. Rev. C 6, 1466 (1973). 
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theory for all states. Not only does this result agree 
with the rotational model, but in addition it lends 
support to our earlier conclusion that the sign of the E4 
moment in ’ Th is positive. 

1. A similar account of this work appeared in thePhys. Diu. 
Annu. Prop. Rep.  Dee. 31: 1973, ORNL-4937, p. 42. 

2. Max Kade Foundation Fellow, University of Marburg, 
Marburg. Germany. 

3.  Oak Ridge Graduate Fellow from the University of 
Tennessee under appointmcnt with the Oak Ridge Associated 
Universities. 
4. Physics Division. 
5. Vanderbilt University Postdoctoral Fellow assigned to 

ORNL. 
6. Vanderhilt University, Nashville, Tenn. 
7. E. Eichler, N. R. Johnson, R. 0. Sayer, D. C. Hensley, and 

L.. K,. Kiedinger, Phys. Rev. Lett. 30, 568 (1973). 
8. N. R. Johnson, R. Sturm, M. W. Guidry, E. Eichler, R. 0. 

Sayer, N. C.  Singhal, and D. C. Hrnsley. Chcm. Div. Ailnu. h o g .  
Rep. May 20, 1973, ORNL-4891, p. 5. 

9. M.  W. Guidry and K. J. Sturm, “A Computer Program for 
the Correction of Doppler-Shift Recoil-Distance Data,” the 
preceeding contribution, this report. 

LIFETIMES OF ROTATIONAL STATES IN IJ 
BY THE DOPPLER-SHIFT RECOIL-DISTANCE 

TECHNIQUE‘ 

M.  W. Guidry2 
R. J. Sturm3 E. Eichler 
G. D. O’Kelley 

N. R. Johnson 

R. 0. Sayer4 
N. C. Singhds 

Half-lives for the 4+, 6 + ,  8+, and 10’ members of the 
3 G  U ground-state rotational band have been deter- 

mined by the recoil-distance technique following Cou- 
lonib excitation produced by 152-MeV 40Ar8c projec- 
tiles at ORlC. Corrections for (1) energy dependence of 
detection efficiency, (2) positional and velocity depend- 

ence of solid angle, (3) multistage cascade feeding, and 
(4) alignment attenuation due to  hyperfine perturba- 
tion have been applied by a computer program de- 
scribed previously.6 

Figure 1.21 is a plot of In R 7s target-slopper 
separation D for the 6’ -+ 4+, 8 + + 6+, and 10+ -+ 8’ 
transitions. Here R is the experimentally deterniiried 
ratio of intensity i n  the unshifted gamma-ray peak t o  
the total of unshifted plus shifted intensity (suitably 
corrected for the perturbing effects mentioned above). 

The half-lives extracted from these data and a 
comparison of corresponding B(E2) values with rota- 
lional predictions are shown in Table 1.7. The con- 
stancy (through spin 8+) of the B(E2) ratios as a 
function of spin is indicative of rotational behavior for 
these states. in support of previous assumptions made in 
Coulomb-excitation studies on this nucleus.’ The ap- 
proximately 10% deviation of our data from the R(E2) 
values predicted by applying the rotdtional model t o  

O B W G .  74- 4553 
I 7 - 7  

., 
0 5 0  too  

D (rntls) 

Pig. 1.21. Plot of In R vs 13 for IO’, 8+, and 6 +  members of 
23GU ground-state rotational band. 

Table 1.7. Summary of half-life and B(E2) data for 2 3 6 U  
~ ~ 

Transition T l p a  (psec) Exptl R(E2) (e2h2) B(E2), eapt/theoryb 

lo+-8+ 11.4 t 0.9 3.21 k 0.26 0.82 * 0.07 

g+ -, 6+  23.9 2 1.5 3.42 f 0.22 0.90 t 0.06 

6+-.4+ 58.2 ?r 1.5 3.28 j: 0.09 0.90 2 0.04 
4+-. 2+ 124.0 -t 2.9 3.03 i 0.1 1 0.92 + 0.05 

‘Extracted using Abragam-Pound theory and spin-independent alignment 

bRotational values based on alpha-scattering work of Hemis et al., Phys. Rev. 
relaxation constants (72 = 20 psec, 74 = 6 psec). 

c 8,1466 (1973). 



the B(E2, 0’ + 2’) value of Bemis e t  a1.8 is not 
completely understood and is the object of continued 
investigation. 

1.  A similar account of this work appeared recently in the 
Phys. Div. Annu. Progr. Rep. Dec. 31, 1973, ORNL-4937, p. 
46. 

2.  Oak Ridge Graduate Fellow from the University of 
Tennessee, Knoxville, under appointment from Oak Ridge 
Associated Universities. 

3.  Max Kade Foundation Fellow, University of Marburg, 
Marburg, Germany. 

4. Physics Department. 
5 .  Vanderbilt IJniversity Postdoctoral Fellow assigned to  

ORNI.. 
6. M.  W. Guidry and R. J. Sturm, “A Computer Program for 

the Correction of Doppler-Shift Recoil-Distance Data,” a 
preceding contribution, this report. 

7. M. W. Guidry. R. J. Sturm, N.  R. Johnson, E. Eichler, 
G. 1). O’Kelley, R. 0. Sayer, C .  B. Hagcmann. D. C. Hensley, 
and L. L. Riedinger, Bull. Ameu. Phys. Soc. 18, 1405 (1973). 

8. C. E. Bemis, Jr.. F. K. McGowan, J .  1,. C. Ford, Jr., W. I’. 
Milner, 1’. H .  Stelson. and R. L. Robinson, Phys. Rev. C 8, 1466 
(1973). 

COULOMB EXCITATION OF GROUND BANDS IN 
L60)1629164Dy WITH ”Ne and 35CI IONS’ 

R. 0. Sayer’ N. K. Johnson 
E. Eichler D. C. Hensley3 

I.,. Z,. Riedinger4 

Even those nuclei which obey the rotational model at 
low spins deviate in energy froril the strict Z(Z+ I )  rule 
at higher spin values, presumably due to  such effects as 
centrifugal stretching and Coriolis antipairing. These 
factors should also cause the intraband R(E2) values to  
deviate from the rotational-model predictions. 

.ro explore the trends in such deviations as a function 
of neutron number, we have made multiple Coulonib- 
excitation measurements on a series of dysprosium 
nuclei. Previously w e  reported results5 on the multiple 
Coulomb excitation of I6’Uy and 164Dy with 35Cl 
ions. We have extended this study to  16’Dy and have 
utilized both ‘Ne and C1 projectiles at ORIC to  test 
the rigid-rotor prediction for intraband B(E2) ratios. A 
complete account of this work was published6 recently. 

Multiple Coulomh excitation of states up t o y  = 12’ 
in the ground band of 1 6 0 , 1 6 2 9 1 6 4 D y  was measured. 
The deexcitation gamma rays were observed in singles 
and in the particle-gamma coincident mode following 
excitation by ”Ne or 3 5 C l  ions. Values ofB(E2) were 
extracted by comparing experimental excitation proba- 

bilities with theoretical values calculated with the 
Winther-de Boer computer code. Vibrational states, E4 
Coulomb excitation, and quantal corrections were 
included in the calculations. To check for Coulomb- 
nuclear interference, we set a narrow digital window, 
127.6 to  120.9 MeV, and a wide digital window, 127.6 
to 108.7 MeV, on the heavy-ion energy for one of the 
3sCi-gamma runs. If Ro = l.2A’’3 fm, the corre- 
sponding separation distances between surfaces were 
5.0 to 5.8 fm for the narrow window and 5.0 to  7.7 fm 
for the wide window. Since the experimental proba- 
bilities extracted with the two windows were in good 
agreement, we doubt that Coulomb-nuclear interference 
is significant in the present work. 

Dy in 
coincidence with backscattered 3sC1 ions is shown in 
Fig. 1.22. Our best B(E2) values are compared graphi- 
cally in Fig. 1.23 with recent Notre Dame’ results from 
Coulomb excitation with 6 O  ions. There is excellent 
agreement between the two sets of data for the 2 -+ 4 
and 4 + 6 transitions and a slight systematic dis- 
crepancy for the 6 --> 8 transitions. 

Two surprising features can be seen in Fig. 1.23. One 
is the 10 t o  15% dip in B(E2; 4 -f- 6)  below the 
rotational prediction, and the other is a jump inB(E2) 
values at the 10’ state. If other perturbing factors are 
ignored, centrifugal stretching is implied by the B(E2; 8 
+ 10) values, whereas the dip in B(E2; 4 + 6) could be 
explained by a reduction in the nuclear deformation, 
that is? shrinking. The following contribution’ describes 
our Doppler-shift recoil-distance measurements of states 
in I6‘Dy and compares the results with the Coulomb- 
excitation data. 

A sample spectrum of the ganima rays from 

1 .  A similar account of this work appeared in the Phys. Div. 
,4rznu. Prop. Rep. Dec. 31, 1973, ORNL-4937, p. 38. 

2. Jointly supported by Vanderbilt University, Nashville, 
Tenn. and by the ORNL Physics Division; on leave from 
Furman University, Greenville, S.C. 

3. Physics Division. 
4 .  Consultant, University of Tennesqec, Knoxvillc. 
5. R. 0. Sayer, E. Eichler, N. R. Johnson, D. C. IIensley, and 

L. L. Riedinger. Chem. Div. Aniiic. Progr. Rep. May 20, 1972, 
ORNL1791, p. 6 .  

6 .  R. 0. Sayer. E. Eichler, N. R. Johnson. D. C. Hensley, and 
L. L.  Ricdinger,Phys. Rev. CY, 1103 (1974). 

7. R. N. Oehlberg. L. L.  Riedinger, et al., Nucl. Phys. A 219, 

8. R. 0. Sayer, R .  J. Sturm. N. R. Johnson, E. Eichler, N. C. 
Singhal. M .  W. Guidry, and G. D. O’Kelley, “Lifetimes of 
Rotational States in 64Dy by the Doppler-Shift Recoil- 
Distance Method,” the following contribution, this report. 

543 ( 1  974). 
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Coulombexcitation nreasurements with rigid-rotor predictions. 

LIFETIMES OF ROTATIONAL STATES IN Dy 
BY THE DOPPLER-SHIFT RECOIL-DISTANCE 

METHOD 
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R. J. Sturm' 
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N. C. Singha13 
M. W. Guidry4 

G. 1). O'Kelley 

Coulomb-excitation measurements described in the 
preceding contribution indicate significant deviations 
from the rotational-model predictions for rates of 
transitions between members of the ground-state band 
in three even-mass, dysprosiuni riuclei. We decided to use 
the Doppler-shift recoil-distance method in an attempt 
to verify these intriguing anomalies. We used 153-MeV 
"Ar ions to botnbard a I.O-mg/cm' foil enriched to 
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98.670 Dy. The apparatus, data analysis, and correc- 
tion methods are discussed in several preceding contri- 
butions. In Fig. 1.24 we show the “decay” curves for 

O R N L -  DWG. 73-111584 

0.1 t ’ 

5 10 15 20 2 5  
TARGET-STOPPER DISTANCE IN MILS 

Fig. 1.24. Semilogarithmic plot of R vs separation distance 
for 164Dy. R = u/(u + s). 
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Fig. 1.25. A coinpaxison of B(E2) values with the rotational- 
model predictions for 4+, 6+,  8+, and I O *  states in 164Dy as 
measured by various methods. 

three of the transitions studied. These results are 
compared in Fig. 1.25 with the inultiple Coulornb- 
excitation results from O W L 5  and Notre Dame.6 as 
well as the DSAM (Doppler-shift attenuation, or line- 
broadening) results of Kearns et 

Within uncertainties, the U(E2; 4 + 2) and B(E2; 10 
+ 8) values are consistent with the rigid-rotor predic- 
tions. The plunger data suggest a much smaller dip in 
R(E2; 6 + 4) than the Coulomb-excitation data. 
However, we used a relaxation time T~ = 25 psec to 
compute the dealignment correction; . T ~  = 40 psec 
would reduce the plunger B(b’2) value by 5%. In the 
case of the 8 + 6 transition, four independent measure- 
ments using three techniques indicate significant retar- 
dation in B(B2) relative to  the rigid-rotor value. ‘I’he 
unweighted average retardation for R (E2; 8 + 6) is (12 
* 4)%. 
___ ......... __ 
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ANOMALOUS NUCLEAR ROTATIONAL 
BEHAVIOR 1N THE WARE-EARTH REGION’ 

I>. L. Riedinger2 
P. H. Stelson3 
G.  B. Hagernann4 
E. Eichler R. 0. Sayer’ 
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G. J. Smith6 

In the early 1950’s the collective model of Bohr and 
Mottelson succeeded in describing the rotational-like 
bands in deformed nuclei; these bands consisted mostly 
of 2’ and 4’ states populated by alpha decay. ‘I‘he 
ensuing years saw a gradual development as higher spin 
states began to be reached by in-beam spectroscopic 
methods. At higher spins the level energies sagged 
slightly below the values predicted by the I(I  + 1) rule 
fer a pure rotor. but the deviations could be encom- 
passed readily by a myriad of correctional models. 

In the winter of 1971 came a report that would make 
rotational studies at once exciting and perplexing. 



27 

I I 
TB- 164 

Johnson, Ryde, and Starkier’ found an abrupt discon- 
tinuity at spin 14’ in the rotational-level energies of the 
nucleus ’ ’ Dy. Since I97 I ,  examples of this ptienom- 
enon have multiplied - rnostly confined t o  the neutron- 
deficient gadolinium, dysprosium, and erbium nuclei. 
When the rotational data are portrayed on a plot of I ,  
ttie moment of inertia, vs 0’ (LI is angular velocity), 
the anonlalous bands reveal a “backbending” S-shaped 
curve. 

The goals of our efforts (a collaboration of University 
of Tennessee, Chemistry Division, and Physics Division 
personnel) have been (1 f to  try to reach higher spins in 
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previously discovered backbenders, (2) to find new 
backbenders, and (3) tu try tu aid in the understanding 
of these strange auomalies. 

By taking advantage of heavy-ion beams from ORIC, 
we have been able to push the ground-state bands in ttie 
iiuclei I6’Er and 164Yb to  spin 22’, whereas the 
Julich’ group. using alpha particles, could observe at 
most the 18” level. 

We discovered a new backbending nucleus ’ 70W in 
the course of a survey of the upper end of the rare-earth 
deformed region. Hackbending plots fot  all of these 
nuclei cart be seen in Fig. 1.26 along with the plot for 
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Fig- 1.26. “Backbending” plots [21/b2 v ~ { h w > ~ ]  for IGOEr, 164Yb,  l7’W, and 1 7 h O ~  The numbers on the cnrves refer to the 
s p i s  of the members of the rotational band. For spins 10 nnd hidier the numeral “1” is understood. 
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the nucleus Os, which exhibits no backbending but 
instead is inclined "forward," suggestive of a transition 
of the nucleus between two static shapes. 

Although several models have been proposed to 
explain backbending, they fall into two distinct groups: 
the pairing-collapse model and the decoupling model. In 
the first approach, as proposed, f o r  example. by 
Kumar,' there is a complete collapse of  neutron pairing 
at the backbending point, leading to an abrupt increase 
in the niornent o f  inertia. By contrast, in  the decoupling 
inodel,1° two i, 3 / 2  neutrons decouple from the rotat- 
ing core at  the backbending point, recoupling to  spin 
12'. 'The rotating core then effectively slows down, 

leading to much smaller level spacing. Decoupling 
should occur also in odd-A nuclei here only a single 
nucleon would become a spectator. Such decoupled 
bands have been observed in 0dd-A neighbors of many 
of the even-mass backbenders. We have searched for and 
identificd decoupled bands in both 1 6 3 Y b  and 1 6 5 Y b .  
In the latter case, we excited the bands up to spin + 

( 1 3 / 2 +  t 14'); however. this highest state maintains a 
normal rotational-energy spacing, even though the 
rotating core (in 164Yb) does backbcnd without the 
extra neutron. This can be understood since the already 
decoupled i 1 3 / 2  neutron blocks the alignment of 
further i l  3 1 2  neutrons needed for backbending. We 
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found yet another piece of evidence to support this 
view, namely, an additional decoupled band ..- this one 
involving an h9/2  neutron. This band does exhibit 
backbending since no i, 3 /2 particles are involved in the 
original decoupling. The backbending curves in Fig. 
I .27 should clarify these differences. 

A sirnilar deduction was made by Grosse et al." 
when they found that the decoupled I z l  / 2  proton in 
the odd holmium isotopes did not prevent backbending. 
If our tentative conclusions are correct, the presence of 
lwo decoupled bands in ' Yb, one which backbends 
and one which docs not, would be even more striking 
proof that the decoupling of i,,/, neutrons is the 
prime cause of  backbending For these nuclei 

We have begun a further test of the decoupling model 
using the Doppler-shift recoil-distance method to meas- 
ure lifetimes of transitions in the odd-A decoupled 
bands. It would be very interesting to measure with 
good accuracy the lifetimes of states beyond the 
backbending point, but unfortunately these states ;ire 
only weakly populated, making the nieasurenients very 
difficult. Further, all the competing models project 
only a modest decrease in transition rates [or R(E2) 
values] at the backbending point. By contrast a 
determination of low-lying and strongly populated 
members of a decoupled band would prove a stringent 
test of that picture. Preliminary analysis of our first 
attempt with 154-MeV Ar on Te indicates that 
the method should yield accurate lifetimes. 

1 .  Similar accounts of this work appeared recently in the 
Phys. Uiv. Annu. Progr. Rep. Dec. 31, 1973, ORNL-4937, pp. 
33  and 35. 

2. Consultant, University o f  Tennessee, Knoxville. 
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9. K. Kumar, PIzys. Scr. 6, 270 (1972). 
10. F. S. Stephens et al., Phys. Rev. Lett. 29,438 (1972). 
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605 (1971). 
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COSMOGENIC RADIONUCLIDES IN SAMPLES 
FROM TAURUSLITTROW: EFFECTS OF 
THE SOLAR FLARE OF AUGUST 1972192 

G .  D. O'Kelley J .  S. Eldridge3 K.  J .  NorthcuZt3 

Cosmogenic radionuclide concentrations in a suite of 
Apollo 17 samples were determined noridestructively 
by use of gamma-ray spectrometers with high sensitivity 
and low background. Measurements were made on 12 

rock samples, which included 2 thin chips from a 
boulder, and 13 soil samples, which included I skim soil 
and 2 rather shallow surface samples from trenching 
operations. Cosmogenic radionuclides determined were 
22Na, 26A1, 46Sc,  48V,  54Mn, 56Co ,  and 7Be. 

The general pattern of radionuclidc concentrations in 
these Taurus-Littrow samples is profoundly different 
rrom that observed for samples from previous Apollo 
missions since, prior to collection, the Taurus-Littrow 
samples had beeri subjected i o  bombardment by the 
intense series of solar flares of August 4 9 ,  1972, 
which caused large enhancements in the yields of N a ,  

Mn, and "Co. The high energy and intensity 
of this proton flare made it possible for us to identify 
7Re iii 3 lunar sample for the first time. Except for the 
Fra Mauro tnaterials, which had a different chemical 
composition, surface samples from previous Apollo sites 
typically showed 2 6  Na concentration ratios o f  2 
or more For samples in which the 2 6  A I  had reached its 
saturation value. However, the ratio " Na in most 
Apollo 17 samples was close to unity, because the 
intense solar-flare bombardment in August 1972 more 
that, doubled the amount o f  22Na present wliieri the 
flare occurred. 

Data on the 56Co and 54 Mn contents of thin surface 
saniples were used to calculate the proton flux and 
rigidity of the August 1972 solar event. We determined 
the integrated proton flux Ji (>10 MeV) = 1 .9 X 10" 

For a differential energy spectrum expressed as 
the function ICE-&, the shape parameter a! was found to 
be 1.9?::: if the energv is in MeV. Thus the solar 
cosmic-ray event o f  August 1972 exhibited a much 
higher avemge proton energy than other flares of solar 
cycle 20, which had characteristic values of a 2 3.0. 

Sc, 

-l_iI 

1. Research carried out under Union Carbide's contract with 
the U.S. Atomic Energy Commission through interagency 
agreerrients with the National Aeronautics and Space Admini- 
stration. 

2. Summary of a paper submitted for publication in the 
Proceedings of the Fifth Lunar Science Conference, Geochinzica 
et Cosmochitnica Acta, Supplement 5 ,  vol. 2. A preliminary 
account of some of this work was reported in @em. Dip. Annu. 
Progr. Rep. May 20, 1973, ORNL-4891, pp. 16-17. 

3. Analytical C%eniistry Division. 

PRIMORDIAL RADIOELEMENT 
CONCENTRATIONS IN ROCKS AND 
SOILS FROM TAURUS-LITTROW' J 

J. S. Eldridgej G .  D. O'Kelley K. J .  Northcutt3 

The concentrations of the primordial radioelerrients 
potassium, thorium, and uranium were determined 
liondestructively by gamma-ray spectrometry in 9 
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Fig. 1.28. Values of the m a ~ s  ratio K/U as a function of the concentration of potassium. The Apollo 17 basalts, soils. and 
breccias appear to fall oil a line with the basnlts and KREEP as end inembers. 

basalts, 4 breccias, and 13 soil samples of the Apollo 17 
sample collection returned from the valley of 'Taurus- 
Lit trow. 

Variations in concentration ratios of 'Th/U and K/U 
were obsei-ved in three classes of basaltic rocks. These 
observations lend geochemical support to  geological 
speculations that two or three separate subfloor basalt 
units were salilpled at the Taurus-Littrow site. Grouping 
of the Apollo 17 basalts, soils. and breccias in the 
potassium-ur-aniuiii systematics of Fig. I .2X suggests 
that the soils and breccias are situated along a two- 
component mixing line with coarse basalts and KREEP 
as end members. Elevated values of primordial radio- 
element conccntrations in breccia samples compared 

with the soils of 'Taurus-Littrow indicate that the 
breccias could not have been formed by simple impact 
induration of the local regolith. On the other hand, 
similarities of the potassium, thorium, and uraniurn 
contents of the soils and basaltic rocks indicate that the 
dark regolith in the Taurus-Littrow valley may be the 
comminuted product of the underlying subflow unit. 

Concentrations of potassium, thorium, and uranium 
in the Apollo 17 soil samples were found to  lic in two 
narrow ranges. Compositions of seven light mantle soils 
were distinctly different from those of six dark regolith 
soils. The average thorium content of the light soils is 
the same as that determined for the lunar highlands 
near Taurus-Littrow by the orbiting gamma-ray spec- 
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t ro~neter .~ Little or no variation in miinordial radio- 2. Sunimary of a paper submitted for publication in the 
e]e,nent cot,centratiol, was observed iU trench samples 
as a function of depth, color, or texture 

fiOCe€dlngY of tfze Fifth Lunar Science Corrfcrence, Gcochimica 
et Cosmochimica Acta, suppl. 5 ,  vol. 2. A preliminary account 
of some of this work was remrtcd in C‘hcn. D w  ilvzriu. Prow. 
Rep. i ~ ~ a y  20, 1973, O R N W ~ X ,  pp. 16 -17. 

- 
--- 3 .  Analytical Chemistry Division. 
1. Research carried out undel- Union Carbide’s contract with 4.  J. I .  Trombka et al., “Some Correlations between Measure- 

the U.S. Atomic Enerpy Commission through itilcragency inents by the Apollo Camma-Ray Specl.rometer and Other 
agreements with the National Aeronautics and Space Adrnini- Lunar Observations,” Proc. Fourth Lzinur Sci. Con.f, Geochim. 
stration. Cosmockirn. Acta, suppl. 4, vol. 3, pp. 2837.--53 (1973). 



2. Chemistry and Physics of Transuranium Elements 

The nuclides beyond those of uranium continue to  hold a special interest for a variety 
of scientific and practical reasons, and experiments to produce and study them continued 
along lines previously established. The identification of element 104 (through 5-sec 
" 104) was fully confirmed by the final analysis of the x-ray-alpha coincidence data. A 
veiy fast tape transport system was developed and built for extending such experiments 
(and others) to nuclides of shorter half-life. Newer, high-spatial-resolution techniques like 
ion microprobe analysis and x-ray analysis with scanning electron microscopy began to be 
applied to the inclusions in radiohalos. 

From the beginning of this program, we have recognized the desirability of doing 
more than identifying those elements produced only to the extent of a few atoms per day 
on an accelerator. Now our first results of studying chemical properties one atom at a 
time are available, a compaiison of the chemistry of divalent nobelium in solution with 
that of other divalent metals. More conventional chemical studies continued on elements 
available in macro quantities, including preparation of compounds, crystallography. and 
electron spectroscopy. New directions included the first measurement of the heat of 
solution of berkelium metal and a start on spectroscopy of actinides in molten salts. 

COULOMB EXCITATION OF 

EVEN-A ACTINIDE NUCLEf' 
VIBRATIONAL-LIKE STATES IN THE 

E'. K. McGowan2 
C. E. Bemis, Jr. 
W. T. Milner2 

J.  I,. C. Ford, Jr.' 
R. L. Robinson2 
P. H. Stelson2 

Coulomb excitation of vibrational-like states in the 
even4  actinide nuclei (230 f A < 248) was measured 
using 4He ions in order t o  test nuclear models de- 
scribing these states. In particular, the one-phonon 
octupole vibrational interpretation of the low-lying 
negative-parity states provides an interesting theoretical 
framework with which t o  compare experimental infor- 
mation. The excitation probabilities weie determined 
relative to the elastic scattering by the observation of 
elastically and inelastically scattered He ions using a 
split-pole magnetic spectrometer equipped with a posi- 
tion-sensitive proportional detector. ?'he details of the 
experimental procedure have been discussed in an 
earlier p ~ b l i c a t i o n . ~  The values of B(EX,Og + J = A) 
range from 0.5 to 4-single-particle units for h = 2 and 
fi-om 10 to 30 single-particle units for X = 3. For those 

cases where the K, Jr assignments are known, the 
agreement between the experimental results and the 
microscopic calculations by Neegard and Voge14 and 
Vogel' of the B(E3,O ---> 3) for the 3-  members of the 
one-phonon octupole quadruplet is good when the 
Coriolis coupling between the states with K and K .t 1 is 
taken into account. The values of the reduced EQ 
nuclear matrix element, p(EO,2' + 2g), extracted from 
the EO transition probabilities T'(EO,2' -+ 2g); for decay 
of the P-vibrational-like 2'' state are 0.37 _C 0.06 and 
0.43 ? 0.06 for 232Th and 2 3 8 U  respectively. Several 
2' states observed in this Coulomb excitation reaction 
survey arc presumed to  be 2+ members of rotational 
bands based on 0' excited states which are strongly 
populated in the @,t) reaction. Our results have been 
submitted for publication in Phys. Rev. C. 

1. A similar report has also appearcd in the Phys. Div. Anntc. 

2. Physics Division. 
3. C.  E. Beniis, Jr. ,  F. K. McGowan, J .  L. C. Ford, Jr., W. 7. 

Milner, P. H. Stelson, and R. L. Robinson, Phys. Rev. C 8, 1466 
(1973). 

fiogr. Rep. Dec. 31, 1973, ORNL-4937, p. 129. 
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4. K. Neegard and Y .  Vogel, Nucl. Pkys. A 145, 33 (1970). 
5. P. Vogel, private communication of Coriolis matrix ele- 

ments and m v e  functions, 1971. 

ATTEMPTED COULOMB EXCITATION OF THE 

ISOMERIC STATE IN I%' 
8 . 5 - p ~ ~  SPONTANEOUS FISSION 

C .  E. Beniis, Jr. 
F. PIasi12 E. E. Gross2 

R. L. Fergusori 

A. Eucker3 

Fission induced by the time-dependent electro- 
magnetic field of a passing ion is an intriguing 
possibility that has been investigated theoretically by 
several  author^.^?^ The related case of spontaneous 
fission isomer excitation h;is also been theoretically 
inve~tigated.~ As the observation of spontaneous fission 
isomeric states is inherently easier to perform 
experimentally than the pure Coulomb-ind irced iksion 
process because tlie fission events are delayed relative to  
tlie time of excitation, we have chosen to investigate 
the isomer excitation as ii prelude to  investigating pure 
Coulomb fission, which may become pcossible with the 
proposed newer heavy-ion facilities at ORNL. 

We have attempted the Coulomb excitation and 
subsequent observation i:)f the 8.5-Psec spontaneous 
fission isomeric state in ' Pu using 100- and I 17-Mev 

Ne ions at OKIC. A beam pulsing system, based on 
the use of 1-in-long parallel deflection plates with a 
2-cm spacing, was developed for these experimetits. A 
high-power pulse generator using a n  Eimac 4 
CW-25000A radial-beam power tetrode in the 
switch-lube mode was used to produce 6.5-kV 
square-wave high-voltage pu1:;es which were applied to 
one of the deflection plates. The deflected beam was 
intercepted on a water-cooled plate while the 
irndeflected beam was transmitted to the target station. 
RecoiI 2 3  9Pu atoms, resulting from elastic and irielastic 
scattering, were stopped in a thin nickel catcher foil 
located dowristreani from a 1 20-p.g/cm2 isotopically 
yuIe 239pL~ target, also on nickel foil. The catcher foil 
w a s  viewed by two large-area surface-barrier detectors, 
operated in coincidence, for the observation of delayed 
fission events during the time the h a m  was deflected 
f r o m  the target. 

C)nly (:ne delayed fission event was observed in these 
experiments, which corresponds to a production cross 
section of about 3.2 X crn' integrated over 20Ne 
scattering andes in the iange 90" to  180°1,b i1S dictated 
by our experimental arr;irigetnent. We conclude that 
further attempts to Coulomb excite fission isomers will 
Iiave to await the production of ions niuch heavier than 

neon, particularly in light of recent negative results6 
using 60-MeV "C ions and 740-MeV '36Xe ions in 
similar experiments for the 200-nsec isomer in 238U. 

A full account of our work has been prepared for 
publication. 

1.  A similar report has appeared in Phys Div. Annu. Boy,  

2. physics Division. 
3. Director's Division. 
4. E. Guth arid L. Wilets, Phys. Rev. Lett. 16, 30 (1966); L. 

Wikts, E. Guth, and J .  5. Tenn,Yhys. Rev. 156, 1349 (1967); P, 
W. Riesenfeldt and T. D. Thomas, Phys. Rev. C 2, 711 (1970); 
H. Holm and W. Greiner, Nucl. Phys, A 195, 333 (1972). 

5. K. Beyer and A. Winther, Phys. Lett. dl 30,296 (1969); K. 
Beyet, A. Winther, and U. Smilansky, in Ntclmr Reactions 
Ifiduced by ffeavy Ions, R. Bock and W. Herring, ed., 
North-Holland Publ. Co., Amsterdam, 1970, p. 804. 

6. Yu. P. Cangrsky et al., Joint Institute of Nuclear Research 

Rep. Dee. 31, 1973, ORNL-4937, p. 26. 

pEprint P7-7022, Dubna, U.S.S.R. (1973). 

TRANSFER AND COMPOUNDNUCLEUS 
REACTIONS THAT LEAD TO THE NUCLEI 

'4 Cf AND Cf: INTERACTIONS 
OF I 2 C  WITH 239H1 AND 2 3 8 U 1  

R. L. Hahn 
P. F. Dittner 

K. S. Toth2 
0. L. Keller, Jr. 

As part of our continuing program of studying 
nuclear reaction mechanisms in the actinide elements, 
we have investigated several heavy-ion transfer reactions 
leading to the sanie product nuclei, zasCf and 244Cf;  
the systems surveyed were 239Pyu + "C, 242yU t 1 2 G ,  

p N, and 2 3 5 U  t 60. 'To learn more about 
tlie details of such transfers, we delrrtnined recoil 
properties for the ieactions 2 3  9Pu t 

In particular, the nuclear reactions 2 3  9Pu(' 2C,cr2n- 
a 3 ~ )  and 238U(12C,5~1-G~1)leadin!: to 245Cfand  244Cf  
were studied by measuring excitation functions and 
recoil range and angular distributions. As expected, the 
uranium plus carbon data are consistent with 
predictions for complete-fusion (CF) reactions; for 
example, the range distributions are Gaussian with 
nieari values that increase with increasing bonibarding 
energy, and the angular distributions are forward 
peaked in the laboratory system. Figure 2.1 shows 8, 
the experimental mean range (centroid), as a function 
of 2C bornbarding energy. The straight lines are ranges 
calculated by assuming complete fusion of projectile 
and target nucleus and using the range-energy values of 
either Steward3 or Northcliffe and S~h i l l i ng .~  The 
nieasured angular distributions are shown in Fig. 2.2. 
The results for the plutoniuln plus carbon reactions 
differ markedly from those for uraniuni plus carbon. 
The range distributions are asymmetric, with 

2 3 7 ~  + 1 4  

C. 
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Fig. 2.1. Average ranges, R ,  in carbon (over the angular 
interval from 0 to 10.7O) of the recoil nuclei 245Cf and 244Cf 
from the reactions 238U -t- 12C and 239Pu + l zC.  Each datum 
point has been obtained from the measured rlrnge distribution, 
appropriatcly correctcd fnr stopping in the targets. The lines are 
ranges calculated by assuming full momcntum transfer in the 
reactions and using the rangc-energy relations of either Steward 
(rcf. 3) or Northcliffe and Schilling (rcf. 4). 

high-energy tails, and have centroids that decrease 
monotonically with increasing "C energy, from 1.6 
times the expected CF value at 67 MeV to  0.6 times the 
CF value at 97 MeV (Fig. 2.1); the angular distributions 
are characterized by a maximum at about 17" 
(laboratory) a t  energies well above the Coulomb barrier 
(Fig. 2.3). 'The cross sections for the 239Pu(1  'C,a2n 
and a3n) reactions are much larger than those of the 
2 3 9 ~ 1 1 ( 1  *t,2rz to  4n) reactions, indicating that 
noncompound processes are involved in the production 
of the californiuiii nuclides, since evaporation of 
charged particles is negligible in such heavy nuclei. 

All of these results for the (C,cw-n) reactions are 
consistent with models of transfer reactions in which an 
aggregate is transferred from the projectile to the target 
nucleus, followed by evaporation of neutrons from the 
resulting heavy nucleus. Figure 2.3 shows the recoil 
data for the Pu(C,aun) reactions, compared with 
c:dculated ciuives obtained with two different models of 
the transfer process. The recoil energies, E R ,  were 
derived from the values of Fig. 2.1 with the aid of 

c 

0.0, ..1.. L . . . ~ L  ... 1 A . l  .... L . L . . . L  *'1: ... 1 
'LAB 

0" 10" 20" 30" 40" 0" 10" 20" 30" 40' 50' 
L 

Fig. 2.2. Relative angular distributions of 245Cf and 244Cf  
from the reactions 238U + I2C and 239Pu + I2C. The 
diqtributions are proportional to da/dn.  l o r  the 2 3 8 U  + "C 
reactions, the dashed vertical lincs reprcscnt the maximum 
angles in the laboratory system at  which the californium 
products should he observcd, 3s calculated from reaction 
kinematics. Data beyond these anglcs are indicative of scattering 
in the uranium target. 

Steward's range-energy  value^.^ The Liverage angle 0 K 
associated with the trajectories of thc recoil nuclei was 
evaluated in two different ways: the filled circles show 
the centroids, arid the filled triangles, the maximum 
values, of the angular distributions. 

Part a of Fig. 2.3 shows c:ilculated values of 6, 
and On obtained with a model first proposed by 
Strudler et The model iki ls  with the reaction 
2 3 9 P ~ ( ' 2 C , X ) R  in which an aggregate "C-X is 
tiansferred from projectile to target. I n  the model, the 
residual nucleus R receives a velocity in the forward 
direction as a result of this transfer process; an  
additional velociry is tlicn imputed to K by Codombic 
scattering between K and the remaining light iiuclzus X 
(in the figure, the ca!culatcd curves are for reactions in 
which particle X is either 3tIe ,  4He, or 5kie). Figure 
3(b) shows curves calciilated with the model of Galin et 

in which the trajectories of the incorning and 
outgoing particles are determined by Rutherford 
scattering, with the additional requirement that 
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Fig. 2.3. Kesults derived frail1 the range and angular distribu- 
tions measured for 24sCf and 244Cf (fiom 23yPu + I 2 Q 9  

compwed with calculations based on two different kinematic 
models, 'l'he experimental recoil energies ER were obtained 
from the range values of FiL;. 2.1 and Steward's range-energy 
values (ref. 3 ) .  Lab angles O K  were obtained from the 
distributions of Fig. 2.2. The circles rcpresent the centroids and 
the triangles, the maxinia, of the angular dntributions. P x ~  a 

shows calculations with the model of Strudler et al. (ref. S), :JIK~ 

6, with the inodel of Galin el al. (ref. 6 ) .  The curves itre 
identified by the helium nuclide rcmdning after the transfer. In 
part h, the dashed curves are for the cases where sufficient 
excitation cner,y remains in the respectivz: intermediate nucleus 
to evaporate neutrons and reach 245Cf; the solid curves, to 
reach 24 4 cf. 

sufficient energy remains in the heavy product of the 
transfer to  evaporate neutrons and reach either 24 5Cf 
(ddshed curves) or 244Cf  (solid curves). Although the 
details of the models presented in Figs. 3a and b are not 
tlie same, their predictions for b ' ~  and O K  are similar. 
Clearly, Coulombic interactions are irnportan t in such 
transfer reactions. The calculations also indicate that a 
beryllium aggregate is probably transferred from ' 2C to 
the target. 

lnvestigatiuns such as these can also havc application 
to experimental searches for new isotopes and 
elements. knowledge of differences in the yields of 
compound-nucleus and tiaiisfer reactions can be very 
important in optimiLing the conditions of such 
experirnen ts. 

An interesting by-product of such recoil studies is 
that range and angular distributions can be used as aids 
in identifying new isotopes by distinguishing between 

compound-nucleus and transrer reactions. Such 
arguments have been put forth as support (e.g., ref. 7) 
for discovery claims of elements 104 and 105. The 
present data and calculations indicate that the products 
of trmsfer reactions, although not very h r  removed 
from thc conipound nucleus (californium rather than 
fermium), can still be distinguished from 
compound-nucleus products. However, there are sortie 
intervals of bombarding energy where the recoil 
properties of both the transfer and complete-fusion 
reactions are rather similar, so that one must choose the 
experimental conditions carefully if recoil energies or 
angles are to be used to characterize new isotope!,. 

1.  Expanded abstract of paper submitted to the Physical[ 

2. Physics Division. 
3.  P. G .  Steward, IJiriversity o f  California report, 

4. 1,. C. Northcliffe and R. F. Schilling, Micl. Data, Sect. A 7, 

5. P. M. Strudler, I .  L. Preiss, ;md R. Wolfgang, .%ye Rev. 

6 .  J. Galin et al.,Phys. Rev. 182, 1267 (1969). 
7. G.  N. F'lerov et al., Nucl. Phys. A 160, 181 (1971). 

Reuic \v. 

UCRL-I 8127 (1965). 

233 (1970). 

154, 1 I26 (1 967). 

REACTIONS OF kIEAVY ELEMENTS 
WITH VERY W A V Y  IONS 

R. L. Hahri Y. LeBeyec' 
EL Gauvin' M. Lefort' 

7'0 begin some studies of the interactions of very 
heavy ions with heavy-element nuclei, preliminary 
irradiations of '09Bi and 248Cm (borrowed from the 
Transuranium Research L.aboratory at ORNT,) were 
done at the accelerator ALTCE in Orsay. The 2 o  Bi was 
bombarded with 40Ar at several different energies, and 
tlie 24BC1n, by 280-MeV 40Ar  arid 520-1LlcV 84Kr. 
Radioactive products of these nuclear reactions were 
collected by a gas-jet systeni' and transported about 2 
m through a capillary tubc for assay with an annular 
Si(Au) detector. The  grow1.h of alpha radioactivity 
during the irradiations was measured. Delayed fission 
activities were also sought. 

Typical beeam intensities (electrical units) were about 
100 nA for 40Ar13+ and about 0.5 nA for 84Kr25+. 
Only- alpha-active products ascribable to  incom- 
plete-fusion reactions were detected; no delayed fissions 
were seen. For 'O'Bi, transfer reactions leading lo 
nuclei with Z G 90: (ix., transfers of less than about 
seven protons) were muck more probable than reactions 
leading to nuclides in the vicinity of conipound nucleus 
249Md. For 248Cm, most of the products were 
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apparently associated with nuclides lighter than the 
target nucleus. Conservdtive upper limits of about 0.8 
pb  for argon and about 0.3 mb for krypton were 
estimated for the complete-fusion cross sections that 
would lead to 2 8 8  114 and 3 3 2  132. 

~ 

1. lnstitut de Physique Nucliaire, Orsay, France. 
2. Y. LeBcyec, M. Lefort, and M. Sarda, ~ V u d .  Phyx A 192, 

405 (1972). 

ANALYSES OF NEUTRON-INDUCED 
FISSION CROSS SECTIONS FOR 

2 4 9 c f l  

C. E. Uemis, Jr. 
J. W. T. Uabbs’ 
G. D. James3 

N. W. Hill4 
M. S. Moore’ 
A. N. Ellis5 

The analysis of measurements of the neutron-induced 
fission cross sections for 249Cf in the energy range 0.3 
eV to 2 MeV has been completed. These measurenients 
were made using QRELA as a pulsed neutron source 
and have been reported previously.6 Eleven resonances 
below the approximately 20-eV cutoff of the Physics-8 
underground nuclear explosion data of Silbert7 have 
been found. A multilevel analysis of the data up to 70 
eV was performed and, for the energy interval 20 eV to 
70 eV, is in substantial agreement with Silbert.7 The 
results for the resonances bclow 20 eV are listed in 
Table 2.1. 

A direct integration of our results has also yielded the 
standard fission resonance integral, R.I.: 

2 MeV 

of &/E = 1630 b. s R.1. = 
0 . 5 5  e V  

‘Table 2.1. Summary of 249Cf resonances 
below 20 eV 

= 40 mcV assumed 

0.708 
3.90 
5.08 
7.52 
8.66 
9.52 

10.35 
11.90 
13.63 
16.06 
16.82 

0.741 
0.115 
0.268 
0.063 
0.1 15 
0.362 
0.078 
0.037 
0.403 
0.159 
0.420 

119.6 
44.9 

154.3 
83.4 

146.0 
97.1 

252.2 
242.4 
205.1 
325.4 
162.9 

which may be compared with the earlier value of 2940 
_+ 280 b by Halperin, Oliver, and Stoughton.8 

The presence of the large fission resonance at 0.708 
eV and the assumption of a l / v  cross section in this 
energy region in the cadmium-shielded determination 
by Halperin e t  al. would presumably account for the 
large discrepancy in the fission resonance integral. ‘This 
work is being prepared for publication. 

1. A similar report has appearcd in Phys. Div. Aiznu. Piogr. 

2. Physics Division. 
3. Present address: AEKE, Harwell, England. 
4. Instrumentation and Controls Division. 
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7. M. G. Silbert,Nucl. Sci. Eng. 51, 376 (1973). 
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COMPARATIVE SOIdUTION CHEMISTRY, 

HYDRATION ENERGY OF NORELIIJM’ 
IONIC RADIUS, AND SINGLE-ION 

R. J. Silva 
W. 3. McDowel12 

0. L. Keller, Jr. 
J. R. Tarrant 

We are currently examining the chemistry of the 
elements at the end of the actinide series with the 
intent of continuing to the transactinides. This area of 
the periodic table is particularly interesting in that the 
heaviest actinides have a far greater tendency than 
expected to assume positive oxidation states lower than 
111. In fact, nobelium, element 102, is the only one of 
the 28 rare earths (actinide and lanthanide) to  be most 
stabie in the positive oxidation state of I1 jn acid 
aqueous solution. This added stability is undoubtedly 
connected with the 5f14 filled shell predicted by the 
actinide concept for the next to the last member of the 
series in the divalent state. But that this is not the 
whole story is shown by the fact that the lanthanide 
analog of nobelium, ytterbium, is most stable in the 
trivalent state and fornis only a somewhat stable 
divalent state. The correlation technique of Nugent, 
Raybarz, Burnett, and Ryan3 allows an understanding 
of the (11-111) redox behavior of the actinides and the 
lanthanides in t e r m  of the electrostatic and spin-orbit 
interaction energies of their f-orbital conliguration as 
developed by G~- i f f i th ,~  Jdrgensen,’ and Vander Sluis 
and Nugent.6 The purpose of our work is to establish 
the descriptive chemistry of nobelium by comparing its 
behavior with other divalent elements and t o  take the 
first steps in developing an understanding of nobelium’s 
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bebavior in terms of ionic radius and thermodynamic 
quantities. 

Nobelium-255 ( Ti 12 = 223 sec) was produced a1 the 
ORIC cyclotron at the rate of about 5 0 0  atoms per 
bombardrtient using a 249Cf  target and a 2 C  beam in 
(12C,rr2n) reaction. Nobelium was first placed in 
general perspective by comparing its chloride-com- 
plexing ability with the divalent ions Hg2+, Cd2", Cu2+, 
Co2+, and the alkaline earths. The extraction bchavior 
of No2'' from aqueous HCl (0.2 to 10 M) into 
tri-n-octylarnine in toluene showed that it is relatively 
noncomplexing, like an alkaline earth. Further 
experiments with the Dowex 50--4 M HC1 and 
di(2-ethylhexy1)phosphoric acid (HDEHP)-- 0.025 M 
HCI systems showed that No2'' is similar in behavior to 
the alkaline e a r t h  Ca2+ and Sr2+ (Fig. 2.4). This was 
further confirmed by extraction of NoB from dilute 
nitric acid into HDEHP in n-octane. 

Since the logarithms of the distribution coefficients in 
both the ion exchange and solvent extraction experi- 
ments are found to be linear in ionic radius for the 
alkaline earths, an experimental value of the ionic 
radius of No2+ could be obtained (1.0 to 1.1 A). 
Furthermore, by the use of relativistic Hartree- 
Fock-Slater calculations, a theoretical correlation be- 
tween the ionic radius of No2* and the alkaline earths 

1.1 A, in good agreement with the experimental value. 
The six-coordinate ionic radius of Yb2', the lanthanide 
analog of NoZ", is 1.03 A as found by Beck and 
Bicnigl~iiusen.' The 55'" electronic shell must shield 
the 6p outer shell of No2+ in much the same way as the 
4f4 shell shields the 5 p  outer shell of Yb2+ since the 
contraction from Ba2* lo Yb2+ is nearly the same as the 
contraction from ~ a ~ +  to  NO^+. 

A modified form of the Born equation was used to  
calculate the single-ion heat of hydration o f  No2+ as 
-355 kcal/g-atom, compared with -373 for Caz+. 

1 .  To be published in Znorflriic Chemistry. 
2. Chemical Technology Division. 
3. L. J. Nugent, K. D. Rrlybarz, J .  L. Burnett, and J. L . 

Ryan,f. Phys. Chem. 77, 1528 (1 973). 
4. J .  S. Griffith, The Theory of 'Damition Metal Ions, 

Caiiibridge University Press, Cambridge. England, 1961, pp. 
99-101. 

5. C .  K. Jdrgensen,Mol. Phys. 5 ,  271 (1962). 
6. K. L. Vander Sluis and L. J. Nugent, Phys Rev. A 6,  86 

7. H. P. Beck and H. Harnighausen, Z. anorg. a&. Chem. 386, 
(1972). 
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DECAY PROPERTIES AND X-RAY 
IDENTIFICATION OF " ' 104' 

C. E. Bemis, Jr. J. R. Tarrsnt was obtained. This theoretical d u e  was found to be 

ORNL-DWG. 73-8281 r- I I I I I 1 

R. J. Silva 
D. C. Hensley' 

L. I>. Hunt 
P. F. Dittner 

I I ' I  0. L. Keller, Jr. R. L. Halin 
2 5 5 ~ 0  y 100 C. D. Goodman2 

A preliminary evaluation of our experiments on the 
x-ray identilication of element 104, was reported last 
year,3 and the completed identification studies were 
the subject of a formal p ~ b l i c a t i o n . ~  The alpha-particle 
spectrum representing a portion of oui data is shown 
in Fig. 2.5, and the alpha groups from the decay 
of 2 5  7104 arz indicated. The photon spectrum in 

- a coincidence with these 2 5  ' 104 alpha particles is shown 
- Q in Fig. 2.6. The observation of the K-series x-ray 

spectrum of element 102 in coincidence with alpha 
particles constitutes a conclusive identification of 
element 104. 

ref. 4 and brieflv above. other information about the 

- - I  

0 1 1  In addition to the x-ray identification, described in 
7 

d decay properties of 2s7104 was derived from our 
0 2 4 6 experiments. From the decay of alpha events in the 

PLATE NUMBER 

Fig. 2.4. Elution with 0.025 M HCI of No* relative to Caz" 
and s p  from a column using di(2etllylIlexyl)phosphoric acid 
on an inert support. 

energy range 8.50 to 9.20 MeV, a half-life value of 4.76 
? 0.28 sec was derived for " 104. Our value supports 
the earlier value of 4.8 * 0.5 sec of Gtliorso5 and 
Gliiorso et  aL6 Our decay curve is shown in Fig. 2.7. 
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Fig. 2.5. Alpha-particle energy spectrum for activities produced in the bonihardment of 249Cf with 73.0-MeV I2C ions for a 
total of 31.3 ppA-hr. Counting time is 11 sec, and the energy range expected for alpha events from the decay of 257104 is indicated. 
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Fig. 2.6. Characteristic K-series x-ray spectra expected for the 
elements with Z = 100 thIough Z = 103. The experimental 
photon spectrum coincident with alpha particles in the energy 
range 8.5 to 9.1 MeV is shown in histogram fashion under the 
curve labeled Z = 102 and forms the basis of a conclusive 
identification of element 104. 
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Fig. 2.7. Decay curve for alpha events in the energy 
8.50 to 9.20 MeV and the derived half-life for 2 5  104. 

range 
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A decay scheme for 2 5  I04 based on alpha-particle 
energies and intensities, coincident gamma rays, and 
alpha-gamma-ray (x-ray) delayed coincidence 
information was also derived from our multiparameter 
data. This decay scheme is shown in Fig. 2.8 and 
includes an 18% electron-capture decay branch to 
0.6-sec ' Lr which was derived from the presence of 
the 8.870- and 8.824-MeV alpha groups in equilibrium 
decay wit11 the alpha groups of ' ' 104. 

OR N L- U W G . 7 3 - 9 0 7 5  

7/2+[613t] '57104 TlI2 = 4.8s 

- 
= Q6S 

8 824 ( 2 5 1  ) 
8.870 (75%) 

11/2- 
9/2-[734t]{ g/2- 

No 253 

Pig. 2.8. Decay scheme for 257104 showing the level scheme 
for 2 5 3 N ~  and the 18% electron-caplure branching decay of 
2 5 7 1 0 4 .  

O R N L - D W G .  7 3 - 5 7 9 2  
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C H A N N E L  NUMBER 

Fig. 2.9. Delayed atpha-x-ray coincidence curve for the 
approximately 300-keV state in 2 s  No. 

hi analysis of our alph;i-- x-ray delayed coincidence 
data, shown in Fig. 2.9, has led to the deternunation of 
the half-life of the approximately 300-keV state in 
253No. This half-life, 3 1.3 * 4.1 psec, is in accord with 
the state assignment of 5/2+\622?] . The M 2  transition 
to the 253N0 ground state, 5/2+[622t] -+ 9/2- [734fJ ,  
i s  similar to the other cases ofM2 isomerism in the N = 
151 nuclides previously discusse~l.~ Our state 
assignment of 7/2+[613f] for the ground state of '' 104 is unlike that fw thc other N = 153 nuclides 
(1/2'[620?l) and was deduced from the alpha-decay 
intensity pattern and the log ft value fol the electron- 
capture decay. Our results are being prepared foi 
puhlicat ion. 

1. A report dealmg w t h  tluq subject has also appeared in the 
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umnium E;lernents The Mendelcev Centennial, W .  0. bidligan, 
ed., Houston, Tex., 1970. 

6. A. Ghiorso et al.,Nuture (London) 229,603 (1971). 
7. C. E. Remis, Jr., P. F. Thttner, C. D. Goodman, D. C. 

Hensley, K. Kumar, and R. J. Silva, Chcm. Dzv. Atznu. Po#. 
Rep. May 20, 1971, ORNL-4706, p. 64. 

PROPERTIES OF " 'Rf 

P. F .  Dittner F. Plasil' 
C. E. Bemis, Jr. 
R. L .  Ferguson 

F. Pleasonton' 
D. C. Hensley' 

As part of our continuing study of the identification 
and properties of transfermiurn elements, we carried 
out an experiment to observe the decay of approxi- 
tnately 3-sec '"Rf. We produced zsgRf in the 
249Cf(i  ' C , 3 n )  reaction using 86.5-MeV 'C4+ ions 
accelerated in the Oak Ridge Isochronous Cyclotron 
(ORIC). The 'C4+ ion beam was modulated at 1 Idiz 
with a 50% duty cycle by passing the beam between a 
pair of I-in-long parallel deflection plates driven by a 
6-kV square-wave modulated supply. After an energy 
loss of about 15 MeV in the beryllium target chamber 
witidow and target backing, the "C ions had an energy 
optimized for the 249Cf(1 ' C , 3 n )  reaction. Our mea- 
sured production cross section for ' 9Rf  was about 6 X 

mi'. The reaction products recoiling out of the 
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Fig. 2. IO. Alpha energy spectrum resul tirig from the decay of 
nuclides produced in the interactions of approximately 72-MeV 
I 3 C  with 249Cf. 
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Pig. 2.1 1. Time dependence of the alpha events in the energy 
range containing the two peaks of RF. 

2 4 9 C f  target were thermalized in helium gas and 
pumped through a small orifice into an evacuated (0.04 
torr) chamber. The gas stream containing the reaction 
products then impinged on an aluminum wheel located 
about 5 mm from the orifice. The wheel was periodi- 
cally (about 6 sec) rotated through about 100" so that 
the spot of collected activity faced the first, and on the 
next rotation a second, Si(Au) surface-barrier alpha and 
fission detector. Each detector responded to  alpha or 
fission events with the same geometry, and thus the 
spontaneous-fission to alpha-decay ratio was deter- 
mined directly. 

Our electronics allowed us to measure the energy of 
the emitted alpha particles and fission fragments and 
the time from the end of the irradiation associated with 
each event. The output from the detectors was stored 
and analyzed in the SO% of the time during which the 
beam did not strike our target, that is, when the 
deflecting plates were energized. During about 24,000 
irradiation-counting cycles, we observed 68 alpha events 
and 13 spontaneous fission events. Two prominent 
alpha groups roughly equal in intensity were seen at 
8.87 and 8.77 MeV (see Fig. 2.10), in agreement with 
the previous measurement of Ghiorso.' 'The alpha 
events having energies above 8.67 MeV and below 8.94 
MeV decay with a half-life of 3.0 * 1.3 sec (see Fig. 
2.11). The fission events decayed with a half-life 
compatible with that derived from the alpha-decay 
data. 

The spontaneous-fission branching, based on rather 
poor statistics and a significant correction due to the 
fission events coming from the decay of 2 5 6 N o ,  was 
determined t o  be 10 ? 7%. 'The nuclide * '  6 N o  ( t l  /2  = 
3.04 L 0.15 sec) is also produced in the bombardment 
of 249Cf  with 13C ions via the 249Cf('3C,a2n) 
reaction with a production cross section of about 1 X 

cm' as determined from our data. 

1. Physics Division. 
2. A. Ghiorso, "The Berkeley HILAC Heaviest Element 

Research Program," p. 107 in Proceedings of the Robert A .  
Welch Foundation Con fereiice on Chemical Research. XIII. The 
Transuranium Elements ~ The Mendeleev Centennial," W. 0. 
Milligan, ed., Houston, Tex., 1970. 

PREDICTED PROPERTIES OF SUPERHEAVY 
ELEMENT 115, EUBISMUTH' 

Burkhard Fricke3 
0. L. Keller, Jr. C .  W. Nestor, Jr.' 

I t  was thought that the reaction of an accelerated 
::Ge beam with a ':;Th target would be a favorable 
one for the production of a superheavy element.4 The 
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recent attempt by the heavy-ion accelerator group at 
Dubna (:U.S.S.R.) was unfortunately un~uccessful.~ 
‘I’his suggests that the discovery of superheavy elements 
may be even inore difficult than was previously 
supposed. Chemical separations methods, whicl-1 offer 
high selectivity arid sensitivity, may therefore once 
again hold the key to discovery, as they did for fission.6 
For this reason we have predicted the chemical proper- 
ties of elements 11 1, I1 3 ~ and 1 lil.’>* as a guide for the 
experimenter in these very difficult investigations. We 
liave now predicted the properties of element 115, 
ekabismuth. 

Element 115 is a particularly interesting case since its 
properties will be strongly and unmistakably altered by 
relativistic effects. No element like L 15 is known at 
present; so we have taken an approach involving careful 
comparisons within the periodic table and analogies 
based on relativistic Hartree-Fock and relativistic Har- 
tree-Fock-Slater calculations. We first calculated elec- 
Ironic energy levels, ionization potentials, promotion 
energies to excited states, and atomic and ionic radii. 
Further properties were estimated by combining these 
calculated properties with valence-bond theory or other 
general theories and by extrapolations in the periodic 
sys lem . 

Element 115 is expected to be in group V-A of the 
periodic table and have most stable (positive) oxidation 
states of I and 111. The oxidation state I, which plays a 
minor role iri bismuth chemistry, should be a major 
factor in element 1 15 chemistry. This change will arise 
because of the large relativistic splitling of the spheri- 
cally symmetric 7,91/2 shell from the 7 ~ 3 1 ,  shell. 
Element 1 15 will therefore have a single 7 p 3 / 2  electron 
outside a 7p: / z  closed shell. The magnitudes of the first 
ionization energy and ionic radius sriggesi a chemistry 
similar io TI’. Similar considerations suggest that 1 lS3’ 
will have a chemistry similar to Bi3’. Hydrolysis will 

therefore be easy, and relatively strongly coniplexing 
anions of strong acids will be needed jri general to effect 
studies of complexation chernistiy. Some other pre- 
dicted properties of element 1 15 are given in Table 2.2 
and Fig. 2.12. 

~ 

1 .  Submitted to J. Phys. Chcm. 
2. Mathematics Division. 
3.  Geseltschaft fur Schwerionenforschung, Darmstadt, 

BRD/Germany. 
4. W. J. Swiatecki arid C. F. Tsang, “Possible Heavy-Ion 

Reactions Leading to Superheavy Nucleus Formation,” Piucl. 
Clzem. Arinu. Rep., LBL-666 Lawrence Berkeley Laboratory 
( I  97 1 ). 

5. Y u .  Ts. Ogane.;sian, “Synthesis of Superheavy Elerrients,” 
l’rocecdings of Ifiirrrtatioilal Conference on Nuclear Ph.ysics, 
Munich, Aug. 27LYept. I ,  1973. 

6 .  0. I<. Frisch and J. A. Wheeler, Phys. 7oday 20(11), 43 
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Fig. 2.12. Atomic radius of element 115, ekabimuth. 

‘Table 2.2. Predicted properties of element 115 

Ionization potential, eV 
I 
I f  
111 
IV 
0 - s +  

Heat of sublimation, kcal/g-atom 
Atomic radius, A 

5.2 
18.1 
27.4 
48.5 
159 
34 
2.0 

Ionic radius, A 
115 ’  1 .s 
115* 1 .o 

Entropy, cal drg-’ (gatom)-’ (:it 2S0)  

Melting and boiling points 

16 
-1.5 
Similar to element 11 3 

Standard electrode potential (1 15‘/115), V 
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SEARCH Fort SIJPERNEAW ELEMENTS 
RADIATED AT SLAC' 

J. Ma1y2 Dieter Waltz' 
R. W. Stoughton Donald Busick' 

J. Halperin 

A sample of lead in which fission-fragment tracks 
were observed by the Lexan technique3 before and 
especially after an intermediate-energy electron irradia- 
tion (250 to 1250 MeV) at Orsay was rolled into thin 
sheets about 0.3 mm thick. Forty-five 5 X 5 cm plates 
were cut from this sheet (about 366 g total) and sent t o  
SIAC for irradiation by high-energy electrons. 'I hese 
were irradiated with about 4 X 1 O I 9  to 5 X 10' 
electrons of 1.5 to  20 GeV over a several-month period. 
Before the irradiation, they were put into two assem- 
blies, with the plates separated with aluminum spacers 
so that they could be water-cooled. After the irradia- 
tion the two assemblies (assembly I, which first "saw" 
the electrons, and assembly I I ?  which was placed farther 
"downstream" in the irradiation path) were sent to  
ORNL for examination in our neutron ~~iultiplicity 
~ o u n t e r . ~  

Table 2.3 shows the results of our counts. We 
conclude there is no evidence for high multiplicitier, 
The apparent decrease of the rates of the 3's and a ' s  
with counting time i s  very likely not significant in view 
of the low number of counts and in view of the long 
time after irradiation compared with the relatively short 
times between counts. We do  not understand the 
apparent excess of 2's and in some cases of 3's in the 
irradiated samples. Such an effect was observed in our 

previous ORELA irradiations, especially with gold- 
mercury targets.' In all cases the targets were radioac- 
tive. This fact may have caused some unknown elec- 
tronic effects; however, the observed excess low 
multiplicities cannot be due to statistical pile-up of 
singles. Another possible contributing effect is the 
presence of aluminum spacers and steel bolts. which 
held the assemblies together; however, this effect is 
thought to be of insufficient magnitude to explain the 
results. 

1. Stanford Linear Accelerator Center. 
2. Institut de Physique Nucl&aire, Orsay, France. 
3. .I. Maly, Phys. Lett. R 35, 148 (1971). 
4. R. L. Mackliii et al.. Nuel hsrrurn. Methods 102, 181 

5. J. hlal? et al., Chem. Div. Annu. Progr. Rep. May 20, 
(1 97 2). 

1973, ORNi-4891, p. 30. 

SEARCH FOR SUPERPlEAW ELEMENTS 

AF'rER PROCESSING 

Dieter Waltz' Ruth Sjoblom2 
Donald Busick' K. L. Wolf' 
J. Walperin J. P. Unik' 

IN URANIUM TARGET FROM SLAC' 

R. W. Stoughton 

Last year3 we reported examining in our neutron 
multiplicity counter4 a uranium sheet ( 5  X 10 X 0.1 
cm) which had been irradiated at SLAC with about 4.7 
X 10" electrons of about 19 GeV. We saw no 
multiplicities which could not be attributed to  sponta- 
neous fissioil of the uranium itself. The uranium was 
then sent to  ANL for determining the production of 
actinides in the irradiation. A fraction which should 
have contained essentially all elements except actinides 
was returned to ORNL for measuring neutron rnultipli- 
cities. In a ten-day count and eight-day background 

Table 2.3. Neutron multiplicities in lead irradiated at SLAC with l9-GeV elections 
- ~~ ~~ ~ 

Tim, after end 
Sample of irradiation 

(days) 

Time of 
count 
(days) 

Obscrved count 

2's 3's >4's 
I....___ ___ 

Corrccted count 
(day ) __ .... ~ 

2 ' s  3's >4's 

Assembly I 
Assernhly 1 
Assembly I 

110 
118 
127 

Absembly I. 
total count 

200 g Pb (background) 
.2rwrnbly I1 140 

6.92 
5.36 
5.97 

18.25 

~ 

177 14 8 
131 9 4 
164 9 1 
472 32 13 

7.0 0.45 0.41 
4.8 0.11 0.04 
6.9 -0.06 --OS4 
6.3 0.18 0 

7.01 
4.79 

137 11 5 
207 15 3 

19.6" 1.57" 0.71' 
23.7 1.55 -0.08 

... ...._. ._..______ . . .. . . . . 

'These are the corrections; the corrected counts would be zero. 
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count we observed 23.3 ? 2.3 and 3.8 5 0.8 for 2’s and 
3’s, respectively, with higher inultiplicities showing zero 
within statistical error. Semiquantitative analyses indi- 
cated too little z 3 8 U ,  240Pu,  and 242Pu to explain 
mole than about half of the observed counts. Some- 
what simdar low multiplicities apparently were ob- 
served in lead irradiated by high-energy electrons.s 

1. Lawrence Berkeley Laboratory. 
2 .  Physics Division. 
3. We thank R. E. Drubchel for cleaning the thorium plute 

and L. D. Hulett of the Analytical Chemistry Division for 
covering one side with gold. 
4. K. 1, Macklin et  al., Nucl. Jnstrum Methods 102, 181 

(1 Y 72). 
5 .  I,. C. Nurthcliffe arid R. F. Schilling,Nucl. Data, Sect. il 7, 

324 (1970). 

I .  Stanford Linear Accderatoi Center. 
2.  Argonne National LabordtOfy. 
3. J. Halperin et al., CJiem. Div. Annu. Progr. Rep. Mqv 20, 

4. R. I-. Macklin et d., Niicl. Instrum. Methods 102, 181 

5. J. ivlal$ et ai., “Search for Superheavy Elements in Lead 

1573, ORNL4891, p. 30. 

(1972). 

Irradiated at SLAC,” the preceding contrlbutlon, this report. 

SEARCH FOR SUPERHEAVY ELEMENTS IN 
THORIUM TARGET AT SUPER HILAC 

R. W. Stoughton A .  Ghiorsol 
J. IIalpenn R. E. Eppley’ 

F. Plastl’ 

We irradiated a 1.25-in.-diam, 0.035-in.-thck thorium 
plate wth 604-MeV Kr2 ’+ ions at the Super NILAC for 
two 8-hr shifts. The thorium plate had been cleaned 
with an HNQ3-HF acid mixture, and the back of the 
plate had a 20O-pg/cni2 layer ot gold sputtered onto it 
to improve thernial and electncd conductivitics to  tbe 
braas holder The plate was Fastened secuiely to the 
hdde r  with three screws. After the irradiation the plate 
was shipped to O W L  by plane dnd inserted into our 
neutron multiplicity counter4 13 t i r  after irradiation 
ceased. In 87 h r  of counting, we observed no niultlpli- 
cities of 23’s and 35 t o l d  counts of 2’s. Since these 
values are less than oui averdge background, we 
conclude we have observed no evidence for superheavy 
elements 

Our irradiation involved about 0.021 C (about 5.7 X 
10”) KrZ2+ ions. A simple calculation indicates a 
“Coulomb barrier” of about 405 MeV. Since we expect 
sonie 40 to SO MeV more than this to be required for 
any significant barrier penetration, we calculated an 
upper limit to a reaction cross section based on the 
thickness of thorium t o  reduce the Kr22+ energy to 
about 450 MeV (about 12 mplcmz)’ and on an 
optimum half-life (about one to three days) This 
citjculatioti indicated an upper limit of about I O u 2  nb 
for superheavy element formation. 

A similar previous irradiation in a parasitic position 
also gave negative results; however, i r i  that case the 
beam appeared to have been severely dissipated before 
It hit our target. 

ADDITIONAL NATURAL SAMPLES 
INVESTIGATED FOR NEUTRON EMISSION 

K. W. Stoughton S. Fried’ 
J .  Halperin C .  J. Nihart2 

As we obtain additional natural samples3 which might 
contain elements 110 through about 124, we examine 
them for spontaneous multiple neutron events in our 
counter4 as a possible indication of the presence of 
superheavy elements. Since element 1 14 (ekalead) is 
thought to be a likely candidate (ifsuperheavy elements 
exist), we obtained about 1 kg each of matte, slag, and 
flue dust from a smelter of the St. Joseph Lead Co., 
Herculaiieum, Missouri. We noted that some heavy 
eleinents tended to  concentrate in the bones of ocean 
fish and water animals; accordingly, we counted a 
whale’s tooth, some walrus ivory carvings, arid some 
coral which were availa’nle. Some possible superheavy 
elemelits (if they exist) are postulated to  be at. least 
somewhat volatile: ekalead,’ ekapolonium, eka- 
astatine, and ekaradon; hence we obtained about 13 kg 
of silica gel which had been used for sorbing and 
desorbing gases in air a t  a Union Carbide Corporation 
Linde Division plant in Kansas City. Because the 
unkriown heavy “island of stability” may run into a 
“third rare-earth series,” we obtained about 20 kg each 
of monazite sand frotn Australia, Malaysia, South 
Africa, and the Stale oE Georgia.6 The results of our 
niultjplicity counts are shown 111 Table 2.4. 

The first three samples obviously show negative 
results. Additional and more accurate corrections or 
chemical separations will have to be made in the case of 
the monazite sands before mything definitive can be 
reported. The biggest single correction is due to the 
uranium conteo t:  mainly spontaneous fission but also 
effects of cosmic-ray muons. The uranium content was 
determined by neutron activation in which delayed 
neutrons from 2 3 s U  fission were measured’ and both 
the uraniunr and thorium were determined by counting 
gamma rays of members of their decay series.’ Both 
methods are much more accurate than the 50% or so 
the differences might indicate. We attribute the large 
differences to our method of sampling, its the samples 



'I'able 2.4. Neutron multiplicities in natural samples 

Corrected 
Obscrved neutron 

Counting neutron multiplicities Weight 
Sa1nple time multiplicities (counts kg-' 

(days) 3's 24's day-') 
(kg) ~ _. 

3's >4'S 

hlattc, slag, 6.1 3 .0 4 0 -0.3 -0.2 

Whale's tooth, 3.9 1.2 2 0 .- 0.5 0 

Silica gel 16.5 13.0 7 2 -0.2 0 

~ .......... 

flue dust (lead smelter) 

ivory, coral 

Monazite sand 
Australia 1.93 22.0 585 6 3  2.8' 0.1 2" 

Malaysia 2.87 22.1 986 87 5.2' 0.01" 
(-4.8)* (-0.65)b 

(-0.7)b (-0.57)* 

( 2.8)* (-0.30)* 

( -7 .0)b (-1.42)* 

South Africa 2.07 20.4 292 40 --0.1" -0.04" 

Georgia 2.06 23.2 1083 85 5.9" -0.1 3' 

'Corrected for elilpty counter background and spontaneous fission of uranium and thorium 
present; not corrected for cosmic-ray muon effects on other elements present nor neutron 
absorption by the samples. 

bSnme corrections based on different uranium analyses. 

were obviously not homogeneous. Without accurate 
uranium analyses, accurate corrections cannot be made. 
There seem to  be more higher multiplicities (25's) than 
can be explained by the uranium present. Such multi- 
plicities are seen, however, with large amounts of 
materials of high Z ;  our samples contained between 0.8 
and 1.4 kg of thorium as well as high percentages of 
cerium rare earths. Two other effects which are difficult 
t o  estimate are neutron moderation and neutron ab- 
sorption by the samples (the former would tend t o  
increase and the latter to decrease the counting effi- 
ciency). 

1. Argoiine National Laboratory. 
2. Lindc Division. Union Carbide Corporation, Tonavnnda, 

N.Y. 
3.  R. W. Stoughton et  al., Nature (London), PIiys. Sc i  246, 

26 (1973). 
4. R. L. Macklin et al.,  Nucl. Irlsfmium. Methods 182, 181 

(1972). 
5. 0. L. Keller et al . ,J .  Plzys. Chern. 74, 1127 (1970). 
6 .  We thank Messrs. W. R. Fort of Kerr-McGee Chemical 

Corp., Oklahoma City, and Bruce Bennett of Kerr-McGee 
Chemical Corp., West Chicago, for sending U T  the four monazite 
samples. 

7. Courtesy of J .  F. Emery, ORNL Analytical Chemistry 
Division. 

8. Courtesy of G .  1). O'Kelley, J .  S. Eldridge, and K. J. 
Northcuit, the latter two of the ORNI, Analytical Chemistry 
Division. 

RADIOHA LOS 

R. V. Gentry' 

In some thin samples of certain. minerals, such as 
mica, there can he observed tiny aureoles of discolora- 
tion which, on microscopic examination, prove to  be 
concentric dark and light circles with diamcters be- 
tween about 10 and 40 pin and centered on a tiny 
inclusion. 'I'he origin of these halos was a mystery until 
the discovery of radioactivity and its powers of colora- 
tion; in 1907 i t  was suggested that the central inclusion 
was radioactive and that the alpha emissions from it 
produced the concentric shells of coloration (the 
circular patterns observed in cross section are, of 
course, simply plane sections through Concentric 
spheres). 

Aside from their interest as attractive mineralogical 
oddities, halos command attention because they are an 
integral record of radioactive decay in minerals that 
constitute the most ancient rocks. Most importantly, 
this thermal-resistaiit record is detailed enough to allow 
estimation of the decay energies involved and to 
identify the nuclides decaying through the energies and 
through genetic connections. As might be expected, 
halos are found with ring structure consistent with 
alpha decay of the uranium and thorium chains; 
somewhat unexpectedly, halos with ring structure 
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consistent with alpha decay of ' 'Po, * ' 4Po, and 
"'Po aie also found. However, because of the rathzr 
short ha1 f-lives of the polonium isotopes involved 111 

halo formation, it is important to establish the identity 
of polonium halos using analytical methods other than 
ring-structure analysis. 

1 estimate that the total number of uranium and 
thoriuin halos in crustal rocks with &3-prn-diam radio- 
centers exceeds those with I to  2 pni diameters by a 
factor of about I O 5 .  Between IOl5 and lo'' uranium, 
thorium, and polonium radiohalos of the latter type 
([.e., with pointlike radiocenters) are extant in Precam- 
brian granites and peginatites alone in the approximate 
ratio of U : T h :  Po = lo3 : 75 8 X lo3.  

Despite this availability of evidence (admittedly some 
polonium halo types are scarce), it is recogniLed that a 
general unfamiliarity of the scientific community both 
with polonium halos and the associated analytical 
techniques has perhaps made evaluation difficult. For 
example, Gentry' has reported that polotiiuni halo 
radiocenters in biotite contain ten to  several thousand 
tinies less uraniutn than do uranium halo radiocenters as 
deduced from (1) the absence of halo rings from ' U-chain alpha emitters above ' l a P o  and (2) the 
absence or near absence of fossil (from ' IJ spontane- 
ous fission) and neutron-induced (from ' U) fission 
tracks. Ordinarily the above results would have been 
considered confirmed by later ion-microprobe studies 
that showed this deficiency of uranium directly. How- 
ever, the simultaneous observation that polonium hdo 
radiocenteis exhibited abnomially high mass 206/207 
ratios (12 to 80) compared with the niuch lower ratios 
in uranium halo radiocenters' ,4 apparently changed the 
picture considerably. Although eviderice in hand indi- 
cated the polonium halo radiocenter mass ratios were 
indeed lead isotope ratios resulting from polonium 
alpha decay to 206Pb,  such uriusual lead isotope ratios 
had never been previously reported, and it was under- 
slandable that lead isotope geochronologists might view 
all ion-microprobe data on halos as suspect. It wiis 
imperative, therefore, to  analyLe uranium and polonium 
halo radiocenteis with more familiar analytical 
methods. Therefore the widely accepted scanning elec- 
tron microscope (SEM) x-ray fluorescence techniques 
were combined with halo ring structure and ion- 
microprobe analyses in directly confirming one of the 
most important differences between urnniutn and polo- 
niiirn halo types, namely, that lead exists without 
supporting uranium in polonium halo radiocenters. 

Ordinarily halos are seen in thin section around 
individual pointlike radiocenters singly or randomly 
spaced i n  clusters or along conduits. Figure 2.13 shows, 

however, a spectacular arrangement of halo radiocenters 
in a Precambrian biotite (from Silvei Crate1 mine, 
Faiaday Township, Ontario) that is unlike any group of 
halo radiocenters previously observzd. Identification of 
this halo assemblage as arisirig from ' 'Po alpha decay 
was first made by the standard criterion of halo radius 
( I  = 18.5 pin). It possesses a true halo characteristic: 
when cleaved, the noticentral section faithfully 
matched, iriinus the radiocenters themselves, the "spec- 
tack" coloration pattern seen in Fig. 2.13. While other 
polonium halos exist in this biotite specimen, no other 
unusual structures were seen nearby. Fortunately this 
specimen was cleaved so that the radiocenters, which all 
lie in the same plane, were at exactly the right location 
for both ion-microprobe arid SEM x-ray fluorescence 
investigation. Having a number of polonium halo 
radiocenters so closely spaced afforded opportunity to 
analyze several of these radiocenteis with the ion 
microprobe and still have a represenlalive group for 
future experitnents of this type. No attempt is made to 
explain how this assemblage was foimed. 

Ionmicroprobe analym by J .  A. McIiugh, Knolls 
Atormc Powzr Laboratory, showed that the mass 
spectra of the radiocenters possessed prominent peaks 
at the 206, 207, 208, and 209 mass positions (lead and 
bismuth), which were absent in the spectra from the 
surrounding biotite. The ion-micropi obe detection effi- 
ciency for uranium and thorium is equal to or greater 
than lead. In these polonium radiocenters, no signifi- 
cant ion signals were detected at the ptominent 
uranium and thorium inass pusitions 238 (U'), 254 
(UO'), 232 (Th'), and 248 (Tho'). No inass 204 was 
detected above background (1 count/sec), and the 

Fig. 2.13. Unusual assemblage of '"Po halo radiocenters so 
closely spaced that the halo coloration patterns overlap, thus 
simutating the appearance of a pair of spectacles. Halo radius 
about 18.5 pm. 



46 

VI23154 
ORNL- DWG. 73-63998 

Si ION PROBE ANALYSIS 

2- 
--. --. . 2- 

/ 
/ .-- 

/ 

SPECTRUM OF MICA MATRIX 

/ PHOTOGRAPH 
/ 

*-' / 
/ 

OPTICAL M IGROSCOPE PHOTOGRAPH 

Fig. 2,14. SEM x-ray fluorescence spectra of mica matrix and polonium halo radiocenters. 

206/207 ratio was about 20 (mass ?Oh signal about 
2000 counts/sec). The above data were previously 
interpreted3 as showing Pb/U and P'i/Th ratios greater 
than 4000 and a 206Pb /207Pb  ratio of about 20, 
which, considering the absence of 04Pb, uranium, and 
thorium, cannot be fitted into any kilown type of 
colilmon, primordial, or uranium-derived (no uranium 
present!) radiogenic lead. The mass 209 signal was 
interpreted as ' 0 9  Bi. 

SEM x-ray analysis by L. D. I-lulett, Analytical 
Cheniistry Division, confirmed the above interpretation. 
Figure 2.14 illustrates the SEM x-ray fluorescence 
spectrum of the surrounding biotite as contrasted with 
the 'x-ray spectrum of one of the polonium halo 
radiocenters in Fig. 2.13. ' Ihe lead and to a lesser extent 
bismuth x-ray lines are the only elements detectable in 
this radiocenter that are not in the biotite. Later many 

of the other adjacent polonium halo radiocenters were 
analyzed by Gentry, and they all showed similar 
spectra. It  is noted that the Pb/Bi ratio is variable in 
different radiocenters. At present it is not clear how, or 
in fact if, this or any assemblage of polonium halos can 
be explained by known physical and geological proc- 
esses because of the short half-lives of the polonium 
isotopes responsible for the polonium halos. 

Differentiation of uranium and polonium halos by 
SEM x-ray analysis is not limited to halos in biotite. 
Gentry' recently showed this technique is applicable 
for characterizing uranium and polonium halos in 
fluorite as well. A general review article descri'oing all 
known types of radiohalos was also p ~ b l i s h e d . ~  

SEM x-ray techniques are also being combined with 
ion-microprobe studies of giant and dwarf halos. Prelim- 
inary results indicate the presence of yttrium in the 



47 

dwarf-halo radiocenter. Further, either the halo regiori 
itself or tlie radiocenter contains significant amounts of 
calcium, while potassium is depleted. 
-- 

I .  Visiting scientist from Columbia [inion College, Tdkoma 

2. R. V. Gentry, Sc i twc  160, 1228 (1368). 
3. R. V. Centry,Science 173,727 (1971). 
4. K. V. Gentry, S. S .  Cristy, J .  F. McL;dughlin, arid .I. A. 

McRug11, Nafure (London) 244,282 (1973). 
5. R. Q. Gentry, Science 184,62 (1974). 
6 .  R. V. Gentry,Annu. Rev. ivuc!. Sci. 23, 347 (1973). 

Paik, Md. 

SYSTEMATICS IN THE RELATIVE ENERGIES 
OF SOME LOW-LYING ELECTRON 

CONFIGURATIONS IN THE GASEOUS ATOMS 
AND FREE IONS OF THE LANTHANIDE 

AND ACTINIDE SERIES' 

K. L. Vartder Sluis* t. J. Nugent 

We observe a linear characteristic and a conimon 
nonlinear characteristic in the energy differences associ- 
ated with many lantlianide and actinide electronic 
corifigurations involving a change in tlie number o f f  
electrons by 1. The differences in energy, A,ECy), 
between the lowest energy levels of the two principal 
electron configurations in the gaseous atoms of the 
lanthanide and actinide series exemplify these charac- 
teristics. By assuming that the common nonlinear 
characteristic involves orily electrostatic and spin-orbit 
interaction energy differences between the parent f- 
electron core configurations, we obtain linearization 
functions - one for the lantlianide series arid one for 
the actinide series which linearize the A&(q> datd. 
These same linearimtion functions are found to be 
applicable to the energy differences between most 
electronic configuiat ions involving the same nuniber of 
f electrons, includ~ng the neutral, the singly, the 
doubly, and the triply ionized gaseous lanthanides and 
actinides, independent of the nature or number of 
valence electrons. 

I. Accepted for publication in J. Opt. SOC. A mer. 
2 .  Thermonuclear Division. 

IONIZATION ENERGIES OF DOUBLY AND 
TRIPLY lONlZED LANTHANIDES BY 

A LINEARIZATION TECHNlQUE' 

K. L. Vander Sluis' L J .  Nugent 

Linear intraseries cor1 elations of the ionization ener- 
gies I ,  and Z, have been developed Cor the gaseous 
lanttianides. Good agreement was found between our 
results and previous results' for those cases where these 

ionization energies are more precisely known. For those 
cases where these ionization energies are less well 
known, we have interpolated more precise values. Our 
values for I ,  and 14 in these cases are slightly smaller 
through the center of the series than the values of Sugar 
and Reader,, probably because of the different method 
chosen to interpolate the difference in term values 
between tlie 4fqOs and 4fq7s configurations. 

I .  Expanded abstraci of published paper, .J. C7iern. Piqv. 60, 

2 .  Thermonuclear Division. 
3.  J. Sugar and J. Reader,J. Chem f'hy~?. 59,2083 (19731. 

1327 (1974). 

ON THE ELECTRONK CONFIGURATION 
IN THE GROUND STATE OF 

ATOMIC LAWRENCIUM' 

L. I. Nugent Rurkhard Fricke3 
K.  I,. Vander Sluis2 J. I?.. Mann4 

Self-consistent relativistic Dirac-Hartree-Fock calcula- 
tions have been made of some low-lying electronic 
energies for the atoms o f  all elements in ground-state 
ds2 electron configurations. 'rho results indicate that, 
contrary to soine previous estitnates, the ground elec- 
tronic state of atomic lawrencium could be in either the 
Sf' 46d7s2 electron configuration or the 5f' 47p7s2 
electron configuration. The separation between the 
lowest energy level of the Sf" 46d7s2 configuration and 
the lowest energy level of the 5fi47p7s2 configuration 
is estimated to be (0 * 3 )  X lo3 cm-' for atomic 
lawrencium. 

1. Accepted for publication in f'h'hys. Rev. 
2. Thermonuclear Division. 
3. Gesellschaft fur Schwerionerik)tschun,U, T)arnistadt, Ger- 

4 .  I m  Alamos Scientific LahordtoIy. 
many. 

SPECTROSCOPY OF LANTHANIDE AND 
ACTINIDE (LANACT) COMPOUNDS 
AT ELEVATED TEhiE'ERATIJRES' 

J .  P. Young2 K .  L. Vander Sluis4 
J. R. Pelerson3 G .  K. Weraers 

There is a need for suitable techniques which would 
permit the spectral study of microgram sarnples of 
lanthanide and actinide (lanact) compounds at elevated 
temperature. Such spectral studies would be useful in 
establishing coordination number ot oxidation state of 
these conipounds as a function of temperature and 
would be a powerful allied tool to other high-tenipera- 
lure structure-determining techniques. 
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We have fabricated a platinum heating coil approxi- 
mately 1 .5 mm in diameter and 5 mm long from 3-mil 
platinum wire t o  be used in conjnnction with a 
microscope-spectrophotometer system of local design. 
The heating coil is positioned between two facing 
objective lenses of horizontally inclined microscopes, 
mounted on an optical bench. The lanact compound, 
sealed in a silica capillary, is positioned within the coil. 
Both coil and capillary are independently movable by 
means of separate micromanipulators. 

Light from a suitable source is concentrated by the 
first microscope and directed onto the sample. After 
passage through the sample, the light is viewed by the 
second microscope, which directs it to a Jarrell-Ash 
monochromator, model 82-020. The dispersed light is 
seen by a suitable detector and electronically amplified 
and recorded. We have demonstrated the applicability 
of this apparatus for spectral studies of micrnsamples 
held at temperatures up to 700°C. With the heater in 
place in the microspectrophotometer, no degradation of 
the optical quality of the instrument has been observed 
after repeated use of the heater at these temperatures, 
even though the heating coil is within several milli- 
meters of the microscope lenses. 

With this system we have obtained spectral data from 
an approximately 5 y g  C f h 3  sample at temperatures 
from ambient to about 700°C. The Jesults verify the 
proposed thermal decomposition of CtBr, to CfBr, .6 

The Cf(I1) is characterized by a strong absorption 
band near 500 m i ,  arising from anf’ + d t r an~ i t ion .~  As 
this peak grows in with increasing temperature, a 
corresponding reduction in the intensity of the f + f 
transition absorption bands of Cf(I1I) is observed. Of 
particular note is the fact that at temperatures as low as 
150°C one clearly observes these changes, suggesting 
that Cf(Il1) is relatively unstable with respect to  CC(I1) 
in a bromide matrix. Another interesting observation is 
the rapidity with which equilibriiim is reached at each 
temperature, being essentially instantaneous with the 
application or removal of power to the heating coil. 

~ ...... 
1 .  Supported in part by AEC Contract AT-(40-1)-4447 with 

2. Analytical Chemistry Division. 
3. Consultant, Department of Chemistry, University of Ten- 

4 .  h member of the Physics Division when work was carried 

5. Physics Division. 
6 .  J .  R. Peterson and R. D. Baybarz, Inorg. Nuel. Chem. Lett. 

7. L. J .  Nugent, R .  D. Baybarz, J .  I,. Burnett, and J. L. Ryan, 

the University of Tennessee, Knoxvillc. 

nessee, Knoxville. 

out; now with the Thermonuclear Division. 

8,423 (1 972). 

J. Phys. Clzriiz. 17, 1528 (1973). 

THE URANIUM lzil X-RAY EMISSION SPECTRUM 

0. Keski-Rahkonen’ M. 0. Krause 

As part of a program aimed at determining the soft 
x-ray emission spectra of the actinides, the M x-ray lines 
of uranium were measured. Energies of M x rays have 
been determined previously for thorium, protactinium, 
uranium, and plutonium but not for the other elements 
of the actinide series; widths and intensities o f M  x-ray 
lines, on the other hand, have not been reported so far 
for any actinide. l‘he M series i s  of interest in several 
ways: (1) for establishing a complete level diagram, it 
provides an important link between the lightly bound 
levels that are accessible to photoelectron spectrometric 
determinations and the tightly bound levels that are 
accessible to internal conversion measurements and 
interconnecting hard K and I. series x rays; (2) besides 
the more energetic K and L x rays? M x rays provide a 
fingerprint in analytical applications; (3) lifetimes of 
inner-shell vacancies can be obtained from, and theoret- 
ical predictions of rates of inner atomic decay processes 
can be tested by, a measurement of the level widths and 
x-ray intensities; and (4) accurate knowledge of M x m y  
energies and intensities of known elements provides a 
basis for reliably predicting properties of lzif x rays from 
superheavy elements. 

We used the PAX technique (photoelectron spectrom- 
etry for analysis of x rays) to investigate the uranium M 
x rays. Although these x rays have energies between 
2500 and 3500 eV that lie somewhat above the most 
useful range of Ihe PAX technique, a Inore accurate 
energy determination could be made than previously 
possible, and data on line widths and line intensities 
could be obtained for the first time. I’he experimental 
setup and operational inode were the same as previously 
reported? , 3  however, because of the higher energies of 
the x rays, other converter levels (such as argon Is and 
sulfur 1s of 11,s) were used besides the neon 1s level. 
I his afforded us an excellent effective resolution, since 
the photoelectrons could be analyzed at low kinetic 
energy. For example, the uraniumM0 line, hv = 3336.7 
eV: converted by the argon 1s level, EB = 3206.0 eV, 
yields a photoelectron with .Ekin = 130.7 eV, resulting 
in a negligible instrumental contribution, 0.2 eV with 
AE/E = O.lS%, to the line width. 

Figure 2.15 shows tlie shape of the uranium M/3 line 
as seen through the argon 1s (uranium M0) photoelec- 
tron line. As indicated by the inset of Fig. 2.15, the 
natural line width of uranium M J ~  is obtained directly 
from r ( U  M0) x Qmeasured) ~ I’(Ar Is). Data on the 
other 11.1 lines are summarized in Table 2.5 and 
compared with theoretical p r e d i c t i ~ n s . ~  

. -  
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Figure 2.16 shows a survey of the prominent M x 
rays, recorded with neon 1s as converter level. From 
this type of spectrum the relative intensities were 
deduced that are listed i n  Table 2.5. This table also 
compares experimental branching ratios with theoreti- 
cal branching ratios? satisfactory agreetnent is found. 

Finally, energy values are tabulated in Table 2.5 and 
compared with the evaluation by Rearden.6 While 
agreement between the two sets is good, the present 
results have a smaller uncertainty. The energies are 
referred to silver Lo, = 3150.5)7(3) eV, which served as 
the calibration line. Since the orrly measurement needed 
for  an energy determinafioa is the energy difference 
(AE) between the calibiation line (hv,) and the line 
under study (hv), hu = iiv, + M, the energy of the 
converter level need not be known. 

A detailed final account of this study IS in prepara- 
tion, and a study of the M series of neptunium and 
curiuni is being planned. Other contributions on elec- 
tron spectroscopy appear in Chap. 7 of this report. 

- 
1 ,  Graduate student, Helsinki University of Technology, 

2. M. 0. Krause, Chem. Lhv, Anrrtc. Progr. Rep. May 20, 

3 .  M. 0 Krause, Advatr. X-Ray Anal. 16, 74 (1 972) 
4. E. J. McGuue, .'L and M-Shell Yieldr and Electron 

Otaniemi, Finland. 

1973, OKNl.4891, p. 144. 
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Pig. 2.15. ' i le  uranium line recorded with a PAX 
spectrometer. Converter level i s  argon Is. Observed line width is 
essentially the sum of the widths of the argon 1s level and the 
uranium Mp line. 
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Pig. 2.16. Spectrum of prominent f i f  x-ray emission lines of uranium. Lines designated by S nre due to shakeoff and shakeup 
processes, a peculiarity of the corivcrter in the PAX technique 'The broad multiple excitation satellite bands on the high-energy sides 
of uranium &ICY arid 0 are denoted by SAT. 
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Table 2.5. Eneigies, widths, relative intensities, and branching 
ratios of uranium 1M x lrays (preEminary analysis) 

Relative Branching 
ratio Energy (eV) FWHM (eV) 

Line intensity, 
ExpLa Re;lrdenb Expt. TheoryC expt. Expt. Theoryd 

.-_.___ ........._ _- 
M3N4 3524(3) 3521(2) 16.8 1.1 29 13.3 

M4N?r? 24.55.8(4) 2455.1(1.0) 12.9(5) 11.9 2.3 4.1 4.56 

M,N,C, 2506.6(4) 2506.7(1.0) 11.7(5) 10.8 2.9 2.9 3.26 
M5N6”2 3160.7(6) 3159.6(8) 4.5 4.6 4.6 5.12 

M3N57 3563(1) 3563.7(1.0) l l ( 1 )  16.8 3.8 100 100 

M4N6 0 3 3 36.6(2) 3 3 3 6.4 (9) 4.0(1) 4.7 59 100 100 

M s N p  1 31 7 1 . 3 ~ )  3 170.W8) 3.8(3) 4.5 100 100 100 

aSilver Lo1  = 3150.97(3) eV. 
bJ. A. Bearden, Rev. Mod. Phys. 39,78  (1967). 
CE. J. McCuire, “L- and M-Shell Yields and Electron Spectra for thc Transuranic Elements,” 

%. P .  Bhalla,J. Phys. B 3 ,  916 (1970). 
USAEC CONI -7204044 (1972). 

Spectra for the Transuranic Elements,” USAEC CONF- 
7204044 (1972). 

5. C. P .  Bh;r!!a,J. Phys. E 3,916 (1970). 
6. J .  A. Bearden,Rcv. M Q ~ .  Phys. 39,78  (1967). 

NONAQUEOUS CIIEMIS‘TWY OF LANTHANIDES 
AND ACTINIDES 

W. H. Baldwin C. E. Higins’ 
J .  H. Burns 

Several more anhydrous lanthanide compounds, sur- 
rogates for. actinide salts, have been prepared. Dehydra- 
tion of rare-earth salt hydrates by heating at elevated 
temperatures has not always proven a satisfactory 
method for preparing the anhydrous salt; ligand ex- 
change has been a more reliable method.’ Anhydrous 
lanthanide, and especially actinide, compounds are 
desired in order to determine their chemical and 
physical properties, including structure, and make 
possible comparisons among and between such com- 
pounds of the lanthanide and actinide series. 

CeCl? (d- 18- campbmsulfonate). bis-dirnethylforxliam- 
ide. Earlier work on the preparation of CeC12(OAc). 
H O A C , ~  where Ac stands for CH3C0 and HOAc is 
acetic acid, was used as the model for this reaction. 
Hydrated cerium chloride was heated with d-10- 
camphorsulfonic acid at 100°C under a pressure of 1 
torr to displace HCI with a molecule of the sulfonic 
acid; water was replaccd with dimethylformamide. 
Attempts are now being made to grow large single 
crystals of this compound that contains an asymmetric 
carbon atom. 

Oxidation of Metal lorn with Ozone in Acetic Acid 
Solution. Uranous hydroxide, wet with water, was 
mixed with a solution of acctic acid and an excess (over 
that required for the reaction with water) of acetic 
anhydride. Omne was bubbled through the mixture to 
produce a yellow solid 1J02 (CH3 COO)? aCI-1, COOH. 
The same compound was prepared from uranyl acetate 
dihydrate by reaction with a solution of acetic anhy- 
dride in acetic acid. IJranyl acetate-acetic acid i s  
unstable in moist air, emitting quantities of acetic acid, 
whose odor can be detected. When the ozone treatment 
of uranous hydroxide was repeated with solutions that 
containcd potassium ion or pyridine, the corresponding 
complexes UO,(OAc)? -KOAc and UO,(OAc)? * 

C, H5 NHOAc were obtained. 
CeC13 * 2(2-methaxyethanold. This cornpound resulted 

from the displacement of water from the lieptahydrate 
by evaporation of a solution in 2-methoxyethanol at 
60°C and 1 torr. ?‘his ligand (2-methoxyethanol) 
replaces water from the hydrate under conditions where 
neither ethanol nor isopropyl alcohol did. ‘Therefore, it 
appeal-s that 2-methoxyethanol must be acting as a 
bidentate ligand. 

Ce(OCI3, CH, OCW,), . The above-mentioned solvated 
chloride [CeCI3 .2(2-rnethoxyethanol)] was reacted 
with NaOCII, CH,0CH3 to prepare the substituted 
alkoxide, Ce(OCII,CH, OCH3)3 ; its properties are now 
being studied. 

~ .. 

1. Now of the Analytical Chemistry Division. 
2. C. E. Higpins and W. E L  Bddwin,  Chern. Diu. Annu. Progr. 

Rep. May 20, 1972, ORNL-4791, p .  46. 
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3.  C. E. Higgins and W. H. Baldwin, Chem Div. Annic. Progi-. 
Rep. May 20, 1973, ORNL-4891, p. 40. 

ORNL-LiWG 74-2718 

CRYSTALLOGRAPHIC STUDIES WITH 
LANTHANIDE AND TRANSURANIC 

TRICYCLOPENTADIENIDES 

J. H. Burns 

All of the trivalent lanthanide and transuranic ele- 
ments (studied for Z EG 98) are known to form 
tricyclopentadienides.' These organometallic com- 
pounds crystalliLe in either of two modifications. For 
the lanthanides from lanthanum to terbium and for all 
the trarisuranides studied, the structuie is orthorhombic 
with space group Pbcn. For smaller trivalent lanthanide 
ions a different orthorhombic structure is observed; it 
hias space group syininetry P n ~ 2 ~ .  As prototypes of 
these two structures, crystals of Pu(Cs I15 ).$ and 
Ho(CS HS)3 are under investigation by x-ray diffraction 
niethods. Unit-cell dimensions for the two are as 
fuullows: 

h ( C s H ~ ) 3  at 215°C Ilo(CSH,)3 at 24°C 

(I = 14.183(4) A a = 19.30(2)A 
b = 17.593(3) A b = 13.96(2) A 
c =  9.726(3)A c = 8.74(1) A 

Intensity data have been collected and processed. 
Structure determinations are in progress by Patterson 
and Fourier methods but neither is completed yet 
Although the crystal symmetries are different, the 
molecular stiuctures appear quite sirnilat and involve 
pentahapto bonding of some, if not all. the CsII5 rings 
i o  the metal atoms. 

1. P. G. Laubereau and J .  W. Burns, Inorg. Ckcm. Y, 1091 
(1970); rnorg. Nucl. Chetn Lett. 6 ,  59 (3970). 

Ai NMR STUDY OF THE CONFIGURATION 
OF THE CYCLOHEXYL RING IN THE ADDUCT 

OF PRASEODYMIUM TRICY CLOPENTADIENIDE 
WITH CYCLOHEXYL ISONITRILE 

B. M. Beiijaniirr J. ]El. Burns 
W. H. Baldwin 

A determination' of the crystal structure of 
Pr(C5 H5)3 .CNC6 HI , showed the cyclohexyl isonitrile 
molecule to have the shape and thernial motions shown 
in Fig. 2.17. The cyclohexyl ring appears considerably 
flattened from its normal chair form, with two carbon 
atoms having especially large thermal amplitudes per- 
pendicular to the ring. In addition to  the possibility 

Fig. 2.1 7. The cyclohexyf isonitrile molecule as determined 
m the crystal structure of Pr(C~H5)3*mC61311. Atoms are 
represented by therrtial ellipsoids and hydrogens are omitted. 

that the ring is actually flattened in the solid, models 
involving dynamic inversion of the chair and static 
disorder of a mixture of two conformers were con- 
sidered. We examined the compound by NMK in order 
to help distinguish between the first and the latter two 
possibilities. 

In an earlier NMR study' of the proton chemical 
shifts of the complex in toluene-d,, it was shown that 
the cyclohexyl ling undergoes rapid inversion at room 
temperature and slow inversion at lower temperatures; 
;it -~~7OoC> separate spectra were observed for the axial 
and equatorial conformers. The conformational free 
energy difference was 282 rt 15 cal/inole. No distortions 
of the chair were suggested. 

IJsirig high-resolution NMR spectroscopy, we mea- 
sured the proton coupling constants to obtain more 
information about the cyclohexyl ring configuration. 
Tlie proton chemical shifts of' the complex dissolved in 
benzene-d6 are approximately the same as those re- 
ported.' All axial proton signals and the equatorial4 
proton signal appeared as well-resolved multiplets with 
individual components having a half-width of about 2 
Hz. Analysis of the spectra was aided by use of the 
double resonance tnetbod to effect spin decoupling. 
Experiniental coupling constants are recorded in Table 
2.6; these were confirmed by spectral simulation using 
the computer program I.AOCN3 . 3  Line-width studies 
showed that a small long-range coupling occurred 
between equatorial hydrogens, which therefore have the 
1,4-W relatior~ship.~ Long-range coupling probably 
accounts for the lack of resolution of the 2- and 
3-equatorial signals. 

The magnitude of the coupling between adjacent axial 
and equatorial hydrogens, Jae Z 3.5 I-Iz, is the value 
e ~ p e c t e d ~ - ~  for hydrogens subtending an angle $J of 
60°. For cyclohexyl rings held rigidly in the chair form, 
the coupling between adjacent equatorial hydrogens, 
.fee for qb = 60°, is also expected to  be about 3.5 Hz; for 
adjacent a..ial hydrogen, Jaa for 4 = 180", it is expected 
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to be 10 to 12 IIz. Measured values, Ja4a3 = 8.6 Ilz and 
Je4e3 = .7 Hz, indicate that the axial and equatorial 
hydrogens are exchanging positions and that their 
absolute values are averaged. 

By assuming that Jee for a rigid conformer is 3.5 Ilz, 
as explained above, it was calculated that Jaa for the 
same is 12.1 Hz and that the equilibrium constant 
K = N a / ( l  - N,) is 0.686, which slightly favors the 
conformer with the equatorial isonitrile substituent. 
The corresponding -AG is about 230 cal/mole. We 
interpret these results to mean that the cyclohexyl 
moiety is not distorted from its normal chair con- 
figuration at the potential minimum of the inversion 
process in benzene solution at room temperature. These 
findings plus the previous low-temperature study favor 
the static disorder model for the C6H,  rings in the 
ciystal structure. 

1. J .  H. Burns, W. H .  Waldwin, and P. C. Laubcrcau, Chem. 
Div. Annu. Progr. Rep.  May 20, 1973, ORNL4891, p. 42; 
Paper 14, Aincrican Crysta!lographic Association Meeting, 
Berkeley, Calif., Mar. 24, 1974. 

Table 2.5. Coupling constants for the cyclohexyl 
protons in P T ( C ~ H ~ ) ~ * C N C ~ H ~  in benzene-d6 

solution at 36°C 

Couple proton positions' J (Hz) 

13.5 
3.5 
8.6 
3.6 

7.0 
13.5 
9.0 

4.0 
13.3 
8.0 
3.5 
3.5 

"a axial hydrogen, e ~ equatorial hydrogen. Numbers refer 
to ring positions with the isonitrile substituent a t  position 1. 

2. R. v. Ammon, R. D. Fischer, and B. Kanellakopulos, 
Chem. Rev. 104, 1172 (1971). 

3. A. A. Bothner-By and S. Castellano, J. Chem. Phys. 41, 
3863 (1964). 

4. J. Meinwold and Y. C.  Meinwold, J. Amcr. Own.  SOC. 85, 
2514 (1963). 

5 .  H. C O N O ~ ,  p. 311 in Advances in Orgunic Chemistry, vol. 
2 ,  R. A. Raphael, E. C. Taylor, and H. Wynbcrg, eds., Inter- 
science Publishers, New York, 1960. 

6. E .  L. Eliel ct d., Conformational Analysis, Interscience 
Publishers, New York, 1965, p. 152. 

7. N. S. Bhacca and D. H. Williams, Applications of NhfR 
Spectroscopy in Organic Chemistry, Holden-Day, b c . ~  San 
Francisco, 1964, pp. 49, 135. 

CRYSTAL STRUC'I'UKE OF CURIUM TRIBRQMIDE 

J. H. Burnr J. N. Stevenson' 
J. R. Peterson2 

l 'he structure of Cm13r3 was found previously3 by 
powder x-ray diffraction to  be of the orthorhombic 
P11Br3 type, but no atomic positions or bond lengths 
were determined. In order to obtain these structural 
details, we have used single-ciystal methods with a 
specimen of 244CmBr3 grown by slow cooling of a 
melt. Some 334 x-ray reflections were measured and 
used in a least-squares refinement of positional and 
thermal parameters. 

We verified the space-group symmetry of CmBr3 as 
C m i n  and obtained the following unit-cell dimensions: 
a-=4.041(2) 8, b =  12.70(2) 8, and c=9.135(3)  A. 
Pour formula units per cell yields a calculated density 
of 5.85 g/cm3. Table 2.7 lists the refined parameters. 

Qualitatively the structure has the appearance of 
orthorhombic CfC13, which is pictured e l~ewhere .~  
Figure 2.18 shows the Cm-fir bond lengths and the 75% 
probability ellipsoids of thermal motion for each kind 
of atom. Figure 2.18 also portrays coordination 
polyhedra of two other recently determined' struc- 
tures, PuC13 and CfBr,, to illustrate the decreasing 
number of neighbors which the trivalent actinide ions 
have as the cation : anion radius ratio decreases. 

_......I__ 

1. Graduate student, University of Tennessee, Knoxville. 
Present address: Nuclear Power School, U.S. Navy, Bainbridge, 
Md. 

Table 2.7. Positional and thennal parameters for CmBr3 

Atom Site x Y P 1 1  02 2 P 3 3  P I 2  P 1 3  02 3 

Cm 4(c) 0 0.2431(2) '/4 0.0099(9) 0.0029(2) 0.0021(2) 0 0 0 

Br(1) 4(c) 0 0.5831(6) '/4 0.0151(30) 0.0038(5) 0.0032(5) 0 0 0 

Br(2) 8y )  0 0.1461(4) 0.5658(4) 0.0166(22) 0.0034(3) 0.0020(3) 0 0 -0.0002(3) 
... .___ .......... ..___ ........ ~ ~ ....... ... 
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ORNL-DWG. 74--4829 TaMe 2.8. Heat of solution of berkelium 
metal in I M flCI at 25°C 

..... 
Sample weight Heat of solution Sample No. (kcal/mole) _______ (Pf9 

-. .... 

1 251.6 -~-134.2 
I1 443.3 -1 37.0 

I11 405.4 --139.1 
1v 499.7 -138.7 
V 386.2 
I 

2. Consultant, Department nf Chemistry, IJniversity of 

3. L. B. Asprey, T. K. Keenan, and F. H. Kriise, Inorg. Chem. 

4. J. H. Burns, J. R. Peterson, and R. D. Baybarz, Chem. Div. 
.4n~lu. Prop-. Rep. May 20, IY72, UKNL-4791, p. 50;J. Inorg 
Nucl. Chem. 35,1171 (1973). 

5 .  J. H. Burns and J. R. Peterson, Chem. Div. Annu. Prop-. 
Rep. May 20, 1972, ORNL-4791, p. 51; ibid., May 20, 1973, 
ORNL-4891, p. 43. 

Tennessee, Knoxville. 

4,985 (1965). PUCI, 

CRYSTALLOGRAPHK STUDIES 
OF THE TRIFLWORIDES AND THE TRIBROMIDES 

OF Cm-248 AND Cm-244' 

J. N. Stevenson' J .  R. Peterson3 

As part of the continuing program to study the 
properties of curium in the absence of intense self- 
irradiation by making use of the long-lived isotope of 
mass number 248,4-6 several samples of '48CmF3 and 
248CmRr, were prepared arid studied by x-ray dif- 
fraction. For comparison purposes, several saniples of 
'44CmF3 and 244CmBr3 were prepared. 

All halide samples were prepared on the microgram 
scale utilizing the standard single cation elrdiange resin 
bead technique. Calcination of t.he saturated resin beads 
t.o the oxide was followed by treatment with anhydrous 
I1Br or HF at elevated temperature to produce the 

stirdies were carried o u t  on these samples contained in 
quartz capillaries. 

'The average lattice parameters found for 248CmF3 
are u0 = 7.014(3) and c0 = 7.194(3) A. 'These values 
were found to be larger than those reported in 
the literature for 244CmF3 [ao = 6.999(2) A, co = 
7.179(4) a].' As such behavior would be contrary 
to all previous observations, we held the literature 
values suspect and prepared our own samples of 

significant cationic impurities, so a second batch was 

halide compounds. X-ray diffraction and annealing R-2 

C f  Br, 

244CmF3. A first batch of 244Cnl proved to contain Fig. 2-18. Cmranat ion  pdyhedm for actinide t s h d i d a  with 
different cation:anion radius ratios. 
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obtained from which the trifluoride samples. freshly 
prepared, yielded lattice parameters comparable with 
ours for 248CmF3.  Radiation damage WHS apparent in 
the 244ClilF3 samples after several days at room 
temperature; however, it could be annealed out rapidly 
by heating at about 800°C. 

The lattice parameters determined for the ortho- 
rhombic 2"8CmBr3 and 244Cn1Br3 samples were also 
comparable. indicating lack of significant expansion in 
2 4 4 C ~ ~ ~ B r 3  as a result of the intense self-irradiation. 
This supports the suggestion that the rapid lattice 
expansion obsei-ved in 244Cm02  is in large part due to 
the radiation-induced reduction of Cm(1V) to Cm(l11).6 

1. Supported in part by AEC Contract AT.(40-1)4447 with 
the Univeisity of Tennessee, Knoxville. 

2. Graduate student, Univcrsity of Tennessee, Knoxville. 
Present address: Nuclear Power School, U.S. Navy, Rainbridge, 
Md. 

3. Consultant, Department of Chemistry, University of 
Tennessee, Knoxville. 

4 .  J. R. Peterson and J .  Fuger, J. Inorg. Nucl. Chern. 33, 
4111 (1971). 

5. M .  Not; and J. K. Peterson, Iriorg. ,Vurl. Chern. Lett. 8, 897 
(1972). 

6. J .  R. Peterson and J .  H. Burns, 9. Inorg. Nucl. Chem. 35, 
152.5 (1973). 

7. L. B. Asprey, T. K. Keenan, and F. €3. Kiusc, Inorg. Chem. 
4.985 (1965). 

PREPARATION OF ELEMENTAL ' * Cm AND Cf 
AND THE NITRIDES OF 2 4  Cm AND Bk' 

J .  N. Stevenson2 J .  R. Peterson3 

As part of a continuing program to investigate the 
properties of the transuranium elements in the metallic 
state, a detailed study of elemental 248Cm was under- 
taken and an initial attempt made to prepare bulk 
249Cf metal samples. The work with 248Crn provided 
additional data for our interest in the self-irradiation 
effects on the properties of curium. The nitride work 
extended the series of known actinide nitrides through 
berkelium. 

The elemental curium, berkelium, and californium 
samples were prepared by reduction of their trifluorides 
with lithium metal vapor in a low tot,al heat capacity 
crucible and heating system. The product metals were 
recovered in bulk form adhering to  the tungsten wire of 
the spiral used to contain the trifluoride in the reaction 
crucible. Two synthetic routes were employed to  

prepare the nitrides. The direct route was reaction of 
the metal with nitrogen at very high temperatures. The 
indirect route involved the initial reaction of the metal 
with hydrogen at about 250°C and subsequent treat- 
ment of the hydride with nitrogen at about 600°C. 

Ten samples of 248Cm metal were prepared for 
structural studies, phase-transformation studies, and use 
as starting material for the preparation of CmN. Two 
structural forms of 248Cm metal were identified, the 
double hexagonal close packed (dhcp), characterized by 
no = 3.500(3) 8 and co = 11.34(1) 8, and the face- 
centered cubic (fcc), characterized by a. = 5.070(8) 8. 
i l e s e  structure types are the same as those reported for 
244Cm."s Our lattice parameters for both modifi- 
cations of 248Cm give no evidence for radjation- 
induced expansion in 244Cm. 

Through study of the results of cold working, 
annealing, and quenching various 2 4  Cm samples, we 
have demonstrated for the first time the complete 
reversibility of the phase transformation and have 
confirmed that the fcc phase is the high-temperature 
modification. 

Three samples of 249Cf metal were prepared. Iil one 
case, however, the product metal was found to  be 
coated with LiF. All three samples exhibited the fcc 
structure, with the lattice constants for the two samples 
not coated with LiF being 4.995(4) and 4.993(2) a. Of 
particular note is the fact that this fcc phase, whose cell 
dimension is just slightly smaller than that for fcc 
berkelium metal, has not been observed previous!y. 

Both 248Cm and 249Bk  nitrides were found to 
crystallize in the cubic NaC1-type structure with unit- 
cell edges equal t o  5.027 8 for CmW and 5.010 A for 
BkN. No efforts were made to ascertain the precise 
compound stoichiometry. A plot of unit-cell edge vs 
actinide atomic number did not give the usual smooth 
curve, in marked contrast to  a similar plot of lanthanide 
nitride data. 

. . . .. . . . . . . . . . . . . 
1. Supported in part by AEC Contract AT-(40-1)4447 with 

the University of Tennessee, Knoxville. 
2 .  Graduate student, University of Tennessee, Knoxville. 

Present address: Nuclear Power School, U S .  Navy, Bainhridge, 
Md . 

3. Consultant, Department of Chemistry, University of 
Tennessee, Knoxville. 

4. H. H. Cunningham and I.  C. Wallmann, J. I ~ o r g .  Nucl. 
Chern. 26, 271 (1964). 

5. R. D. Baybarz and 1-1. L. Adair, J. Inorg. Nucl. Chem. 34, 
3127 (1972). 
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ELECTROCHEMCAL AND SPECTROSCOPIC 
STUDIES OF TRANSURANIC SPECIES 

IN NONAQUEOUS INORGANIC MEDIA' 

J. P. Young2 R. L. Fellows3 
J. R. Peterson4 

Molten salts offer wide versatility as solvent media for 
the generation and characterization of unusual oxida- 
tion states of lanthanides and actinides (1:tnacts). This 
became experimentally obvious with the generation of 
Np(VJ1) in aqueous hydroxide5 and the subsequent 
simple preparation of Np(VI1) in molten hydroxide 
~ n e d i a . ~  Molten salts as a solvent medium offer advan- 
tages in the area of transuranic ion redox studies. 
Cet tain molten salts exhibit much greater thermo- 
dynamic stability than, for example, water. Further, 
molten salts can be self-annealing to  radiation damage, 
as was demonstrated in molten-salt reactor experience, 
and therefore offer an inert solvent with respect to 
radiation effects. For these reasons, coupled with the 
wide range of spectral transparency exhibited by many 
molten salt mixtures, we are investigating the electro- 
chemical generation and spectral characterisation of 
transuranic ions in molten salt media. Earlier work has 
shown that U(lII)/U(IV) redox could be followed by a 
combination electrocliemical-spectrophotometric study 
when this couple was present in molten LiF-UeF, .'18 

We are presently designing and fabricating apparatus to 
be used in sinnlar combination studies of unusual 
oxidation states of lanacts in molten KF-HF solvent. 
Preliminary work has shown that trivalent lanacts are 
soluble in this melt, that an isothermal environment 
promotes stability of a specified melt composition, and 
that a suitable cell can be made from Teflon or Kel-F 
and equipped with A12 O3 windows. We have fabricated 
3 three-compartment electrochemical cell in which 
spcctral studies can be carried out simultaneously on 
the products electrochemically generated at the work- 
ing electrode, without interference from the separate 
reference and counterelectrodes. In addition, a furnace 
to heat this cell system has been designed and is being 
fabricated. We are also niadifying a 3-ft gloved box so 
that it will include an appendage which tits into the 
sample space of a Cary spectrophotometer, model 14H. 
With this gloved-box facility we will be able to carry 
out electrochemical and spectral studies of solutions - 
aqueous, nonaqueous, or molten salt without risking 
radioactive contamination of the Cary spectro- 
photometer. We have fabricated and operated a fluori- 
nation apparatus to purify and store HF for use in this 
and other projects. The purification system was built 

along the lines of that described by Asprey,' arid the 
product anhydrous HF has been checked for purity by 
its nonreactivity with K3NiF7 .' 

1. Supported in part by AEC Contract AT-(40-1)-4447 with 
the Univcrsity of Tennessee, Knoxville. 

2. Analytical Chemistry Division. 
3. Postdoctoral research associate, University of Tennessee, 

4.  Consultant, Department of Chemistry, University of 

5. V. I. Spitsyn et al.,J. horg. N u d  Chem. 31, 2733 (1969). 
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7. J. P. Young, F. L. Whiting, and G. Mamantov, J. Pkys. 

8. 11. W. Jenkins, G .  Mamantov, D. L. Manning, and J. P. 

9. L. B. Asprey, Los Alamos Scientific Laboratory, personal 
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C.%rr~. 71, 782 (1967). 
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THE FIRST EXPERIMENTAL DETERMINATION 
OF THE HEAT OF SOLUTION OF 

BERKELIUM METALI 

J. R. Peterson2 
J .  Fuger3 R. G. Haire' 

J.  N. Stevenson4 

Until recently the small sample sizes of berkelium 
metal have precluded the direct measurement of its heat 
of solution, which leads to  the deternunation o f  the 
heat of formation of the aqueous Bk(II1) ion. This 
latter quantity is a key unknown in the thermodynamic 
systematics of the members of the actinide series.6 
Berkelium is the first metnber of the second half of the 
actinide series, and knowledge of its thermodynamic 
properties is essential for a more accurate extrapolation 
to the thermodynamic properties of the heavier acti- 
nides, for which experimental measurements are at 
present not feasible. 

Five bulk metal samples were prepared on the 250- to 
500-pg scale by the lithium metal vapor reduction of 
BkF3 at about 1000°C. Losses due to volatilization of 
the product metal were miniinked by using a tantalum 
crucible and heating system of minimal heat capacity 
such that attainment of thermal equilihriuni was rapid.7 
These metal samples were transported to  Lidge 
(Belgium), where they were prepared for solution 
microcalorimetry. Small pieces of two metal samples 
were cut off for examination by x-ray powder diffrac- 
tion and spark-source mass spectrometric analysis. 

A brief summary of the expeiimental data is 
presented in Table 2.8. All five metal samples were 
thought to exhibit the room-temperature-stable double 
hexagonal close packed (dhcp) s t r u c t u d  as a result of 
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the x-ray identification of only this phase in the two 
pieces examined and in consideration of the preparative 
method employed. No heat of solution value for sample 
V was calculated following observation of its slow 
dissolution, probably caused by oxide contamination as 
a result of loss of integrity of the quartz capillary in 
which i t  was shipped. All the metal samples were 
dissolved in the 1 M HCI calorimeter solution within I6 
days of their preparation, so their californium contents 
were less than 3.5%,. 

The mass analyses indicatcd that samples 1 and 11 
contained 1.5 wt 7L cationic impurities or less. whereas 
samples 111, IV, and V (from a second batch of purified 
berkelium) contained 3 wt % cationic impurities or less. 
Our best experimental value for the  heat of solution of 
dhcp berkelium metal in 1 M PIC1 at 25°C is 138;; 
kcal/mole ( - 5 7 8 ~ ~ ~ ~  kJ/mole) from the average of the 
values obtainzd with samplcs 11, 111, and IV, where the 
empirical error limits are set in accord wi th  a detailed 
analysis of the effects of the impurities found in the 
samples. Sample I was inadvertently exposed to a 

partial atmosphere of laboratory air prior to i t s  encap- 
sulation for shipping, so its result is held siispect. 

Since the level of purity of the berkelium metal 
samples was not as high as it could have heen, it is 
suggested that the value reported be considered pre- 
liminary until addht ional experimenl a1 de tern (inat ions 
can be made. 

~ ~~ 
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3. Isotope Chemistry 

This woik continues lo  be directed at those aspects of the chemistry iiritlerlying 
isotope separation which seem rtiosi llkely to yield useful results for :L small but 
continuoirs effort Search fo r  an iinproved ctiernical exchange method f o r  sulfur is 
proceeding systeriiat ically, so fa1 with no breakthrough, but with increasing confidence 
that, if tlieie is a right track, we are closing in on it. Further work on uranium is being 
done to help the AEC cover all bets, and xi particulai to deriionstrate to an even higher 
degree of certaiiity that a viable cheintcal exchange scheme does not emst. Photochemical 
separation by laser excitation is currently of great interest for possible application to 
uranium; at ou r  level of manpower we intend to  study lighter elements to establish more 
about the fundamental reasons for failure ui success, and, o f  course, with the hope that 
such information may Lead to attractive schemes for the lighter elements as well as to 
wine useful contiibiitions to the understanding of the uraniiirn problem 

LASER PHOTOCHEMICAL ISOTOPE 
SEPARATION 

G. M. Begun W. H. Fletcher' 

With the rapid development of laser tech oology 
during recent years the interest in possible p\iot,ocfiem- 
ical separation of isotopes h a s  been revived. A large 
nurnber of proposals have been made, and much 
speculation concerning possible economic separation of 
isotopes with lasers has resulted. Several experi- 
m e n t ~ ' - ~  have actually demonstrated laser-photo- 
chemical enrichment of small quantities of isotopes. 
I l lere  is at presetit general agreement that isotopic 
effects car1 he obtained by the use of laser-induced 
photoreactions, but no economically practical systems 
have been demonstrated. Our program is airlied at 
defiriirig the necessary criteria for the successful ptioto- 
chemical separation of isotopes and evaluating the 
ecoiiomic feasibility of such separations. 

Two o f  the proposed methods for isotopic eii~ich- 
inent using laser excitation are the single-photon and 
double-photon methods. These are illustrated in Fig. 
3.1. In  the single-photon method (Fig. 3.1. I> a laser is 
tuned to  a frequency that results in dissociation or 
reaction of a single isotopic species. In  order to obtain 
isotopic selectivity, it is necessary that the molecule be 
one in which predissociation takes place. That is, the 

molecule must have an upper energy state with discrete 
levels from which spontaneous dissociation or reaction 
will take place. The majority of molecules dissociate 
into a coritinuum and thus are not amenable to  tbis 
approach. I11 addition, a tunable laser with considerable 
energy in tlie short-wavelength region is necessary. Such 

Fig. 3.1. lsotope separation diiagrams. (I) Single-photon exci- 
t a  tion, (11) double-photon excitation. 
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a laser is not yet commercially available. The argon-ion 
laser, however, does have the capability of exciting the 
halogen molecules (Clz, Br,, and I,) to an upper 
electronic state from which dissociation or reaction can 
take place. Wc have studied this idea previously and arc 
currently considering it in tlie case of Cl,. The two 
problems to  be surmounted here are: (1) the argon-ion 
laser is not tunable except over about six different 
discrete lasing frequencies, and (2) excitation of Clz is 
usually followed by a chain reaction which destroys any 
isotope effect. 

Figure 3.2 shows the computer-calculated spectra of 
the various Clz isotopic molecules for the 18-0 band of 
the 3rl'i0u + C 'g state. This band is in the region of 
the 488.0-nm argon-ion laser line. As can be seen in Fig. 
3.2. there are quite a number of regions where a fairly 
strong line of a singe species C1-3 CI, C1-3 7CI, or 

7Cl-3 7Cl) is well separated from the other lines. With 
proper tunability provided by a dye laser attachment or 
the use of pressure broadening and an etalon. we believe 
that Clz can be selectively excited to the 3n+0u state. 
I n  order to  prevent a chain reaction, we intend t o  

A 35-35 
, I  

B 37-37 

c 35-37 

D 'L, [18-01 Bond of CI, 

11. L.. 
10 20500 20480 20460 2c 

WAVE NUMBERS ( c m - l )  
10 

Pig. 3.2. Computer-calculated (3, spectra 18-0 absorption 
band. A, 3 5 ~ 1 - 3 5 ~ ~ ;  B,  3 7 ~ 1 - 3 7 ~ 1 ;  C, 35c1-37c1; D, normal 
composite. 

surround each Cl, molecule with excess HI molecules 
so that C1 atoms cannot react with Clz molecules. 
Initial experiments indicate that C12 and HI react 
spontaneously, but this may not be the case if all 
reagents are purified and kept in the dark. 

Another approach to  laser isotope separation is the 
two-photon method illustrated in Fig. 3.1, 11. In  this 
method the gaseoius compound is first illuminated with 
a tunable infrared laser to excite a specific isotopic 
vibrational-rotational state. Simultaneously a photon of 
higher energy then causes dissociation or reaction of the 
excited molecule. In this case the second photon need 
not be tuned so carefully, but should not have enough 
energy to dissociate unexcited molecules, 

This method offers greater flexibility than tlie single- 
photon method. Since i t  is not possible to buy a 
tunable laser that will cover the complete infrared 
region desired. we have centered our program around 
the CO, laser. This laser is widely available commer- 
cially and, at present, can be tuned over sortie 80 lines 
in the region 920- 1080 cm-' . This does not give us  
continuous coverage of the region, but it appears that 
higher-pressure COz lasers will soon be developed which 
may make it possible to  tune continuously over this 
spectral region. 

Tunable ultraviolet lasers to furnish the second 
photon are not yet available below 260 nrn, and those 
with longer wavelengths are still very weak. Our plan at 
present is to use high-energy flash lamps with a filter or 
broadband monochromator to limit the wavelength 
region. We have ordered a pulsed TEA COz laser and 
flash equipment. Currently we are studying by infrared 
spzctroscopy and computer calculations the vibrational- 
rotational spectra of molecules that have infrared 
absorption bands in the 920- 1080 cm-' region. 

In  most cases of interest the vibrational-rotational 
spectra have been previously observed to some degree, 
but the fine structure and isotopic detail necessary for 
laser separation have not been studied. The molecules 
we have under consideration include COS, I l z  S, NI-I,. 
BC13, and CH4. In order to establish which of the 
available laser lines inay be useful, we have initiated a 
program of computer calculations of isotopic vibra- 
tional-rotational spectral bands for molecules of inter- 
est. In the calculated spectra we can clearly see in what 
regions the isotopic bands coincide and where they are 
separatcd distinctly. Figure 3.3 shows the calculated 
spectra of the 2vZ band for various isotopic mixtures of 
COS molecules. Figure 3.4 is an actual spectrum of this 
band as observed on the FTS-20 Fourier transform 
spectrometer belonging to the Solid State Division. We 
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Fig. 3.4. Infrared spectrum of gaseous COS taken o n  the 
FTS-20 Fourier transform spectrometer. 50 rum pressure, 0.5 
cm rcsolution. -1 

are proceeding with a complete analysis of this band. 
Kegions for study of the C02-laser excitation of COS 
will be selected from these spectra. It appears that the 
34S species can be selectively excited by tuning one of 
the C 0 2  emission lines with an intracavity etalon. The 
isotope shift for the 3 C  species is very large, and the P 
branch of ’ 3 C  is almost entirely free of interfering 
absorption by the normal isotopic species. Rroad-beam 
laser lines in the region below 1015 cm-’ should 
selectively excite this species. 

Related Raman spectroscopy is the subject of another 
contribution in this report.’ 

1. Consultant, Department of Chcrilistry, University of Ten- 

2. R. V. Ambartsumyan ct al., Zk. Eksp. Teor. Fiz. Pisnia 

3. E. S. Yeung and C. B. Moore, Appl .  Phys. Lett. 21, 109 

4. S .  W. Mayer et al.,Appl. Phys. Lett. 17, 516 (1970). 
5 .  G .  M. Begun, “Molecular Spectroscopy.” a contribution in 

nessee, Knoxville. 

Red. 17, 41 (1973). 

(1972). 

chap. 7, this report. 

CHROMATOGRAPHIC SEPARATION OF ISOTOPES 

D. A. Lee 

Studies of isotopic fractionation by the chromato- 
graphic method continued. Single-stage Separation fac- 
tors (o!) for cobalt and calcium isotopes were deter- 
mined by band elution on ion exchange columns. 
Factors which affect col~iriin performance and the 
magnitude of the separation factor were observed, The 
radioassay technique for cobalt and calcium isotopes 
was further developed. 

Several experiments to  separate cobalt isotopes ’Co 
and 6oCo were carried out. The octahedral cobalt 
cation [Co-61120] 2+ was equilibrated between several 

diffirent aqueous salt solutions and the cation exchange 
resjn Dowex 50. The nature of the eluent had a 
profound effect upon column performance. Of all the 
eluent salt solutions tried, ammonium sulfate solutions 
produced elution curves which were most nearly Gauss- 
ian. The concentrations of (NH4)2S04 in the eluent 
determined the width of the band eluted. Very narrow, 
concentrated bands were obtained with 1 M 
(NH4),S04, and the resulting number of theoretical 
plates calculated from the elution cuives was large 
(-lo6). With =Z 0.5 M (NH4),S04 the bands were more 
diffuse and the number of plates much less (-lo4). 
Although the sharp, narrow bands produced more 
plates, the resulting isotopic separation factors were 
erroneously small because of isotopic mixing as the 
samples were withdrawn from the column. The separa- 
tion factors for cobalt isotopes eluted from Dowex 50 
with 0.50 to 0.25 A4 (NH4)*S04 ranged from 1.00005 
to 1.00010. Cobalt-60 was Concentrated i n  the resin 
phase. 

Some chromatographic experiments were performed 
under high pressure in an effort to eliminate isotopic 
mixing and obtain better performance. Cobalt isotope 
separation experiments were done on Dowex 50 packed 
in stainless steel columns ‘4 to in. in diameter and 5 
to  47 ft long. The eluents were pumped with a Milton 
Roy minipump with pressures up  t o  1000 psi. There 
was no improvement in performance as far as isotopic 
separation was concerned. Generally, the height equiv- 
alent of a theoretical plate was too large to be practical 
for isotope separation. 

Calcium isotopes were separated on Dowex 50. A 
mixture of natural calcium, 97% 40Ca, and 47Ca, a 
4.5-day-half-life gamma emitter, was eluted in a band 
with 0.5 M ammonium lactate. The isotopic ratios were 
determined by counting 7Ca and titrating the total 
40Ca -t 4 7 C a  ions in each sample. The titration method 
was a modification of the method of Vorlicek et al.’ 
‘The local enrichment factors were plotted against the 
fraction of isotopes eluted according to the method of 
Glueckauf,’ and o! was determined to be 1.00026, 
Calcium-47 concentrated in the resin phase. 

Since the last r e p ~ r t , ~  some improvements have been 
made in the microtitration procedure used for the 
radioisotope assay of cobalt isotopes. The accuracy has 
been enhanced by thc use of an ultraprecision micro- 
buret and an automatic dc digital voltmeter. A paper, 
“Potentiometric Micsotitration of Cobalt,” describing 
the method, has been submitted to the Microchemical 
Joztmnl for publication. 

1. J. Vorhcek, M. Para, and F. Vydra, Microcheiiz. 1. 12,409 
(1967 j. 
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2. E. Glueckauf, Trans. Faraduy SOC. 54, 1203 (1958). 
3 .  1). A. Lee, Chhenr Div. Annu. Prop. Rep. May 20, 1973, 

OKNL-4891, p. 53. 

CHEMICAL FRACTIONATION OF 
URANIUM ISOTOPES 

T,. I,. Brown 

We continued our efforts to place chemical methods 
of fractionating uranium isotopes in perspective relative 
to other isotopic separation techniques. In response to 
the recommendations of the AEC Uranium Isotope 
Separation Review Ad Hoc Committee, we examined 
the isotopic separation obtainable by fractionally de- 
sorbing UF6 from several of the alkali fluorides with 
which this molecule forms complexes.' The LiF com- 
plex appeared not to form; however, characteristic 
yellow compounds, M2 UF,, were obtained with NaF, 
KF, and CsF. 

The Naz UFs complex was prepared from pelletized 
NaF obtained by thermally dehydrofluorinatiiig 
NaHF2. A bed of NaF pellets (37.4 g> was precon- 
ditioned by heating under vacuum to 350"C, followed 
by a preliminary loading (90°C) and desorption 
(310°C) of UF6. Finally, 3.6 g of UF6 was similarly 
deposited and stripped from the conditioned NaF. The 
first 11% of this UF6 was desorbed at temperatures up 
to  290°C. An additional 13% was subsequently re- 
moved by further heating to  305°C. The two fractions 
of UF, were collected separately and converted to 
1 1 3 0 8  prior to isotopic analysis by mass spectroscopy. 
An isotope effect, k2 5 / k 2  3 8 ,  equal to -1 BOO5 was 
computed from these samples, an effect too small for 
practical application. 

Potassium fluoride was prepared by heating KHF2 to 
500°C. The ground product was treated with UF6 in 
dry cC14 at 70°C for 16 h.r, after which the liquid phase 
was removed by distillation. The resulting complex had 
a molar cornposition KF/UF6 = 2.45. Three fractions of 
UF6 (12.7, 18.4, and 3.6%) were desorbed from this 
complex at <loo", 100- 1 Os", and 105°C respectively. 
No appreciable isotopic fractionation was observed in 
these samples. 

Cesium fluoride was prepared by drying some wet 
material first at 105" then at 250°C. The dried product 
was slurried with 48% HF and redried at 250°C to 
constant weight. CsZUF8 was made by the process 
described for Kz tJFs except that the millitig operation 
was omitted to minimize exposure and handling of the 
hygroscopic CsF. The product had a molar composition 
CsF/UF6 = 1.79. It was very stable, losing no UF' even 
after heating in vacuo for several hours at 285°C. This 

extreme stability of Csz UF, rendered it unattractive 
for our purpose. and no further examination of i t s  
properties was made. 

The results noted above appeat' to eliminate ;my 
possibility that fractional desorption of CIF, from atkali 
fluorides can serve as a viable process for separating 
uranium isotopes. 

1. J. 6. Malm, 1%. Selig, and S. Siegel, Inorg. Chem. 5 ,  130 
(1964). 

SEARCH FOR A NEW SULFUR-ISOTOPE 
SEPARATION SYSTEM 

J. S. Drury 

'The search for an economical chemical exchange 
process for separating sulfur isotopes continued during 
this ieport period.' The search was aimed at discovering 
an isotopic exchange reaction of the type 

R"4S(g) +- R3'S-A(l)= K"S(g) + R34S*A(l), (1) 

where RS is a sulfur-containing compound and RS-A is 
a thermally dissociable molecular-addition complex of 
KS. An isotopic separation process based on such a 
reaction could be refluxed thermally and thus should be 
more economical than the existing chemical-exchmge 
process, which requires costly chemical retluxing. Ear- 
lier studies of reaction (I) ,  in which RS was dimethyl 
sulfide and A was triethylaluminuni or tributylalumi- 
num, revealed little isotopic fractionation, presumably 
beci~ise the S---Al bond was too strong to  permit rapid 
exchange to occur during the period of equilibration. 
This thesis was tested by replacing the R3Al com- 
pounds, above, with (C, Hs)2AlF, in which the halogen 
weakens the S-AI bond in the molecular-addition 
complex. Significantly, a separation factor of 1.01 was 
measured for reaction (1) under these conditions, 
compared with 1.001 when A was (C2Ms)3A1 and 
1.004 when A was (C4H9j3A1. This is tlie largest 
separation factor observed for reaction ( 1 )  thus far. 

Since the work reported above suggested that the 
aluminum alkyl complexes of dimethyl sulfide were too 
strong to permit ready exchange of the isotopic species 
in reaction (l), we examined the feeasibility of using a 
gallium alkyl as the complexing agent for dimethyl 
sulfide. (CH3)3Ga was prepared and found to have 
physical characteristics ideal for the implementation of 
reaction (1 j as a countercurrent gas-liquid system which 
could be thermally refluxed. Unfortunately, however, 
the isotopic equilibrium constant for the gallium alkyl 
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exchange reaction was found to bc identically I to four 
c1el:irnal places. 

Other Lewis acids were also used in forming molec- 
ular-addition complexes of dimethyl sulfide. Solutions of 
Cu2 C1, .8NH4 C1. which complex CO very well, were 
not useful with dimethyl sulfide. The latter precipitated 
copioius quantities of N&CI from such solutions. AgCN 
was found to complex dimethyl sulfide very well, but 
tlie resultiiig solutions resembled molten salts rather 
than a molecular-addition complex and were physically 
unsuitable for use as a thermally refluxable system. At 
this point in the scrcening process it appeared prudent 
to  consider sulfur donors other than dimethyl sulfide, 
such as SO2.  This rnolecule can act as a Lewis base by 
donating electrons from either sulfur or oxygen. For 

our purposes, it was essential that bonding should occur 
through tlie sulfur atom. A reaction meeting t h i s  and 
certain other requirements for an isotope separation 
system is shown in reaction (2): 

3 4 ~ ~ 2 ~ 1 2  c$t 32s02 + CI, . ( 2 )  

We measured a large isotopic fractionation factor for 
reaction (2) at 57"C, but subsequent investigation 
revealed it to be caused, at least in part, by analytical 
interference from SO2CI2. Resolution of this analytical 
problem has riot yet been achieved. 

1. L. Landau and J. S. Drury. Clrem. Div. Annu. Prop. Rep. 
May 20, 1973, ORNL4891, p. 53. 



4. Radiation Chemistry 

Like nuclear chemistry, radiation chemistry has been pursued, here and elsewhere, 
because it underlies technological problem of nuclear energy. However, many of the 
reactions and intermediates of radiation chemistry are cotnmon to  other kitids of 
chemistry, :ind studies or techniques onginated for theii bearing on radiation chemistry 
have value in other areas. In particular, many of the intermediates formed by irradiation 
of sitnple atmospheric gases are the same as those produced photochemically in the 
atmosphere. The identities and quantitative reactivities or those substances are vital to an 
iinderstanding of atmospheric chemistry and the evaluation of the effects of pollutants on 
u o n e ,  smog, and other good or bad features o f t h e  upper and lower atmosphere. 

Most of the work reported here is in just this area and can be considered supportive 
both of nuclear energy and of those other kinds which supply pollutants to the 
atmosphere. A smaller portion of the program continues to be in the radiation chemistry 
of liquid water and solutions, but this work, too, is closely connected to (and often 
includes) photochemical studies that relate to various schemes for solar energy storage. 

PULSE RADIOLYSIS OF Nz + CO MIXTURES: 
THE FORMATION AND DECAY OF THE 

CN AND NCO RADICALS 

C : .  J.  Hochanadel 
J .  A. Ghormley 

J .  W. Boyle 
hl. S. Wolfe’ 

J n  a continuing effort to learn about the priinai-y 
species produced in the pulse radiolysis of NZ, we 
employed CO as scavenger arid observed as products the 
free radicals CN and NCO. Relative yields were meas- 
ured as a function of Nz-CO composition, and the 
kinetics of formatioil and decay were studied in order 
to establish mechanisms. 

I t  had previously been shown2’3 that a few percent of 
O2 added to N2 scavenges the primary Nz species, 
thereby leading t o  the formation of 0 3 .  By measuring 
OJ yields in O 2  f N2 mixtures with and witlioui the 
electron scavenger SF6 present, we had fourtd4 the 
total yield of O3 originating from N2 precursors to be 
about 9.7 riiolecules per 100 eV, of which about 6.6 
was attributed to  ionic precursors and about 3.1 to 
neutral precursors. The neutral species are thought to 
be electronically excited states of Nz or N, since llie 
formation of O3 via slow reactions of ground-state N 

a t o m  such as N + 0 2  -+ NO f 0 is ruled out by the 
short time scale for O3 formation. 

It had also been observed4 that a small amount of the 
positive ion scavenger NH3 added to the N2 + O2 
system competes favorably for the primary N2 species 
and completely inhibits the sensitized formation of 03. 
Likewise, the NH3 scavenges most, but not all, of the 
primary O2 species and reduces the yield of O3 
originating from energy absorbed by the O 2  from 13.8 
10 about 3.  We have nos7 studied the sensitized 
decomposition of NH, in the pulse radiolysis of N2 + 
NH3 mixtures (also Ar with NH3), and the results are 
described below.’ Our goal is to  establish consistent 
relationships aniotig the yields observed in the three 
scavenger systems ( 0 2  yielding 0 3 ,  NH3 yielding NI-I 
and NH2, and CO yielding CN and NCO) and the yields 
of specific pritnary species produced in the Nz.  

In the N2 + CO system the CN was formed after the 
pulse at a rate which increased with increasing CiO 
concentratioti; the formation time varied from 3 psec at 
0.255% CO to 0.05 psec at 7S%, CO. The yield of CN 
(measured by absorption at 3883 A) increased with CO 
concentration, reaching a niaximum at about 10% CO, 
abovi: which the yield decreased nearly linearly to zero 
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in pure CO. For low concentrations of CO, a plot of 
l/[CN] vs l /[CO] was linear, indicating typical scav- 
enger behavior in which CN is produced by competition 
of CO for a primary species produced in the Nz. The 
drop in CN yield with further increase in CO concen- 
tration indicates that the energy absorbed by the CO 
leads only to the normal radiolysis products of CO, 
namely, COz and C 3 0 2 .  The behavior of NCO (meas- 
ured at 4403 A) was somewhat similar, with the yield 
reaching a maximum at about 20% CO, above which it 
decljned nearly linearly to zero in pure CO. 

The decay kinetics of CN in the N2 i- CO system are 
complex, and a mechanism has not yet been cstab- 
lished. With O2 added to the system the decay rate of 
CN increased, and the decay became first order due to  
the reaction CN + O2 -+ NCO i- 0. Our value for the 
rate constant was (5 1) X l o9  M-’ s a - ’ ,  which 
agrees well with recent literature  value^.^ The added O2 
also decreases the amount of CN formed since O 2  and 
CO compete for the primary N2 species. 

In the N2 t CO system, part of the NCO was formed 
during the pulse, but most of it was formed after, with 
a formation time (e.g.. for 3% CO) of about 15 psec. 
The decay of NCO was second order and insensitive 
to the composition of the system. ‘The decay reaction is 
probably 2NCO -+ N2 1- 2CO. The time scales were such 
that part of the NCO may have foimed from the CN. 
We found no absorption by NCN (3290 .&), indicating 
that the reaction CN -t NCO -+ NCN t CO is not 
important. Positive Nz ions react rapidly with CO by 
charge exchange7 and probably lead to normal radiol- 
ysis products of CO. The CN and most of the NCO 
apparently originate from reaction of CO with elec- 
tronically excited states of N 2 .  Light emission measure. 
ments showed that CO quenches emission by N2 very 
efficiently. Quantitative kinetic analysis has not been 
completed and requires accurate extinction coefficients 
for CN and NCO for our conditions. The accuracy of 
the analysis may suffer the usual uncertainty con- 
cerning nonadherence to the Lambert-Beer law for 
measurements on these sharp lines, and, for reactions 
higher than first order, there is also the additional 
uncertainty caused by nonuniform concentration 
throughout the optical path. However, these limitations 
may not be too serious since we found that: (1) The 
exponent n is equal to  1 for both CN and NCO in the 
modified Lambert-Beer expression O.D. = ~ ( c l ) ~ ,  indi- 
cating that this law is obeyed. The value of n was 
obtained from a plot of log O.D. vs log c, where c was 
varied by changing the pulse energy and relative values 
of c were determined using O 3  formation in 0 2  as 
dosimeter. (2) For this dosimeter, the ratio of optical 

densities for eight and four  light passes was 2 ~ 1 ,  
indicating relatively uniform concentration throughout 
this volume of the cell. 

I .  Student participant in the Great Lakes Colleges Associa- 
tion Science Semester, fall 1973, from Fhrlham College, 
Richmond, Ind. 
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1515 (1970). 
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PULSE RADIOLYSIS OF NITROGEN AND ARGON 
IN THE PRESENCE OF AMMONIA 

C. J .  IIochanadel J .  A. Ghormley J.  W. Boyle 

We have previously shown’ that a small amount of 
NH3 inhibits the sensitized formation of O3 by Nz or 
Ar in the pulse radiolysis of Nz t O2 and Ar + O2 
systems. We have now studied the sensitized decompo- 
sition of NH3 in the pulse radiolysis of both N,-NI13 
and Ar-NH, mixtures. Yields o f  the transients NH2 and 
NH (measured at 5976 and 3360 a respectively) have 
been measured over the entire composition range, and 
we now attempt to  relate these yields to yields of 
primary species in N2 or Ar. Studies by others’ of the 
radiolysis of pure NH, have been interpreted on the 
basis of the NH2 intermediate produced in high yield 
from the ionic precursor NH3+ and the NH produced in 
relatively small yield from a neutral excited precursor. 
For the sensitized decomposition of NH,, where M 
represents N2 or Ar in our systems, the postulated 
reactions are: 

M __f M + ,  M*,  e - ,  (1) 

NH4+ t e -  -+ NH3 f H , (4) 
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For both the Nz and Ar systems the yield of N1-12 
increased linearly as the composition changed from 1% 
NHj to 100% NH,. In  both systems the intercept of 
this line with the 100% Nz T J I  Ar composition was 0.63 
1?- 0.03 times that for 100% N H 3 .  In the Ar system, the 
NI-I yield also increased linearly with composition in the 
range 1% to 100% NH3. 'The extrapolated yield Cor 
100% Ar was 0.26 2 0.03 times that for 100% Nti3. 
The NI-1 yield in the N2 sysieins has not yet been 
measured. 

The ratio of ions to neutral excited species is 
corisiderably higher for argon and the other rare gases 
than for molecular gases, and i t  might be expected that 
f o r  the rare gases the formation of N H 2  woiild be 
favored over NH. On ihe basis of  the proposed 
mechaiiism and the W values for NH3 and Ar, a higher 
yield of NN2 from an A r  ion precursor would have been 
expected. 'Ihe NH results also suggest that excited Ar" 
atoms do not ionize NI13 and that the yield of  excited 
NH3 * is approximately four times the yield of excited 
Ar" (<or the excitation transfer to NH, is inefficient). 

Work i s  continuing in these systems with special 
attention being given to the kinetics of decay of' the 
NII, and NI-I radicals. The NH2 radical decays faster 
than N1-1, appearing to be gone in about 20 psec,  
whereas NIi lasts up to about 51) ysec. 'The kinetics are 
complicated in  each case because the absorptions are 
sharp lines and the Beei-I,nrnbert relationship i s  riot 
applicable. As might be expecletl i n  such cases the raw 
data do not appear to follow either first- or secortd- 
order kinetics. A modified relationship O.D. = is 
sometimes used in such cases. In the case of NH,  I Z  was 
determined to be 0.625 for oiir experiment,al coridi- 
tions. Neither the extinction coefficient nor the abso- 
lute concentration is kriowrr here? but  relative cwiceri- 
trations may be determined in this way. Using this 
niodified relationship the NH decay in 100% Nk13 
seems to follow first-order kinetics until about YO% has 
decayed. As 1.11 is suggests a mechanism different from 
the mechanism postulated by others? additional experi- 
ments ;are planned to disprove or verify these results. 

1. J .  A. Chorniley et al., Chcrri. Div. Annit. Progr. Rep.  Mav 

2. C. Willis, A. W. Boyd, and 0. A. Miller, Con. J. Chem. 47, 
20. 1971, ORNL-4706, p.  IOU. 

3007 (1969). 

ABSORPTION SPECTRUM AND REACTION 
KlNETlCS OF THE ME'IHYLPEROXY RADICAL 

C. J .  Hochanadel 
P. J .  Ogren* 

J. A .  Chormley 
J .  W. Soylc 

Reactions of peroxy radicals are important in mech- 
anisms of oxidation reactions. These reactiuns may be 

induced by heat, light, or high-energy radiation and, 
therefore, are of great interest in many aspects of 
radiation chemistry, environmental chemistry, combus- 
tion, etc. We are continuing our studies of peroxy 
radicals, which started with measurements of the HOz 
radical, by measuring the absorption spectrum of the 
CH303 radical and the rate constant for its formation 
from the reaction of the methyl radical with oxygen. 
We are also studying the combination of rnethylperoxy 
radicals and the combination of methyl radicals. 

Methyl radicals are produced by photolysis o f  azo- 
merhane. The reactions are monitored by kinetic 
spectrophotometry of CH, absorption at 2 164 8 and 
CH3Oz ;it 2380 A. Extinction coefficients are evaluated 
from the loss of azornethane measured by means of a 
Cary model 1 S spectrophotometer before and after the 
sample is subjected to flash photolysis. Loss of azo- 
methane was measured not at  the peak, 1849 .%, but at 
several longer wavelengths where oxygen absorbs less. 
For example, at 1849 A, e = 7257 M-' cm-l for 
azometliane and 8.2 M-' cm-' for 02. At I861 8, E = 
69 l'.) for azomethane (down S%j but E = 0.2 for oxygen 
(down B fitctcsr of 41). Methyl radical absorption could 
not be measured earlier h a r i  about 15 ysec after the 
start of the flash, and a computer calculaiion will be 
necessary in order to determine from the absorption 
measuremen ts the total methyl produced by the flash. 
The determination of the extinction coefficient for 
methylperoxy does not require a computer calculation 
to extrapolate back to aero time because the decay is 
relatively slow. 

Figure 4.1 shows a typical oscilloscope photograp11 
and second-order plot of the data for the reaction 

1 mi Illsecond s - 
OD 

50 - 

I I I J 
0 I 2 3 4 

milliseconds 

Pig. 4.1. Second-order decay of CH302 produced by flashin 
aiomethane (6.3 X 10 ' M )  in the resence o f 0 2  (1.4 X 10 4 
.w) in an atmosphere of Nz (4 X 10 s M). 
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Fig. 4.2. Absorption spectra of CH302  with our published 
spectrum of HO,. 

C H 3 0 2  + C H 3 0 2 .  Our preliminary values for the 
second-order rate constants are: 

k(cIj3 t CH, + M + Cz1-16 + M) = 3.4 X 10' M-' sec--' , 

k(CH3O2 -1 C H 3 0 2  + products) = 7.5 X 108M- '  sec-' 

The absorption spectrum of Cl-1302 is shown in Fig. 
4.2 along with the spectrum of HOz for comparison. 

The absorption spectrurn of the inethylperoxy radical 
and the rate constant for its combination were recently 
measured by Parkes et al.,* using the method of 
molecular modulation spectrometry. They report an 
extinction coefficient equivalent to  1146 M-' cm-' a t  
2380 a, cornpared with our preliminary value of 800 
M-'  cm-' ,  and a rate constant equivalent t o  1.3 to 2.6 
X 10' M-.' sec-' , compared with our 7.5 X 10' M-' 
sec-' .  They also report an increase in E for methyl, 
methylperoxy, and ethylperoxy going down to wave- 
lengths below 2100 8, suggesting a second peak, but we 
see no rise in the methyl or methylperoxy radical 
spectra down t o  2050 A. At Phorter wavelengths, 
azomethane absorption becomes important, perhaps 
more important in the rilolecular modulation method 
than in our more direct method. 

1. Department of Chemistry, Central Collegc, Pella, Iowa 
2.  D. A.  Parkes et al., Ckem. Phys. Lett. 23, 425 (1973). 

PI-IOTOOXIDATIQN AND FLUORESCENCE OF 
CERIUM(II1) IN AQIJEQUS SULFURIC 

ACID SOLUTIONS' 

R. W. Matthew? T. J .  Sworski 

Production of hydrogen by the photolysis of 
cerium(II1) in aqueous perchloric acid solutions has 
been proposed3 as a process for the chemical storage of 
solar energy. Three different reaction mechanisms have 
been p r o p ~ s e d ~ - ~  for hydrogen production with either 
HZ+, H, or as transitory intermediates. To evaluate 
these alternative reaction mechanisms, we studied the 
oxidation of cerium(ll1) by  persulfate photosensitized 
by  cerium(lI1) in aqueous sulfuric acid solutions. We 
previously evaluated' the role of M and e,; in the 
radiolysis of cerium(II1)-persulfate mixtures in aqueous 
sulfuric acid solutions. 

The dependence of both the photooxidation and 
fluorescence of ceriuin(II1) on persulfate concentration 
i s  quantitatively explicable by  the following reaction 
mechanism: 

Our reaction mechanism requires that the dependence 
of fluorescence intensity F ,  on persulfate concentraiion 
adhere to Eq. (I): 

k4 [SZOs2-] - I  

kz + k3 [II'] 
F = F o  (1. ) . 

Our reaction mechanism also requires that the depend- 
ence of the photooxidation rate, R ,  on persulfate 
concentration adhere to Eq.  (11): 

The experiLnental data were fitted to  Eqs. (I) and (11) 
by the method of least squares using the computer 
progidrii of Lletzke.' Stern-Volmer constants for the 
quenching of ceiiuin(II1) fluoiescence {values for 
k4/(kz f k3 [H']) of 98.9 + 2.5 M-' and 93.5 2 2 0 
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M-' for 0.03 and 0.003 M cerium(ll1) solutions in 0.4 
M sulfuric acid respectively] ace in good agreement with 
Stern-Volmer constants for the photooxidation of 
ceriiini(I1l) {values for k4/i(k2 t k:3 [[-I+]) of90.5 t 3.4 
M-' and 102.7 2 3.0 1%-' for aerated and deaerated 
0.03 M ceriurn(lI1) solutions in 0.4 kf sulfuric acid 
respectively}, conclusive evidence that photooxidation 
is induced by the quenching process. 

Evidence was obtained to establish that the quenching 
of ceriuni(II1) fluorescence by persulfate is not due 
eitlter to coniplex formation or to energy transfer. We 
propose that the quenching of ceriurn(II1) fluorescence 
by persulpdte is an irreversible electron-transfer process' 
according to reaction (4). 

No  evidence was obtained for any significant quan- 
tun1 yield of either H or ea',-. 'This is convincirig 
evidence that both photoionization6 of ceriurn(II1) and 
quenching of cerium(lI1) fluorescence by hydrogen ion 
with concomitant formations of II atom, if they occur 
at all, are not major processes. We propose that 
hydrogen ion quenches ceriuni(II1) fluorescence by it 

reversible electron-transfer process with 13,O as a 
tmisitory intermediate: 

Our proposal that H 3 0  is an intermediate in the 
quenching of cerium(I11) fluorescence by hydrogen iori 
requires consideration of H , 3 0  as an intermediate in 
hydrogen production. Assume that some o f  the N 3 0  
radicals escape geminate reaction with cerium(1V) by 
diffusion into the bulk of the solution with a quml.uxn 
yield o f  0.0007. An alternative mechanism for hydro- 
gen production, quantitatively consistent with the 
kinetic study of Heidt arid M~Mil lan ,~  would be 
oxidation of  cerium(lI1) by H 3 0  in competition with 
lliernial dissociation' O of H30:  

We have no basis for rejecting the i-riechanisni of Iieidt 
and McMillan4 for 1i2 production. I'lie precursor of Hz 
may well be H2+. Our proposal that H 3 0  is an 
intermediate can be made consistent with the mecha- 
nism of Heidt arid ~ c ~ i i i a n ~  by postulating that 1130 
is a precursor of H2+: 

I 

1 .  Expandcd abstract of paper submitted to the Journal of 
Physical ChemistTy and to the Ehventh Informal Conference on 
Photochemistry, Vdnderbilt University, Nashville, Tenn., June 
16--20, 1974. Research sponsored jointly by the U.S. Atomic 
Energy Commission and the Australian Atomic Energy Corn- 
mission. 

2. Australian Atomic Energy Commission Research Estab- 
lishment, 1,ucas Heights, New Sou tli Wales. 

3. L. J. Heidt and A. I:. McMillan, Science 117, 75 (1 953). 
4. I,. .I. Iieidt and A. F. McMillan, J. Amcr. Chetn. Soc. 76, 

5. F. Hussain and R. G. W. Norrish, Proc. Roy. Soc., Seu. A 

6. A. W. Adamsorl et al., Chcm. Rev. 68,541 (1968). 
7. K. W. Matthews, H. A. Mahlman, and T. J. Sworski, J. 

8. M. W. Lietzkc, A Generulized Least Sqimres Proqam for 

9. K. 1-1. Grcllrrian, A. R. Watkins, and A. Welter, J. l'hys. 

10. J. L. Magee, Rndint. Res., Suppl. 4, 20 (1964). 

2135 (1954). 

275, 161 (1963). 

Phys. Chenr. 74, 2475 (1970). 

the IBM 7090 Conzputer, OKNL-3259 (March 21, 1962). 

Chem. 76, 469 (1 972). 

ON THE DISSOCIATION OF HS04- 

T. J.  Sworski 

In our studies on the rxliolysis of cerium(1V)- 
ceriumjlll) -formic acid mixtures in 4 .0M sulfuric acid 
solutions, we discovered' that the rate of reduction of 
cerium(IV) by hydrogen peroxide was niarkediy de- 
pendent on sulfuric acid concentration. The rate of 
reaction decreases markedly with increase io sulfiiric 
acid concentration from 2.0 to 8.OM and then increascs 
markedly with further increase in sulfuric acid concen- 
tration.' ~ I i e  rninimuin in reaction xatz occurs at about 
the sarne sulfuric acid concentration at whicli the 
sulfate ion concentration is a maximum. A search For a 
common cause indicated3 that both the reaction rate 
and the sulfate ion concentration may depend on water 
activity. 

The second dissociation quotient of sulfuric acid can 
be expressed3 surprisingly well as a function of water 
activity for  sulfuric acid concentrations up to 14.2 M, 
suggesting the importance of the complete equilibrium 
constant4 that includes water its a reactant. Altertia- 
tively, the dependence of the second dissociation 
quotient on sulfuric acid concentration can be ex- 
pressed' quite well up to 8 0 M by a conventional 
equilibrium ccinstant, provided one accepts the conten- 
tion of Stokes and Robinson6 that the Debye-Huckel 
theory predicts the behavior of the rational activity 
coefficient of hydrated ions. 

The significance of the two expressions for the second 
dissociation quotient is uncertain owing to the c011- 
flicting data, obtained by Raman spectroscopy, on the 

... 
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Fig. 4.3. The degee of dissociation of I-ISOd as a function of 
sulfuuric acid concentration according to the data of 0 Young et 
al.' and @ Clien and Irish.8 The curve is theoretical and 
represents the degree of dissociation calculated from the mean 
activity coeffiicients for sulfuric acid of Covington et al.' using 
the theory for ion hydration of Stokes and Robinson.6 

dependence of SO4 '- and HS04- concentrations on 
sulfuric acid concentration. Figure 4.3 shows that the 
values for the degree of dissociation of HS04- reported 
by Young et aL7 are significantly- higher than those 
reported by Chen and Irish.' 

An iterative procedure was developed to calculate thc 
degree of dissociation of HS04- from the mean activity 
Coefficient of sulfuric acid. 'The relationship between 
the mean activity coefficient and the rational activity 
coefficients of the hydrated ions was obtained by the 
method of Stokes and Robinson.6 'l'his relationshjp 
expresses the degree of dissociation of HS04- as a 
function of an ion size parameter Bf and the degree of 
ion hydration n. The approximation that anions are 
unhydrated was used, n being the degree of hydration 
of the hydrogen ion. Values for Bf and n were found 
which yielded those values for the degree of dissocia- 

tion of HS04- that gave the best fit by the me h o d  of 
least squares to our cxpression5 of the second dissocia- 
tion quotient of sulfuuric acid by a conventional 
equilibrium constant. This least-squares fit yielded 
values also for the equilibrium constant K and an ion 
size parameter RQ. 

For values of Bf = 0.713 and n = 4.78, the mean 
activity coefficients of Covington et ai.' for sulfuric 
ocid from 0.1 to 4.0 M yielded K = 0.01 12 f 0.0001, 
B p  = 0.393 i 0.002, and values for the degree of 
dissociation of HS04- that are represented by the curve 
in Fig. 4.3. The data of Covington et al.' are equal to 
the data of Robinson and Stokes" multiplied by a 
correction factor of 0.9228. A more commonly ac- 
cepted value of K = 0.0102 can be obtained from the 
mean activity coefficients of Robinson and Stokes' 
multiplied by a correction factor of 0.899. The uncor- 
rected data of Robinson and Stokes" yield K ::: 

0.01 51. 
A tentative conclusion is that only the data of Young 

et aL7 are consistent with the mean activity coefficients 
of sulfuric acid. The data of Chen and Irish' have been 
criticized by Turner.' ' 
___ .......... __ 

1. R. W. Matthews, H. A. Mahlman, and T. J. Sworski, J. 

2. 1-1. A. Illahlman, R. W. Mattbews, and T. J .  Sworski, J. 

3. T. J .  Sworski, C k e m  Div. Annu. Prop. Rep. May 20, 
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5. T. J. Swotski, Chein. Diu. Annu. Bog, Rep .  May 20, 
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1870 (1948). 

7. T. F. Young, L. F. Maranville, and H .  M. Smith, p. 35 in 
The Structure of Electrolyte Solutions, ed. by W. J. Hamer, 
Wjley, New York, 1959. 

8. H. Chen and D. E. Irish, J. Phys. Chern. 75,2672 (1971). 
9. A. K.  Covington, J. V. llobson, and Lord Wynne-Jones, 

10. R. A. Robinson and R. 11. Stokes, p. 477 in Elecfrolyte 

11. D. J .  Turner, J. Chem. Soc., Faraday Trans. 2 68,  643 

Phys. Chem. 72,  3704 (1968); ibid., 76, 1265 (1972). 

Flzys. Chem. 75, 250 (1971). 

1972, ORNL-4791, p. 63. 

58, 901 (1967). 

1973, ORNL-4891, p. 59. 

Trans. Faraday Soc. 61, 2050 (1965). 

Solutions, 2d Ed., Rutterwortlrs, London, 1959. 

(1972). 



5. Organic Chemistry 

Organic chemistry has had a small but significant role at the Laboratory over many 
years. In a practical way it provided various materials (e.g., solvents) for other programs, 
and in a fundarnent:il way it made use of nuclear materials and techniques to further its 
own understanding. With broadened missions for the Laboratory, the responsibilities and 
opportunities for organic chemistry will increase manyfold. 

An event signaling the new role expected for organic chemistry was the acquisition of 
a state-of-the-art, 100-MIlz NMR instrunlent, which is expected to see heavy use in 
programs in biology and in coal research, as well as in ongoing basic organic research. 

COM BlNATORIAt CHEMiSTRY 

C. J. Collins C .  K. Johnson 
W. W. Schnlidt’ 

In further application of the algebraic model and the 
coset graphs previously the data of 
Sorensen and co-workers4 were examined. Sorensen’s 
results4 for the rearrangements, in superacid, of the 
a-feenchyl cation are given in Cliart 1. An abbreviated 
coset graph3 portraying the pertinent section of con- 
c e r n  is shown in Chart [I. The reactions3 “allowed” 
were: Wagner-Meerwein (WM), 6,2-hydride shift (62H), 
e~0-3,2-hydride shift (32H), Nametkin (32M), and 
double Wagner-Meerwein rearrangement (DWM). From 
Chart II we infer that ( I )  the cations whose spectra are 
observed are not formed one from the other in a series 
of discrete, irreversible steps, but rather are those 
cations which are thermodynamically most stable at the 
given teniperatuies, and (2) the double Wagner- 
Meerwein rearrangement3 is not essential to provide a 
pathway between BJK and ABE. Since the coset graph 
(Chart 11) was generated by iise of the ORNOCARE 

which also keeps track, for any given 
pathway between any two cations of Chart Ii, of every 
atom in the structure, the means are now available, with 
isotopic label?, to determine which pathway(s) con- 
tribute to the reaction BJK -+ ABE. 

The rearrangement’ of lorigifolene to isolongifolene 
was also examined, using the ORNOCAKE* piogram 
and a teclinique previously described.6 We fourid no 
new pathways between these two compounds, but 
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confirmed7 that WM, 62H; WM, 32M; WM; h2H; WM is 
the least-complicated series of interconversions not 
requiring endo-3,2 shifts. 

Another contribution on combinatorial chemistry 
appears in Chap. 7 of this report .’ 

~ 

1. ORAU Predoctoral Fellow from the University of Tennes- 
see, Knoxville. 

2.  C. K. Johnson, B. M. Benjamin, and C. J. Collins, Chem. 
Div. Annu. Progr. Rep .  May 20, 1972, ORNL-4791, pp. 67-69; 
C. J .  Collins and C. K .  Johnson, Chem Div. Annu. Bogr .  Rep.  

3. C. J .  Collins and C .  K. Johnson, J. Arizei. Chem SOC. 95, 
4766 (1973); C. K. Johnson and C. J. Collins, J. Amer.  Chern. 
Sor. 96, 2514 (1974); C. J .  Collins, C. K. Johnson, and V. F. 
Raaen, J. Amer. Chern. SOC. 96, 2524 (1974). 

4. 11. Huang, K. Ranganayabula, and T. S. Sorensen, J. Amer. 
Cliem. SOC. 94, 1779, 1780 (1972). 

5. R. Ranganathan et al., Terruhcdrorl 26,621 (1970). 

May 20, 1973, ORNL-4891, pp. 62-64. 

6 .  C. K. Johnson and C. J .  Collins, J .  Amer.  Chern. SOC. 96, 
2 5 2 2  (1974). 

7. J .  A. Berson ct al., J. Amer. Cliem Soc. 89, 2.595 (1967). 
8. C. K. Johnson, “The Representation Problem in Combina- 

torial Chemistry,” chap. 7, this repoit. 

PREPARATION OF C H ARGE-TRANSFE K 
COMPLEXES 

V. F. Raaen Becky Wenzel‘ 
C. R. Watson, Jr.’ 

As part of a study of conductivities and other 
physical properties of charge-transfer complexes (in 
collaboration with members of the ORNL Health 
Physics Division), we have synthesized the donor 
molecules heptaf~lvalene~ and tetrathiaf~lvalene.~ The 
complex o f  1,3,1’,3’-tetrathiafulvalene (TTF) with 7,7, 
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~,~-tetracyatioquinodirnetli~uie ('TCNQ)' was slowly re- 
crystalliLed to provide clystals up to 1 cm in length, 
well suited to  conductivity measurements Similar 
complexes weie formed betwecn the acceptor molecule 
TCNQ and the donors 4,4'-cliphenyltetrathiafulvJene 
and 4,4',5,S'-tetraphenyIte~rathiaf~lvalene.~ 'TCNQ 
formed 1:l complexes with benLene and with tiexa- 
rnetliylbenLene; these adducls were given to C. K. 
Johnson for structuie analysis by neutron spectres- 

Benzene and hexametliylbeti~ene also i-ornied 
crystallme adducts with 1,3,S-trinitrobenzene: the coin- 
plexes are stable in  an atmosphere saturated with the 
hydrocarbon vapor. 

Tetrathionaphthacene (TTN)8 was synthesued, and 
the preparatwn or attempted preparation of charge- 
transfer complex crystals wth the followng electron 
acceptors is now under way: tetracyanoethylene 
(TCNE),' dichloi odicyanoquino ne (UDQ) ,' chlora- 
nil,' ' and TCNQ.' 

The synthesis of 7,7,8',8'-te tracyanodiplienoyuiiiodi- 
methane' IS nearly complete Iodand' arid bro- 
manil' have been prepaied and will be tried, along 
with chloranil,' ' as electron acceptors in a variety of 
ch arge-transfer complexes 

1. ORAU Summer Student Trainee from the University of 

2. Postdoctoral Fellow, University of 'Iennessee, Knoxville. 
3 .  J .  R. Mayer, Ph.D. dissertation, Yale University, New 

Haven, Conn., June 1955. 
4.  1. E. Klingsberg. J. Amer. Chern SOC. 86,5290 (1964). 
5. Aldrich Chetnical Co. 
5. These derivatives were kindly furnished by D. G. h h e r t y  

of the ORNL Biology Division. 
7. See C .  K. Juhnson, 13. L. Reed 111, and K. F. Hall, 

"Neutron Diftiaction Structural Studies of Two TCNQ- 
Complex crystals, a Bifluoride (.?rystdl, and a Norboruanone 
Crystal," chap. 7, this report. 

8. C. %pdrsehalk and C. Stumm, Bull. SOC. Chirn. Fr. 421 
(1948). 

9. Eastman Kodak Co. 
I O .  Matheson Coleman and Bell. 
1 1 .  1). J. Sandman and A. F. Garito, .I. Org. Cfietn 39, 1165 

12. C. I... Jackson arid E. K. Bolton, J. Amcr. C k e m  SOC. 36, 

Northern Iowa, Cedar Falls. 

( t974) .  

305 (1914). 

C ISOTOPE EFFECTS DURING 
THE ADDITION OF 

DIPHENYLKETENE TO STYRENE 

B. M. Benjarnin John Zeigler' 
C. J. Collins 

The concerted nature of llie addition of dipheriyl- 
ketene to styrene' to yield 7,,2,3-triphenylcyclob~i- 

tanone is indicated3 by the fact that both styreilea-d 
and styreneQH, undergo the reaction with sizable 
isotope effects [k,,/kn = 1.23 (a) and 0.91 (b) per 
deuter~urn] , The perplexing result of Baldwin arid 
Rapecki is that these two iatios, (kH/?cD)& and ( k H /  
k,)@, are in opposite directions." 'The reaction is even 
more intriguing because it was at first believed5 that the 
theiinal ketone-olefin addition was disallowed by the 
orbital symmetry rules.6 

For the foregoing reasons we have now studied the 
14C isotope effects in all four positions during the 
additloris of styrene to diphcnylketene. Styrenea-' 4 C  
and styrene&' 4C were prepared by standard 
me as were diphenylketene-1-' 4 C  and -2-I 4C.8 
Three of the k/k" iatios were determined by the 
method of conipeting reactions and the low-conversion 
approxiniation.' The results are sliowti in Fig. 5.1. The 
value k/k* = 1 .DO55 Lt 0.0005 for styrene$-' C was 
determined by examining the product at 93-1OoOh 
reaction (r/ro = 1.062 * 0.005), ;I procedure' asso- 
ciated with a much smaller ertor. 

The theory of heavy-atom isotope effects has been 
discussed by Fry.' ' The Rigeleisen-Mayer expression' 
was invoked' ' to explain small, primary heavy-atom 
isotope effects, and the prediction that in favoiable 
cases k/k* could be less than unity was nicely con- 
firmed by Kresge and his co-workers.'3 Triree of the 
k/k* ratios portrayed in Fig. 5.1 show that the labeled 
compounds react more slowly by 1% or less values 
which are small For primary 1 4 C  isotope effects.' In 
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Fig. 5.1. Carbon-14 isotope effects in the additionof styrene 
to diphenylketene. 
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each case the hybridization change as the affected 
carbon proceeds from reactant to product is sp2 --> sp3. 
These three k/k* ratios are all significantly smaller than 
those observed in the 1,3-dipolar additions of styrene to 
N,a-diphenylnitrone.’ 4,1 

The largest of the four ratios (k/k* := 1.08 1 2 0.005) 
is for the carbonyl carbon of diphenylketene as its 
hybridization changes from sp  to sp’ . It remains to be 
seen whether there is a general correlation between 
hybridization change and k/k*. 

1. Student participant in the Great Lakes Colleges Assocb- 
tion Science Semester, fall 1973, from Wabash College, Craw- 
fordsville, Ind. 

2. H. Staudinger and E:. Suter, Bel. Deut. Chem Ges. 53,  
1092 (1920). 

3. J .  E. Baldwin and .I. A. Kapecki, J.  Amer. Chcm SOC. 92, 
4874 (1970). 

4. A. Streitwieser, Jr., e t  al. [J. Amer. Chem. Soc. 80, 232 
(195811 predicted that an inverse kH/kn ratio should result 
during an sp2 -* sp3 conversion from ground to  transition state. 

5 .  D. G. Fornum et al., J.  Amer. Chern SOC. 87,  5191 
(1965). 

6 .  R. B. Woodward and R. Hoffman [The Conservation of 
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3,2-HYDRIDE SHIFT IN BICYCLIC COMP 

W. W. Schmidt’ C. J .  Collins 

We reported earlier’ on the relative rates of 6,2- and 
3,2-hydride shifts in unsubstituted norbornyl cations 

during acetolysis. A puzzling observation in the course 
of that research’ was that more ’ 4 C  originally in the 4 
position of the cation finds its way to the 1 position 
(0.52%) than to the 2 position (0.33%). In an attempt 
to gain more information about this mechanistically 
important problem, we synthesized A3 -1 -d-cyclo- 
pentenyl-2,2-dimethylethyl p-nitrobenzene~ulfonate.~ 
The ester was subjected to acetolysis conditions (acetic 
acid, 0.58 rn in potassium acetate, 60°, 160 hr). In 
addition to the products isolated3 by Chuit, the key 
product of 3,7..-hydride shift, 6,6-dimethylbicyclo- 
[2.2.1] heptyl acetate must be searched for, found, and 
identified. It now remains to repeat the acetolysis 011 a 
larger scale, isolate the 6,6-dimethylbicyclo [2.2.1] - 
heptyl acetate, purify it,  and determine (by NMR 
spectroscopy) the deuterium distribution in the com- 
pound. 

...___ 

1. OKAU Predoctoral Fellow from the University of Tennes- 
see, Knoxville. 

2. C. J .  Collins and C. E. Harding, J. Ainer. Chem Soc. 92, 
1787 (1970); C. J .  Collins and C. E. Harding, Jusrur Liebixs 
Ann. Chem. 745,124 (1971). 

3 .  The method used was a modification, for deuterium 
incorporation, of the method of C. Chuit, Terruhedron 28, 
4815 (1972). 

DO S, 2 REACTIONS GO 
THROUGH ION PAIRS? THE 

ISOTOPE EFFECT CRITERION 

V. F. Raaen F. J .  
‘Timothy Juhlkela C. J .  Collins 

It has been suggested2f that all S,2 reactions3 
proceed through ion pairs2 and that borderline3 sol- 
volyses comprise competing s, 1 and S,2 processes 
which occur through common intermediates. The ex- 
perimental basis for this suggestion has been criticized 
by Schleyer and c o - w ~ r k e r s . ~  who failed to confirm the 
claim2dj2f that the rate of solvolysis of 2-octyl mer- 
ylate (2Soj 25% dioxane, 75% water by volume) is 
“nearly independent of the concentration of sodium 
azide.” Schleyer e t  al.4 point out, additionally, that the 
Sneen-I.arsen2f assumption of a positive salt effect is 
also open to question. 

We have applied the isotope effect ~ r i t e r i o n ~ - ~  to the 
hydrolyses, in aqueous acetone solution, of ’ 4C-labeled 
bemy1 chloride, p-methylbenzyl chloride, and 2-octyl 
brosylate. In addition, using modifications of the 
method previously reported by  US,^,^ in which 4C was 
used as a tracer for determining the deuterium isotope 
effects by the low-conversion approximation,8 we 
determined the @-deuterium isotope effects for the 
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Table 5.1. 14C and ix-deuterium isotope effects in the formation of eaxbiiiol 
and azide during hydrolyses in 80% aqueous acetone at 6U' 

Experiment Reactant Product k/k * k&ja 

1 PhZH2 C1 

2 ChCD, Clb 

3 

4 

Benzyl alcohol 1 085 10.007 
Ben~yl  azide 1.130 -t_ 0.007 

Benzyl alcohol 1.003 + 0.007 
Benzyl uide 1.033 0.007 

p-Methylbenzyl alcohol 1.061 + 0.007 
p-Methylbenzyl azide 1.096 t 0.007 

p-Methylbenzyl alcohol 
p-Methylbenzyl azide 

2-Oc tanol 
2-Octyl azide 

2-Octanol 
2 9 r t y l  azide 

0.996 ?; 0.0t17 
1,004 * 0.007 

1.063 k 0.007 
1.105 t 0.007 

1.097 f 0.007 
1 .I06 t 0.007 

~~~~ 

akHik,  per atom of deuterium. 
"Carbon-14 label, indiscriminate in ring. 
Ck-tl/kD corrected for k/k*. 
dCarbon-14 in rnefhyl g o u p .  Secondary I4C isotope effect assumed to be within experimental error. 

conversions of ttiese same reactants.9 Both prirrury 4 C  
arid a-deuterium isotope eJL;fects were determined during 
jbrmafion of both carbinol and azide. The results are 
displayed in Table 5.1, from which the following 
important conclusions are derivable: (1) The hydrolyses 
of benzyl and p-methylbenzyl chlorides exhibit high 
' C isotope effects and low a-deuterjurn isotope 
effects, results consistent with a classic S ,  2 transition 
state. The extremely high k/k* ratios require that 
carbon atom motion must be a slrong feature of the 
reaction coordinate; they signify as well that the 
i.raasition states must be nearly syrnrne tricaI.1 O , 1  1 

Neither of these features is compatible with a mechi- 
nisi-n in which nucleophilic attack on ari ion pair 
occurs.12 The higher k/k* values for azide vs carbinol 
formation are also iritelligible through the Fry' O.' arid 
Sims' calcul::iions, the more nucleophilic azide ion 
hxcasing the bond order of the new bond and thus the 
ratio k/k*. The extremely low a-D isotope effects 
st.rongly support the above picture of a classic 5,2 
re:ictiori3 z 1  proceeding through a normal pentaco- 
ordinate transition state, require strong bonding in the 
transition state, iind o F k r  n o  support at all for the 
intervention of ion pairs. 

Turning now to k/k* and k,/k, for the 2-octyl 
brosylates (experiments 5 and 6 in Table 5.1), it is clear 
that the results are coiisistent with competing classical 

S,1 and S,2 ptocesses l 4  'The kH/klj values (Table 
5.1, expenrnent 6 )  are considerably larger than the 
others in 'Table 5 .  I , but still fa r  below the maximum' 
to be expected Tor :in S, 1 process.I6 The k/k* ratios 
are considerable and indicate a stiong competmg classic 
S,2 component in the reaction. Such high primaiy 4C 
isotope effects are unjntelligible on the basis of the 
Sneen mecl-ianjsrri; for the calculations of Sim a i d  
FTY,] as well as the Rigeleisen-Maycr relation,'* 
require that a highly unsymmetrical transition state,' 1 
or one stabilized by caibocation resonance1 - that is, 
the type of trdiisitton state expected for ion-pair 
formation should cxhibit k/k* value.; much closer to 
unity.' 

1. Student participants in the Great Lakes Colleges Associa- 
tion Science Semestcr, fa11 1972. (a) FriJIll Wabash Cokge, 
Cratvfordsville, Ind.; (0) from Kalanlazoo College, Kalamazoo, 
Mich. 

2. (a)  A.  Weirier and R. A. Sneen, J.  Amer. Chem Soc. 87, 
287, 2V2 (1965); ( h )  A. Streitwieser, Jr. ,  T. D. Walsh, and J .  R. 
Wolfe, Jr., ibid. 87, 3682 (1965); (c) A. Streitwieser, Jr., and T. 
D. Walsh, ibid. 87, 3686 (1965); ( d )  K. A .  Sneeti and J. W. 
Larsen, ibid. 88, 2593 (1966); (e )  R. A. Sneeri, I. V. Carter, and 
P. S. Kay, ibid. 88, 2594 (1966); Cf) R. A. Sneen and J. W. 
Larscn, ibid. 91, 362, 6031 (1969); (g) J.  A. Cramer and J. C. 
Jewctt, ibid. 94, 1377 (1972). 

3 .  C .  K.  Ingold, Stritclure and Mechariism in Orxanir Chemis- 
try, Cornell University Press, Ithaca, N.Y., 1969. 



4.  1). J .  Raber et al., J. Amer. Chenr SOC. 93, 4821 (1971); 
D. J. Raber, J .  M. Harris, and P. von R. Schleyer, ibid. 93,4829 
(1971). See also D. Kova&viL et al., Tetrahedron 28, 2469 
(1972). 

5. (a)  'The prediction that heavy-atom isotope effects ( I 3 C  
and I4C) should be large in SN2 reaclions and small in SN1, 
whereas adeirtcrium isotope effects should be small in SN2 and 
large in SN1 reactions, was tentatively suggested by A. 
Streitwieser, J r . ,  Solvolyric Displacement Reactions, McGraw- 
Hi l l ,  New York, N.Y., 1962, pp. 172-74. (b )  The subsequent 
validity of this prediction and the experimental and theoretical 
bases for the isotope effect criterion are to  be found in Isotope 
Effects in Cherrzical Reactions, American Chemical Society 
Monograph No. 166,  ed. by C. J .  Collins and N. S. Bowman, 
Van Nostrand Reinhold Co., New York, N.Y., 1971,  chap. 1 ,  by 
A. W. Van Hook, pp. 23-27; chap. 2, by V. J. Shiner, Jr.,pp. 
104-35; and chap. 6 ,  by A. Fry, pp. 377-86. 

6. V. F. Raaen et al., J.  Amer. Chem Soc. 85,3497 (1963). 
7. V. F. Raaen and C. J .  Collins, Pure App!. Chem 8 ,  347 

(1964). 
8. V. F. Raaen, G. A. Ropp, and H. P. Raaen. Carbon-14, p. 

56, McGraw-Hill, New York, N.Y., 1968. 
9. 'l'he benzyl-a-14C and b e n ~ y l - p h e n y l - ' ~ C  chlorides, as well 

as the ' 4C-laheled p-methylbenzyl chlorides, were prepared by 
standard methods (A. Murray 111 and D. L. Williams, Qi-ganic 
Syntheses wirh Isofopev, Part I, pp. 75, 94,  Interscience, New 
York, 1958. Carbon-14-labeled 2-octanols were synthesized 
using n-hexylmagnesium bromide and acetyl-1-' 4C or acetyl-2- 
"C chloride, followed by reduction of the ketones so obtaincd 
with lithium aluminum hydride or deuteiide. The azides were 
reduced to the amines with lithiuin aluminum hydride and 
assayed as the crystalline benzoates. All I 4 C  assays were 
performed by the Tolheit method (ref. 8). 

10 .  A. Fry,PureAppl. C'hern. 8 , 4 0 9  (1964). 
11.  L. B. Sims et al., J. Amer. Chem. Soc. 94, 1364 (1972). 
12. The correspondence between experiment and theory for 

a heavy-atom (I3C) isotope effect during a reaction whose 
transition state closely resembles a highly resonance-stabilized 
carbonium ion has been successfully demonstrated by A. J. 
Krege,  N. N. Lichtin, and K. N. Rao, J. Amer. C'hem. Soc. 85, 
1210 (1963), and A. J .  Kresge ct al., ibid. 87 ,437  (1965), who 
found k/k*  < 1 for the ionization of trityl chloride. According 
to the Bigcleisen-Mayer expression [ J .  Bigeleisen and M. 
Goeppert-Mayer, J. Chern Phys. 15, 261 (1947)], the addi- 
tional bonding in the liansition state ca.uscd by the strong 
resonance stabilization of the incipient triphenylrnethyl cation 
shows up as a suhtractive ( ; (us) AuS term, thus reducing k/k* 
below unity.56 

13. 'The data in Table 5.1 are completely consistent with the 
a-d isotope effects and the kinetic data of A. V. Willi, Cliih-Kuo 
Ho, and A. Ghanbarpour, J. Qrg. Chern 37, 1185 (1972): for 
the hydrolyses of benzyl and p-methylbenzyl chlorides in 55% 
(by volume) aqueous methyl Cellosolve. 

14.  Because of experimental difficulties, we were unable to 
determine isotope effects under the exact conditions used by 
previous investigators.* For solvolysis of the 2-octyl brosylates 
we used 80% aqueous acetone (80% acetone, 20% water by 
volume) at 60", 0.43 hl in brosylate. Because of the generality 
of the Sneen-Iarsen claim,*f however, this is not a serious 
problem. 

15. J .  M. Harris, K. E. !lall, and P. von R. Schleyer,J. .4mei. 
Chem SOC. 93,2251 (1971); V. J. Shiner, Jr., and R. D. Fisher, 
ibid. 93, 2554 (1971). 

16. It must be remembered that the magnitude of k, /k ,  for 
an odeuleiiurn label depends upon the nature of the leaving 
group [V.  J .  Shiner, J r . ,  and W. Dowd,J. Amei-. Chem. SOC. 93, 
1029 (1971)j ; see also V. J. Shiner, Jr., ref. 5 ,  above. 

17. They also exclude, in our opinion, Sneen's latest defini- 
tion [R.  A. Sneen, Accounts Chem Res. 6, 52-53 (1973)l of 
an ion pair: 

"Considerable polarization of the electron demity of the 
anionic component tow-ard the cationic component must exist; 
this will be recognized as the essence of the covalent bond. An 
alternative to the name, 'ion pair,' might he 'extended covalent 
bond.' But this would tend. to deemphasize too strongly the 
charge separation which undoubtedly exists. 

"We will continue to use the term ion pair, but  we would 
hope that the organic cheniicd public would recognize that the 
situation is perhaps bettcr described as 'an extended bond with 
considerable ionic character.' " 

PREFARA'I'ION OF BU'I'YI.. NITRATE 

W. 1-1. Raldwin W. E. Clark' 

Butyl nitrate is required for studies associated with 
the processing of reactor fuels. We have developed a 
method of synthesis, based on earlier observations, 
that has definite advantages over the classical reaction 
of an alcohol with nitric acid. 

It was found possible to confine the reactions 
between metal nitrates and tributyl phosphate to the 
endothermic reaction that liberates butyl nitrate. For 
example, the reaction between lithium nitrate and 
tributyl phosphate gives good yields (over 75%) of 
butyl nitrate of good purity. A minimum effort is being. 
continued to define the scope and limitations of this 
reaction. 

. . . . . . . . . .- 
1. Chemical Technology Division, 



6. Physical Chemistry 

Our work in physical chemistry is greatly expanded over previous years because of the 
addition of tnany programs from the former Reactor Chemistry Division. The research is 
greatly augmented in the study of molten salts, especially fluoride systems because of 
continued effort on the molten-salt breeder reactor concept, and i n  aqueous solutions of 
electrolytes over wide ranges of temperature and pressure. The combined effort has 
strong representation in the areas of heterogeneous and homogeneous equilibria with 
systems ranging from those of applied interest to those that are models that permit 
development of a more fundamental understanding of underlying theory. Our electro- 
chemical interests range from the analysis, removal, and recovery of a host of elements in 
solution to studies of transport phenomena and corrosion. Advanced filtration techniques 
continue to sliow great applicability to many pressing problems, while the more newly 
initiated st tidies of adsorption on activated carbon continue to demonstrate the 
fascinating properties of this material. 

AQUEOUS SYSTEMS 

PROBLEMS ENCOUNTERED IN DERIVING 
ACTIVITY COEFFICIENT VALUES FROM DATA 

ON MIXED ELECTROLYTE SYSTEMS’ 

M. H. Lietzke K. W. Stoughton 

We have considered the various types of problems 
that may be encountered in deriving activity coefficient 
values from data on mixed electrolyte systems. The 
most serious of these problems, and one which may 
lead to very poor values of the activity coefficient of at 
least one component in a mixture, involves the degree 
of statistical correlation between the parameters of the 
mathematical representation (or model) used in fitting 
experimental activity coefficient data on mixed elec- 
trolyte systems. This problem is by no means specific to 
activity coefficients but may be encountered whenever 
members from two sets of correlated parameters are 
combiiied to compute some desired quantity and not all 
of the members from each set are used in the 
calculation. The problem is not encountered in  the case 
of mixed electrolyte systems when osmotic coefficients 
are measured and fitted, since all the parameters 

estimated in fitting the osmotic coefficients are used in 
computing the activity coefficient of each component 
in the mixture. 

Another problem that may be encountered in calcu- 
lating activity coefficierrt values in mixed electrolyte 
systems is as follows: when several different treatments 
ace used in fitting the dara, it is often observed that the 
values of the activity coefficients are sensitive to the 
method of calculation used. For example, values of the 
activity coefficient o f  NaCl in HC1-NaCl mixtures may 
differ by as much as 1% or more, depending upon 
whether they were obtained by cross differentiation2 or 
by application of the “neutral electrolyte” treatment3 
to HCI-NaCl mixture data.4 This makes i t  impossible to 
state, for example, whether the activity coefficient of 
NaCl at 10°C in a 50: 50 mixture at I = 1 .O is 0.700 or 
0.709.4 It  has also been showns that similar results are 
obtained when the “neutral electrolyte” treatrnent and 
an ion-component treatment6 are applied to the same 
set of mixture data by the r t ~ l h o d  of least squares. The 
differences may partly result from ;3 difference in 
weighting when attention is focused oil the ions as 
compo~~ents  or on the electrolytes themselves. In 
addition, any approximations made in the derivation of 
the various models may manifest themselves differently 
and result in slight differences in the predicted values of 

75 
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the activity coefficients of the components of a 
mixture. 

In view of the difficulties associated with treating 
thermodynamic data on mixed electrolyte systems, the 
following recommendations are made. Whenever pos- 
sible, osmotic coefficient data should be used fur 
calculating the activity coefficient values of  each 
component in inixed electrolyte systems, because, as 
inentioned above, all the parameters obtained in the fit 
of the osmotic coefficients are used in calculating the 
activity coefficients, and the problem of statistical 
correlation between the parameters does not arise. If 
activity coefficient data must be used and parameters 
from two different least-squares fits must be combined, 
then activity coefficient values for each component in 
the mixtures should also be predicted using one of 
several proposed r n o d e l ~ ~ - ~  If much disparity is ob- 
served between the predicted values and values calcu- 
lated from the parameters of the least-squares fits, then 
the matrix of correlation coefficients (calculated from 
the elements of the least-squares inverse matrix) should 
be examined. If large correlations between any of the 
parameters are observed, then the predicted values are 
t o  be preferred as estimates of the activity coefficients 
of the components of the mixture. 

1. An abbreviated version of part of paper accepted for 
publication in the Journal of the Tennessee Academy of 
Science. 

2. N. Bjerrum, Z. Phys. Chem. (Lcipzig) 104, 406 (1923). 
3. G .  Scatchard, J. Amer. Chem. SOC. 82, 2636 (1961). 
4. M. 11. Lietzke and R .  W. Stoughton, J. Tenri. Acad. Scz. 

39, 30 (1961). 

5. M. 11. Lietzke and R. W. Stoughton, J. Solution Ckein. 1, 

6. G. Scatchard. R. M. Rush, and J. S. Johnson, J. Phys. 

7. P. J. Reilly, R. 11. Wood, and R. A. Robinson, J. Phys. 

299 (1972). 

Chetri. 74, 3786 (1970). 

Cherri. 75, 1305 (1971). 

THE STANDARD POTENTIAL OF THE 
Ag, AgBr ELECTRODE IN DBr SOLUTIONS’ 

M. €1. Lietzke T. J. Lemiiioiids2 

Although the standard potential of  the Ag, AgBr 
electrode has been r n e a ~ u r e d ~ , ~  over a wide range of 
temperature in HBr solution. it appears that the 
standard potential in the corresponding deuterated 
medium has not previously been deterniined. Accor- 
dingly, we have investigated the cell 

PI D2 ( p  = 1) IDBr(riz) in D2 0 IAgBr, Ag 

in the temperature range 2Qo-’7S0 using DBr solutions 
whose composition varied between ca. 0.005 and 0.1 m. 
From these data the standard potential of the cell and 
the thermodynamic properties of the DBr solutions (in 
D2 0) have been computed. 

Values of the standard potential E” of the cell are 
given in Table 6.1. Values calciilated on a molal basis 
are shown in columns A and B. while values expressed 
on an equal-moles-of-solvent (aquamolal) basis are given 
in columns A‘ and B’. For comparison, values of the 
standard potential of the corresponding protonated cell 
are shown in the last two columns of tht: tablc. 

Table 6.1. The standard potential Eo of the cell 
Pt ~ D2(p = 1) 1DBr(ni) IAgBr, Ag 

A“ Bb A’a B’b HBrC H S P  
._.______ . . . . . . . . . . .. . .. . . .. 

t ( O C )  
I. 

20 0.06314 0.06313 0.06807 0.06824 0.07340 
25 0.06014 0.06014 0.065 15 0.06534 0.07103 0.0712 
30 0.05706 0.05707 0.06215 0.06235 0.06845 
35 0.05391 0.05391 0.05908 0.05928 0.06575 
40 0.05067 0.05067 0.05592 0.056 12 0.06292 
45 0.04734 0.04735 0.05269 0.05289 0.05997 
50 0.04395 0.04395 0.04937 0.04957 0.05687 
5 5  0.04048 0.04048 0.04599 0.04618 0.05363 
60 0.03693 0.03692 0.0425 1 0.04271 0.05031 0.0499 
65 0.03330 0.03329 0.03896 0.03916 
70 0.02959 0.0295 8 0.03533 0.03554 
75 0.02579 0.02580 0.03 16 1 0.03 184 

“Values obtained by extrapolation at each temperature separately. 
bValues obtained by fitting all data at all temperatures and molalities simultaneously 
‘Harned et al., ref. 3. 
d ~ ~ ~ n s  et d.. ref. 4. 
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TaMe 6.2. Values of the logarithms of the activity 
coefficient of DBr ON an equal-moles-of-solvent basis 

1 ("C) m = 0.005a !?I = 0.01 m = 0.02 m = 0.05 m = 0.1 

20 I 1.9658 1.9536 1.9378 1.9109 1.8863 
I 

I - - - I 

25 - 1.9655 - 1.9532 i.9373 - 1 9 1 0 2  i.8855 
30 - 1.9653 1.9528 1.9368 1.9096 i . 8 ~  
40 - 1.9647 T.9521 i.9359 i.9086 i.8841 

- i.9513 - 1.9350 - i.9078 i.8838 

- 

- - 50 1.9641 
60 - 1.9635 - 1.9506 - 1.9342 1.9072 1.8840 
70 1.9628 1.9498 1.9334 1.9067 1.8845 

- 
- 

aMolality of DBr. 

Representative values of the logarithm of the activity 
coefficient of DBr on an equal-moles-of-solvent basis 
are shown in Table 6.2. These values are all lower than 
the corresponding values in the protonated system, 
averaging 0.22% lower in  0.005 m solution, 0.40% 
lower jri 0.01 m solution, 0.55% lower in 0.02 m 
solution, 1,Wh lower in 0.05 m solution, and lS% 
lower in 0.1 m solution. Examination of the corre- 
sponding activity coefficient values in the chloride 
system reveals that the activity coefficient of the 
deuterated compound (DC1 in DzO) is in each case very 
nearly the same percent lower than that of the 
protonated compound (HCl in HzO) at the same 
aquamolality value. 
-- 

1.  An abbreviated version of part of paper accepted for 
publication in the Joounml of Iriorgunic and Nuclear Chemistry. 

2. Graduate student, University of Tennessee, Knoxville. 
3. 13. S. Hamed, A. S .  Keston, and J. G. Donelson, J. 4FW?'. 

4. M. B. Townes, K. S. Greeley, and &I. H. Lietzke, J.  Pkys. 
Chem. SOC. 58,989 (1936). 

Chem. 64,1861 (1960). 

THE HYDROLYSIS OF CATIONS: A CRITICAL 
REVIEW OF HYDROLYSIS SPECIES AND THEIR 

STABILITY CONSTANTS M 
AQUEOUS SOLUTION' 

C .  F. Baes, Jr. K. E. Mesmer 

Hydrolysis reactions, which may generally be repre- 
sented 

xMZ+ + y H 2 0  *Mx(OH)y("Z + y H +  ; 

(1) 

(2.Uy = [ Mx(OtI)y("Z 3')+] [FI'Jy/[M"']" , 

are common to most cations. Because of the number 

and diversity of the hydroxide complexes which can be 
formed in solution, the resulting chemical behavior of a 
given metal in a given valence can be a complicated 
function of pH and concentration and - if the identity 
and stability of the hydrolysis products are not known 

quite unpredictable. Corlsequently there is a general 
need for sound knowledge of hydrolysis reactions in 
order to deal with the chemical behavior of the metallic 
elements in aqueous solution; our particular coiicerti is 
the necessity of such information which often arises in 
AEC-supported programs and in the NSF/RANN- 
supported programs at O W L  and elsewhere. 

The variety and complexity of the hydrolysis prod- 
ucts of metal cations have made reliable information 
difficult to obtain experimentally and have produced a 
rather large and conflicting literature in which the truth 
often lies hidden. We have undertaken to review this 
literature, first to bring together the reliable informa- 
tion concerning the identity and stability of the various 
hydrolysis products that are formed in solution, and 
then to gain therefrom some understanding of why 
cations produce such a variety of hydrolysis products. 
At this stage in the review, we feel the first objective 
can be accomplished satisfactorily, but the extent to 
which understanding can be gained remains to be seen. 

The review is now approximately two-thirds com- 
plete. It includes reviews of the methods of measure- 
ment, the interpretation of the data, and the hydrolysis 
of the cations of the pre-transition and post-transition 
elements. The elements remaining to be reviewed 
include the lari thanides, the actinides, and the transition 
metals. For each hydrolyzing species an attempt has 
been made to determine those hydrolysis products 
which have been well established, to tabulate their 
formation quotients ('Qxy) in various media, and to 
estimate their formation constants ( K x y )  at zero ionic 
strength. Included, as well, are similar data on the 
solubility of their hydroxides or oxides. 
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Mononuclear Hydrolysis Products species that causes the hydroxide or oxide precipitate 
to be at least slightly amphoteric (Fig. 6.1). 

The stability of the initial hydrolysis product gener- 
ally increases as the charge on the cation (z) increases 
and as the radius of the cation ( r )  decreases. Pre-transi- 

Almost without exception, lnetal ions (MZ+) prodlice 
mononuclear hydrolysis products in solution, usually a 
series of hydroxide complexes 

tion-netal cations show a fairly smooth increase of log 
K1 with z 2 / r .  In general the post-transition-metal 

cases this series includes at  least one anionic cations exhibit considerably higher values of K 1  1 .  
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Fig. 6.1. Predominance diagrams for mononuclear hydrolysis products. Ihe boundaries indicate pI1 values at which adjacent 
species occur at equal concentrations. In most cases the mononuclear specics will dominate over polynuclear species only if the total 
metal concentration is quite low (e.g., less than M. 
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The addition of successive QI-I- ligands to a hydro- 
lyzing cation generally i s  accompanied by a decrease in 
the siepwise equilibrium quotient 

typically by about one logarithm unit per step. There 
are numerous exceptions, however, again mostly among 
the post-transition-metal ions. The most notable excep- 
tions are the unusually stable neutral species of certain 
post-transition elements. Au(OH)~, ln(OII)3 , TI(QH), , 
Sb(OH), , Bi(OH)3, H g  OH), , Sn(OHI2, which are 
stable o w  wide ranges of pH (typically 6 units) which 
usually include the neutral pH region (Fig. 6.1). 

Polynuclear Hydrolysis Products 

Among polyvalent cations, hydrolysis species contdn- 
ing more than one metal ion are the rule rather than the 
exception. Such species not only cause difficulty in 
characterizing hydrolysis reactions, they also restrict 
the stability of  the mononuclear species to quite dilute 
solutions (typically less than M )  where the latter 
car] be studied only by solubility or extraction tech- 
niques. The most commonly occurring polynuclear 
species are suininarized in Table 6.3. It is noteworthy 
that Az2 for the corresponding formation reactiori 

is a fairly small number. In addition to these species, a 
few larger species are formed; these include 
All ,04(OH)24 '+ and Bi6COH)126+. 

As the review proceeds, trends in the stabilities of the 
polynuclear hydrolysis products will perhaps become 
apparent. For the present, we note that, unlike the 

Table 6.3. Polynuclear hydrolysis products 

Species Cations 
Ai?, 

reaction (1)  

2 
-2 

0 

-4 
+4 

0 

0 
2 

decreasing stability exhibited by successive mono- 
nuclear species, the stability of polynuclear species 
usually is such that they form readily from the initial 
hydrolysis product Thus the equilibrium 
coristant for the reaction 

,vMoH(~-~)+ M , ( O H ) ~ ( ~ ~  Y ) +  + cy x ) ~ ~ t  , (3) 

K x y / K 1  l y ,  is almost always greater than unity (Fig. 
6.2). All three species in this equilibrium can occur at 
equal concentrations when 

[MOH(Z-')+] 

(This is an approximation because we are neglecting 
activity coefficients.) With the exception of the rela- 
tively unstable M20H3" species, all the polynuclear 

(8 

16 

14 

12 

= 10 
Y 

(J, 0 - 
T 8  5r 

Y 

- E 6  

4 

2 

0 

- 2  
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Fig. 6.2. The equilibrium constant for reaction (3) as a 
function of the degree of polymerization of the polynuclear 
hydrolysis product. 'The straight lines indicate minimum con- 
wntrations o f  the unhydrolyzed cation a t  which a polynuclear 
species can become thc dominant hydrolysis product, 
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species for which log ( K x y / K l  ly) is plotted vsx  in Fig. 
6.2 give ( K ,  ly/Kxy)l/(x-l) values less than 0.01. 
From this it is evident that in these cases, polynuclear 
species can become dominant when the concentration 
of the unhydrolyzed cation is no more than 0.01 M .  
- 

1. This contribution is based on a review begun as a 
spare-time project of the authors. More recently, support has 
come in part from the National Science Foundation's KANN- 
EATC Program, the College of William and Maiy, and the 
USAEC. This summary is based on two parts of a three-part 
report (ORNL-NSF-EATC-3: Part I, January 1973; Part 11, in 
press). Acc0rdin.g to present plans, the completed review will be 
published as a book by John Wiley, 1nc.--1nterscience h b -  
lishers. The authors were formerly members of the Reactor 
Chemistry Division, now of the Chemirtry Division. 

PHOS G ACID DISSOCIATION 
EQUlLI N AQUEOUS SOLUTIONS 

TO 30OoC' 

K. E. Mesmer C .  F. Baes, Jr. 

The dissociation equilibria of phosphoric acid are 
important in many areas of chemistry and geochem- 
istry, but these reactions have not been adequately 
determined at temperatures above 60°C. Using a re- 
cently developed potentiometric technique for precise 
acidity measurements, we have studied the dissociation 
equilibria in dilute phosphoric acid solutions in KC1 
media to 1 m and to 300°C. The utility and precision of 
this technique using a hydrogen electrode concentration 
cell have been previously demonstrated by measure- 
ments on the dissociation equilibria of water itself- and 
of boric acid3 and also in the evaluation of transport 
numbers for hydrochloric acid to 2OO0C.4 

A mathematical expression was fitted to  the data in 
order to provide a means of smoothing and for 
interpolation and extrapolation to  practical conditions. 
Also, this enables one to derive the thermodynamic 
data associated with the reactions analytically as well as 
to test the form of classical models which have served 
well for t i le  analysis of data at low temperatures. The 
more accurate data which were previously reported over 
the 0 to 60°C temperature range at low ionic strengths 
were combined with the data of Fig. 6.3 for this 
purpose. 

First neutralization. The following expression repre- 
sents the data for log Q1 (Fig. 6.3a), including the data 
of Bates,s for the first neutralization reaction, 

with an agreement factor of 0.8: 

log Q, = 1.76558 X I04/T i 39.1274 ln,T 

0 .03254051 '~  8.10134 X 1OS/TZ 

253.198 + 0 .1521~7 /+  0.00105195/T 

+ 0.1401 1913/* ~ 0.0013143T/3/2 . 

The reaction is accompanied by no change in the 
charges on the reactants and products, and therefore a 
small ionic strength effect is expected, just as in the 
case of boric acid. The change in log Q in going from 
infinite dilution to ionic strength of unity is only 0.2 at 
25°C and 0.1 at 300". 

Second neutralization. The second neutralization 
reaction, 

is somewhat more accurately determined since the free 
hydrogen and hydroxide concentrations are small over 
most of the conditions studied. Using our data for log 
Q2 (Fig. 6.36) along with the data of Bates and Acree,6 
the following expression was obtained: 

3.22082 X lO-'T ~ 8.97579 X 10S/T2 

.. . . 2.41 I =  
246.045 + ~ 

1 + (-0.1 10812 + 0.01 13329T)A'11/2 

0.5258841 + 0.001998917' + 0.453717I3/* 

0.001 4Q089Tf3/2 , 

where 

A = ~ 2.97627 f 4.80688 X 10-*T 

- 2.69280 X 10-'T2 + 7.49524 X 10-7T3 

1.02352 X IO-'T4 + 5.58004 X 10-'311'5 

and 

A ' ; =  0.4125A1/3 . 

Here A is the Debye-liuckel coefficient expressed as a 
power series in T for convenience. In this treatment, 11 
parameteis have been evaluatzd by least squares, and 
the agreement factor obtained was 1.3. This is the same 
form as was previously employed to fit data on the 
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Fig, 6.3. Stepwise neutraiization quotients for phosphoric acid. (a) The dependence of log Q1 for the neutralization of the f i s t  
proton of 61:,p04 on ionic strength ;ind tcmpcrature in KCI media. ( h )  The dependence o f  log &z for the neutralization of the second 
proton of I-I,PO, on ionic strength and temperatrlre in KCI media. 

dissociation of water, where Az2 was ;Jso equal to 2; 
Az2 is defined as the difference in value o f  the siinl of 
rw2 of the products and that of the reactants, where n 
is the tinmber of moles of ionic species of valence z .  
The magnitude of the salt effect on this equilibrium is 
sompared in Table 6.4 with that found for the 
dissociation of  1-12 0 in KC1 and also with that reported 
by Liu and Lindsay' for h e  square of the mean activity 
coefficient of NaCl in NaCl media. The quantity 

Was divided by ~ H ~ O  and ? H +  Y O H - / ~ , - [ ~ ~  ww 
multiplied by a~~ 0 to obtain the quantities tabulated. 
These data indicate that there i s  probably no significant 
difference at I = 0.1 in these values except possibly at 
300°C, where their uncertainty is greatest (probably 
0.04 unit). At an ionic strength of unity,  more 
significant deviations are seen at 100" to 150°C and 
also at 300°C. 

1. Abstracted from paper submitted for publication in J. 
Solution Chemisrry. Work performed in the Raactor Chemistry 
Division. 
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a tti KCl 
H 2 ,  Pt 0.020 m KO11 0.0’21 m NP140H 

(reference) 0.020 rn NIJ4 C1 

I = 0.1 I = 1.0 
T (“C) 

Case A Case B Case C Case A Case R Case C 

100 -0.26 -0.28 -0.25 -0.37 -0.62 0.42 
150 -0.31 -0.31 -0.30 -0.47 0.68 -0.51 
200 - 0.37 0.35 -0.36 -0.63 -0.74 -0.65 
250 -0.48 -0.40 0.44 -0.89 -0.81 -0.85 
300 0.65 -0.48 -0.59 1.33 0.90 -1.17 

Pi, H2 

2. F. H. Sweeton, R. E. Mesmer, and C. F. Baes, Jr., J. 

3. R. E. Mesmer, C. F. Baes, Jr., and F. K. Sweeton, Inorg 

4. 1). I ) .  Macl)onald and D. Owen, Can. J.  Chern. 51, 2747 

5. R. G .  Rates, J. Res. Nut. Bur. Stand. 47, 127 (1951). 
6. R. G. Bates and S. E’. Acree, J. Res Nut. Bur Stand. 30, 

7. C. Liu and W. T. Lindsay, J .  Solution Chem. 1,45 (1972). 

Solution Chem. 3,191 (1974). 

Ckem. 11, 537 (1972). 

( 19 7 3). 

129 (1943); 34,373 (1945). 

HIGH-TEMPEIIATURE EQUILIBRIA IN 
LIGHT AND HEAVY WATE 

R. E. Mesmer B. F .  Hitch2 D. Merting3 

Experimental work has been completed on studies of 
the dissociation equilibria in  several important buffering 
systems at high temperatures: NH3 and amines (cyclo- 
hexylamine and morpholine) in light water, and 13,O 
itself and D2PQ4- in heavy water. 

Ammonia. Ammonia is used in nuclear-reactor and 
boiler applications for pH control at high temperatures. 
The dissociation equilibrium 

has been studied from 50” t o  300°C at  KCl concentra- 
tions from 0.04 t o  3.3 m at pressures up  t o  100 bars 
with the flowing emf cell with the representation 

Previously this equilibrium had been studied by poten- 

tiometric methods to 50°C and in diliute solutions by  
conductance to  343°C. Our results extrapolated to the 
saturation pressure of water are shown in Fig. 6.4, 
where the curves were calculated from a 15-parameter 
expression used for smootliing the data. 

A comparison of the change in heat capacity for the 
dissociation of ammonia [reaction ( l ) ]  with that for 
the ionization of water shows the close similarity over 
the whole temperature range at infinite dilution. 
Sudden wide divergences occur at temperatures above 
250°C and at high concentrations of KCl and suggest 
the association of HC1 in these solutions. The change in 
volume for the dissociation of NI13 is 35% greater than 
that for the ionization of  water a t  low temperatures and 
about 15% greater a t  250°C. I t  is also interesting to  
note that ammonia exhibits maximum buffering ca- 
pacity on the acidic side of  neutral at 300°C at infinite 
dilution. The transition froin the basic character to 
acidic character at (NH,+)/(NH,OH) = 1 occurs a t  
about 220°C. 

Amines. The use of volatile amines for the control of 
pH and for corrosion protection in the condensate of 
boilers is a common practice in the power industry. I‘he 
most commonly used amines are piperidine, cyclohexyl- 
amine, and morpholine. The latter two were selected 
for our study at high temperatures because they 
represent two different classes of  basicity, one (cyclo- 
hexylamine) inore basic than a-mmonia and the other 
(morpholine) less basic at low temperatures. The 
quotients for the dissociation equilibria, 

I 1001” 
4.0LL ....... 1 ....... -1 1 I ......... ! ~ ~ . .  ........ J 
0 0.5 IO 1.5 2.0 2.5 3.0 3.5 

Z(m) 

Fig. 6.4. The dissociation quotient for ammonia in aqiaeous 
KCI at the saturation pressure of water, as a function of the 
ionic strength (1). 



83 

are given in Table 6.5 along with the corresponding 
values for H 2 0  atid NI13. The measurements were made 
in 0.08 rn KCl for both bases with the flowing emf cell. 
Estimates of log K values can be made with good 
reliability using the ~ N H ~ + Y O ~ - / Y N H  ratio in the 
same medium. The results show very different tempers- 
ture coefficients for these two amines and also that the 
log Q for niorpholine is nearly equal to that for NH3 at 

50 
I00 
I50 
200 
250 
301) 

Table 6.5. Values of 1% Q for the aqueous 
dissociation equilibria 

H 2 O + t I z O p t H 3 0 + + 0 1 - 1 - ,  
RNH2 -t HzO + RNH3' + OH- 

__ __I_ 

W2 0, N H 3 ,  Cyclohexylamine, Morpholine, 
I = 0.m I = 0.10 1 = 0.08 I = 0.08 

-13.05 ---4.49 -3.27 -5.09 
-12.00 -4.59 -3.51 -4.94 
-11.33 -4.83 -3.86 .- 5.00 
-10.93 -5.17 -4.28 - -  5.20 
--10.72 -5.58 --4.75 - -  5.52 
-10.65 -6.03 

l_l __i 

250°C.  At that temperature, cyclohexylamine remains a 
stronger base. 

D 2 0  and DJ'O4-. The dissociation ecluilibria of DzO 
and D2P04- were studied from SO" to 293°C 111 0.2 rn 
KCI using the titrationcnif assembly. These represent 
the first measurements of the deuterium isotope effect 
on such equilibria at high temperatures. At 50°C the 
dissociation quotient (Table 6.6) f-or light water is 
about 8.5 times that for heavy water, and this effect 
decreases to 4 times at 293°C. At 50°C the dissociation 
quotient for ft2P04- is 3.3 times that for 112P04-,  and 
at 293°C this becomes 2.2 times. The comparison in 
Table 6.6 sliows a slight variation with temperature in 
both cases for the fractiorial change in the quotients, 
log (QH/Q,)/log QH. There is an approximate pro- 
portionality of log (&/&) with 1/T for both cases. 
From these results and the known magnitude of 

estimates can be made for log Q ,  at other ionic 
strengths after currecting the Debye-Huckel liniitiiig 
slope for the difference in densities and converswn to 
an equal-moles-of-solvent basis. 

YH+YoH-/a€lzo  and YH rt,,2-YH'/YH2 P o 4 -  good 

I .  Work performed in the Reactor Cliemistry Division. 
2. Chemical Technology Division. 
3. OKAU Sumrnar Student Trainee from the Uriiversity of 

South Dakota, Veimillton, 1973. 

FLUORINE-19 NUCLEAR MAGNETIC RESONANCE 
STUDIES ON FLUOROBORATE SPECIES 

1N AQUEOUS SOLUTION' Table 6.6. Deuterium isotope effects in 0.2 M KCI 

50 
100 
L50 
200 
250 
293 

Dissociation of  water 

HzO f HzO + R30' + OH-, 
D z 0  + D 2 0  .+ D,O+ + OD-, 

13.003 -13.934 
- 12.81 1 

11.265 -12.077 
-10.837 - 11.598 

10.579 -11.293 
-10.482 - 11.099 

--I 1.9 50 

Dissociation of R2PO4- 

QH 
Qv 

-0.072 
--0.072 
-0.072 
.- 0.070 
-0.067 
-0.059 

H z P 0 4 ~  + H2O * H30'  + kfpU42-, Qfi 
D ~ P O ~  .t D ~ O  -" D ~ O +  + DPO~'-, eu 

50 --6.587 -7.100 --0.078 
100 -6.651 --7.112 ---0.069 
150 -6.795 --7.245 ---0.066 
200 .. 7.000 -7.439 ---0.063 
250 --7.238 -7.663 -0.059 
29 3 --7.483 -7 3 4 2  -0.048 

R. E. Mesrner A. C .  Rutenberg' 

The behavior of fluorobora tes in water has been 
recently sl tidied potentiometrically3 to determine the 
composition of species whicli are present in metastable 
amounts with respect to equilibrium with BF4'. Be- 
cause the BF4- ion is kinetically slow to form except in 
highly acidic media, orily [lie species UF, OH-, 
BF2(0H),-, arid BF(OH),- are present after short times 
when adding fluoride to boric acid solutions. 

Kuhlmann and Grant4 have shown that the I 9 F  
resonance of BF'a- produces a quartet of equivalent 
lines with a coupling consimt for the B-F interactions 
to 1 to 4 Wz depending on the concentration and nature 
of the cations. Also, the B spectra for 7 IM WaRF4 
solutions exhibit the sharp 1 :4:6:4: I quintet expected 
for the I B coupled to four equivalent F nuclei with a 
coupling constant of 4.6 Hz. By boiling solutions 
containing NaBF4 in the presence of calcium carbonate, 
a small amount. of hydrolysis was effected,and the "F 
and B spectra were observed for what was believed to 
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be BF30H-. A weak 9 F  quartet was observed 6.2 ppm 
dowrifield from the BF,- quartet. The I B resonance 
spectrum consisted of a partially resolved quartet with a 
coupling constant of 12.7 Hz. The wider resonance lines 
of BF30H- compared with BF4- are attributed to the 
quadrupolar broadening in the unsymmetrical BF30H'. 

We have examined the 1 9 F  spectra of solutions 
expected to contain BF30H-, BF2(0H)-, and 
BF(OH)3- in different amounts. Estimates of equilib- 
rium quotients were made from these data along with 
potentiometric measurements of hydrogen ion and 
fluoride ion concentrations. 

Figure 4.5 shows spectra of a solution containing 1 rn 
NaBF30!-I and 1 in NaB(OH)4 (i.e., an F:R ratio of 1.5 
and a boron concentration of 2 in) at temperatures 
from 0" to 65°C. The peaks (27°C) at about -16, -23, 
-30, and -44 ppm are assigned, respectively, to BF,-, 
BF,OH-, B F 2 ( O I 9 . ~ ,  and a combination of free 

fluoride and BF(OI-I)3.-. The assignments of the BF4--, 
BF,(OH)-, and F- peaks were made by addition of 
these ions under conditions where they persist at 
equilibrium and by comparison with spectra reported in 
the l i t e r a t ~ r e . ~  ,6 At 0" the resonance peaks for the free 
fluoride and the BF2(OH)2- are well resolved brit 
devoid of fine structure. At 27" these two peaks are 
partially overlapping, and at 65" they are completely 
coalesced at the mean position, as expected for ex- 
change between equally populated sites. The lifetime 
for fluorine on BF2(0H)2- was estimated at 27" to be 
0.6 msec, but a detailed analysis of this reaction in 
terms of the rate law was not attempted. This lifetime is 
shorter than that reported by Connick and Poulson7 
for A1F2+ (16 msec). The activation energy estimated 
from the peak: separation at 27" and the peak width at 
65" is 14 kcal/mole. This quantity does not correspond 
to the exchange process alone, however, since the 

ORNL-DWG 72-4376 
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Fig. 6.5. 9 F  spectra of a solution with the composition 1 m NaUF3OH and 1 m NaB(QH), (F:B ratio of 1.5) as a function of 
temperature (C6F6 reference). 
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equilibrium is  also expected to shift with temperature. 
These direct observations of the fluoroborate species, 

along with poteritiometric data for the ti' and F- 
concentrations, enable us to obtain estimates of the 
equilibrium quotierits for the reactions 

N(OH)3 + xF - + (x I)H e 

* BFx(O€Q4 x- f (X ~ 1)H20 I 

Nmr peaks cannot be integrated with great accuracy, 
especially for the species with broad signals resulting 
from exchange. Calculations were made from measure- 
ments at 27" and O", where signals for the composite of 
F- -t BF(OH)3- were observed. The agreement with the 
previous data3 is satisfactory and gives semiquantitative 
evidence for the validity of the assignments made here. 

1.  Abstracted from paper, Inor-g. Chum. 12, 699 (1973). 

2. Now of the Product Chtificatiori Division, Y-12. 
3. R. E. Mesmer, K. M. Palen, and C. 12. Baes, Jr., fnorg. 

4. IC. Kuhlmann and 13. &I. Grant, J. Phys. Chern. 68, 3205 

5. I. G. Ryss and h2. M. Slutskaya, J. Gcn. Chem. KSSR 22, 

6 .  M. Noshiro and Y. Jitsugiri, Bunseki Kugukcc 18, 1200 

7. K. E. Connick and K. E. Poulson, J. Amer. LRern. Sou. 79, 

Work performed in the Reactor Chemistry Division. 

C'hern 12,89 (1973). 

(1964). 

451 (1952). 

(1969). 

5153 (1957). 

STUDIES ON THE VAPORIZATION OF 
METHYLMERCURY COMPOUNDS AND THEIR 

HALOGEN DECOMPOSITION USING GAS 
CHROMATOGRAPHY WITH A 

MICROWAVE DETECTOR' 

Y. Talmi' R .  E. Mesmer 

Oiganic mercury compounds, primarily (CH3)2 Hg 
and CH3HgX, are known to play an important role in 
the toxicological behavior of mercury. Knowledge of 
i tie factors affecting the movement and transformations 
of these substances is of obvious importance in under- 
standing and controlling the hazard. Biological trans- 

formations of inorganic to organic or methylated 
mercury have been reported under both aerobic md 
anaerobic condii.iotis for several years,3 ,4 and yet many 
of the physical and chemical ptoperlies of  the meth- 
ylated forms of mercury are unknown. 

The volatility of the CH3HgX salts and their solutions 
is unknown, and an estimate of the solubility of 
(CHa j 2  Hg in wxter has only recently been reported.' 
Our work is addressed to some of (he properties of 
organomercury compounds which have significance in 
their environmental behavior as well as in their ana- 
lytical determination. To obtain such data in dilute 
solutions, highly efficient separation techniques as well 
as very sensitive detection is required. The combination 
of gas chromatographic separation with a microwave 
plasma emission spectrometric detector (GC-MES) has 
proven capable of meeting ihese demands. Two 
methods have been applied in the determination of the 
distribution coefficient, K ,  (dimensionless), for the 
partition of (CH3)2Hg between a gas phase (air) and a 
water phase: (1) analysis of both phases and (2) 
successive analyses of the gas phase. There is excellent 
agreement between the results of the two methods. The 
value for the distribution coefficient is 0.31 at 25" and 
0.15 at O"C, which leads to a value o f  ---4.5 kcal/mole 
for the heat of dissolution of(CH3 j2Hg gas: 

(CH3 12 Hg(d e (CH3 )2 Hdaq) ' 

Although (CH3)*Hg is distributed toward the vapor 
phase, one midi t expect a much greater tendency for a 
nonpolar linear molecule such as this. The relatively 
polar C 0 2  molecule, in contrast, has a distribution 
coefficient greater than (C€i,),Hg; the K ,  for C 0 2  
from the data of Helgeson6 is I .19. 

The solubility of CH3HgCl calculated from the 
equilibrium data in the literature is 0.0200 M (SO20 
ppm). We have obtained a value for the solubility of 
CH3HgCl of 0.0236 M (5930 2 115 ppm) in water and 
0.0230/1.1(5780 5 180 ppm) in 1 M NaCl at 25°C. 

Table 6.7 summarizes data on the vapor pressure of 
CH3 IigX above the solids CH3 HgCl 2nd CH3 HgOH. 

Table 6.7. Vapor pressures of CH3HgX 
___ 

T CH3HgX concentration Vapor pressure 
(OC) in vapor phase (nglml) (IL Hg) 

Sample NU 
-- 
C83 HgCl( s j 15 22 1.54 + 11.4 11 . I  ? 0.8 
CH3HgCl(sj 3 0 12.1 + 2.3 0.80 ? 0.2 
CH3 HgOH(s) 2 22 77.4 f 7.6 5.6 :! 0.6 
CH3BgCl(aq), 1000 ppm) 12 2% 27.8 t 4.1 2.0 ? 0.3 

.-_____l__l_ll_lll_ 

'Number of determinations. 
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Since the chromatographic retention times for both 
CH3 HgCI and CH3 HgOH are indistinguishable, the 
species in the gas phase could not be specifically 
identified. Figure 6.6 shows the effect on the vapor 
concentration above a solution of 0.004 M CH3HgCl 
with varying pH due t o  additions of NaOH at  22°C. 
Plotted on the same graph is the distribution of 
methylmercury as CH3 HgCl(aq). At  these concentra- 
tions, CH3Hg+ is a vety minor species (less than 2% of 
the mercury), and CH3MgOH(aq) forms at high pH. 
When the two curves are superimposed at  low pH 
values, the failure of the vapor concentration curve t o  
approach the axis at the same rate as the distribution 
plot of CI13 I-lgCl(as) indicates that CH3 HgOH(aq) 
probably contributes t o  the vapor composition in the 
high-pH region. 

It was discovered that very rapid photochemical 
reactions of CH,HgX with I2 or Br2 at very low 
concentrations take place in water at room tempera- 

ORNL-DWG. 73-9088R 

BO g 

iI" 
z 

40 

W 

120 $ 
J $  n 

1 ,., I .I 
5 6 7 8 9 1 0  I <> 

PH 
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Fig. 6.7. The first-order disappearance of CH3HgCI in the 
presence of excess I 2  under constant rllumination. 

ture. Such reactions offer a potential means for the 
destruction of CH, HgX from laboratory or industrial 
discharges. In addition, the reaction with I2 is an 
important potential source of  error in analytical pro-  
cedures utilizing the high extractability of the CI-13 f lgl 
species. This reaction produces CH31 and Hg12(s) as 
follows: 

CH3 HgCl(aq) + I2 + CH3 11 i- 'A  Hg12 (s) + 'j2 HgCl2 (as) . 

The dependence of the slopes in Fig. 6.7 on the I2 
concentration shows that the reaction is bimolecular. 
Actinometry was not conducted on this system, but the 
observation was made that fluorescent lighting with a 
continuous spectrum over the range 380 t o  750 imi 

with superimposed mercury lines was sufficient t o  
induce the reaction; the experiments were conducted in 
the laboratory, where the light intensity was about 
average (80 ft-c). The reaction essentially stops when 
the I2 hydrolyzes at high pH. 
~ ~ 

1 .  Abstracted from paper submitted to Water Reseorch. 
Research carried out under the ORNL-NSF Ecology and 
Analysis of Trace Contaminants program, sponsored by 
NSF/RANN, under Union Carbide Corporation's contract with 
the U.S. Atomic Energy Commission. 

2. Analytical Chemistry Division. 
3 .  A .  Jensen and A. Jernelov, Riocidinformation 10, 3 

4. J .  M. Wood, E'. S.  Kennedy, and C. G. Rosen, Nature 

5.  G. A. Parks, Stanford University, private communication 

6 .  13. C. Helgeson,J. Phys. Chem. 71,3121 (1967) .  

(1967);  14, 3 (1968);Nature (London) 223, 7 5 3  (1959) .  

(London) 220, 173 (1968) .  
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LIQUID-VAPOR CRITICAL TEMPERATURES OF 
AQUEOUS ELECTROLYTE SOLUTIONS' 

W. L. Marshall E. V. Jones' 

Liquid-vapor critical temperatures (t,) of 2 1 separate 
sets of single electrolyte aqueous solutions, determined 
earlier in this program, were evaluated on  the basis of 
relative ion association, hydration, ion size, and re- 
versible and irreversible decomposition. The dissolved 
electrolytes considered at  molalities up to 1.5 -2.5 were 
LiCl, NaC1, KCI, KBr, KI, CsN03,  K H S 0 4 ,  Nfi4Cl, 
NH4 HC03 (NH4)2C03, (NII4)2 SO4, CaC12, MgC12, 
Mg(N03)2, HCI, HC1Q4, mO3, CH3COOH, H2 SO4, 
H3P04, and H, BO, I 

The alkali halide solutions produced the greatest 
increase in 1, from that of  pure water (fc = 374.2"C), 
where at 2 m all values of t ,  were in the range of 450" 
to 480"C, providing an increase of +SO" to +11O"C. 



Several of lhe acids (H2S04, H3P04,  H 3 B 0 3 )  and 
divalent salts [CaC12, MgC12 ! ~ l g ( N 0 ~ ) . ~ ,  (NH4)2S04 1 
showed intemiediate increases, while particular solutes 
[HCI, HCD4 , (Nl&j2CO3, NH4TIC03, CH3C00H] 
gave veiy little change from t ,  for water. 

Critical temperatures of aqueous solutions are impor- 
tant in establishing the presence or absence of liquid- 
vapor heterogeneity of multicompotient geothermal 
solutions. This knowledge i s  of fundamental interest 
and is also directly applicable to geothermal power 
prospecting. 

1.  Surnmary of' paper to appear in J. Inorg. Nucl. Ckem. 

2. Deceased. 
(1974). Work performed in the Reactor Chemistry Division. 

LIQUID-VAPOR CRITICAL TEMPERATURES 
OF SEVERAL AQUEOUS-ORGANIC AND 

ORGANIC-ORGANIC SOLUTION SYSTEMS 

W. L. Marshall E. V. Jones' 

Liquid-vapor critical temperatures tf,) of several 
two-component aqueous-organic and organic-organic 
solution systems, studied earlier in this program, were 
interpreted on the basis of concentration (moles per 
liter) of the components, rather than composition 
(weight percent, mole fraction). The systems considered 
were methanol-water, ethanol-water, acetone-water, 
tetrahydrofiirafl-water, dioxane-water, benzene-toluene, 
and acetone-ethanol. 

When t, was plotted against the molarity of water, 
the values of 1, for the systems methanol-water, 
ethanol-water, acetone-water, and tetraliydrofuran- 
water fell on one cuwe from moderately low M(H20) 
[tc 270"C] to pure water (t ,  = 374"C), as shown in 
Fig. 6.8. This superposition of the four curves simpli- 
fied the description of the systems and may reflect a 
common hydrogen bonding characteristic of these 
two-component solutions. The critical temperatures for 
the system dioxane-water failed to superimpose even at 
moderately high M(H2 0) (Fig. 6.8). Dioxane, however, 
would not be expected to exhibit much hydrogen 
bonding. 

The study of the two organic-organic systems 
benzene-toluene and acetone-ethanol produced 
smoothly varying critical curves between values of t, 
for the pure components (t,: benzene, 29O"C, toluene, 
320°C; acetone, 238°C; ethanol, 243"C), as shown in 
Fig. 6.9. TJse of :i molarity scale for describing these 
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Pig. 6.8. Liquid-vapor critical temperatures of the systems 
methanol-water, ethanol-water, acetone-water, tetrahydro- 
furan-water, and dioxane-water plotted against molarity of 
water. 

3 8 0 , ~ ' ~ ~ . . ~  ORNC-DWG 73-12232 :i 
Benzene-Toluene 

0 Acetone-Ethanol 

0 0 2  0 4  0.6 0.8 t.0 
VOLE FRACTION ( N )  OF TOLiJENE OR ETHANOL 

Pig. 6.9. Liquid-vapor critical temperitures of the systems 
benzene-toluene and acetone-ethanol plotted against mole 
fraction. 

two organic-organic systems produced approximately 
the same type of symmetry. 

These studies complement the analogous studies oft, 
for aqueous electrolyte solutions3 and may lead to 
greater understanding of liquid-vapor critical phe- 
nonieiia of solutions. Future applications to predictions 
of high-temperature aqueous behavior are anticipated. 

~~ 

1.  Summary of paper to appear in J. Znorg. Nitcl. Chem. 

2. Deceased. 
3. W. L. Marshall and E. V. Jones, "Liquid-Vapor Critical 

Temperatures of Aqueous Electrolyte Solutions," the preceding 
contribution, this report. 

(1974). Work performed in the Reactor Chemistry Division. 
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EFFECT OF PRESSUXE ON LIQUID-LIQUID 
IMMISCi BI1,ITY OF HIGH-TEMPERATURE 

AQUEOUS SQLUTION MIXTURES OF 
URANYL SULFATE AND SULFURIC 
ACID, 280-45OoC, 75-1800 BARS' 

W. t. Marshall J. S.  Gill' 

An important variable in the study of aqueous 
solutions at high temperature is hydrostatic pressure. In 
earlier investigations under this program, the effect of 
pressure t o  330 bars on two-liquid-phase formation of 
UOz SO4 +I2 0 solutions was ~ t u d i e d . ~  In later work, an 
optical cell for withstanding much higher pressures at 
high temperatures was developed, and similar studies on 
U02S04  -Hz 0 solutions weie performed t o  2000 bars. 

I t  has been shown that the temperature of appearance 
of liquid-liquid immiscibility in these systems is an 
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approximate function of the product of dielectric 
constant tinics the absolute temperature (DT), a highly 
important quantity in electrostatic theory of electrolyte 
solution behavior. The results show that the tempera- 
ture of  first appearance of two liquid phases in the 
above systems may be raised by  as much as 135°C 
through application of hydrostatic pressures u p  to  1800 
bars, the initial imniiscibilily temperature at saturation 
vapor pressure being in the vicinity of  300°C. 

1 .  Summary of paper to appear in J. Inorg. and Nucl. Chem. 

2.  Fresent address: Department of Public Health, State of 

3.  W. L. Marshall and J .  S. Gill, J. Iriorg. Nucl. Chein. 25, 

(1974). Work perforrncd in the Reactor Chemistry Division. 

l'ennessee ~ Nashville. 

1033 (1963). 
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ic 

Fig. 6.10. The solubility of CaS04 (anhydrous) in NaNO3-H2O solutions as a function of the ionic stxngth ( I ,  molal units), 
125 --35W C. 
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DEBYE-HUCKEL CORRELATED SOLUBILITIES 
OF CALCIUM SULFATE IN WATER AND 1N 

AQUEOUS SODIUM NITRATE AND LITHIUM 
NITRATE SOLUTIONS’ 

W. L. Marshall Kuth Slusher’ 

T ~ I  order to test further the application of the 
Uebye-I-iuckel theory in describing solubility behavior 
a t  high temperatures, the solubility of calcium sulfate 
was determined in aqueous sodium nitrate and lithium 
nitrate solutions to 350°C. Figures 6.10 and 6.1 1 show 
the solubilities obtained together with other published 
values, where the logarithm of the molal solubility is 
plotted against an extended Debye-Huckel function, 
$/(I + 1.5 d), and where I is the ionic strength in 
units of molality. The solubilities are observed to 
adhere reasonably well to the extended Debye-IIiickel 
theory at the experimental temperatures of 125 to 
350°C to ionic strengths of 1 rn, but show divergences 
at higher ionic strengths. 

..... - 
.... 

~ 

Solubilities of calcium sulfate in water over the 
temperature range 125” to 350°C obtained in this study 
are compared in Fig. 6. I2 with earlier published values. 
While there is still some uncertainty in the values for 
the solubility of calcium sulfate above 250°C, the 
present values and those of Templeton and Rodgers3 
are believed to best approximate the true solubilities to 
the highest temperature. Fundainental knowledge of 
calcium sulfate solubilities in high-tetnperature water 
and its electrolyte solutions is of direct application in 
predicting scale formation for  water desalination, 
geothermal power, and other high-temperature water 
technologies. 

- 
1 .  Summary of paper, J. them. Thermodyrr. 5 ,  189 (1973). 

2. Now of the Computer Sciences Division. 
3 .  C .  C. Templeton and J .  C .  Rodgers, J.  Ckem. Eng. Data 12, 

Work performed in the Reactor Chemistry Division. 

53G (1967). 
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Fig. 6.1 1.  The solubility of CaS04 (anhydrous) in LiN034420 solutions as a function of the ionic strength (I,  molal units), 
125-350°C. 
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CALCIUM SULF,4TE SOLUBILITY IN BWACMdSN 
WATER CONCENTK4TES AND APPLICATIONS 
'TO HYPEKFKTRATION (REVERSE OSMOSIS), 

FBLYPWOSPHATE ADDITIVES1 , 2  

L. R. Yeatts3 P. M. Lantz4 
W. I,. Marshall 

The solubility of calcium sulfate dihydrate, a sub- 
stance which can impede hyperfiltration [reverse osnio- 
sis (MO)] by saturation precipitation in RO membrane 
pores. was determined at 25°C in three ty-pical brackish 
water compositions and their concentrates. These 
waters were synthetically prepared and corresponded t o  
compositions and concentrates of well waters used by 
the Office of Saline Water RO plants at Gillette, 
Wyoming, and Webster, South Dakota. and to those of 

10 20 30 40 50  60 70 80 90 I00 
D E P L E T I O N  OF CALCIUM ( % )  

Fign 6.13. Effect of calcium depletion upon the expel% 
mentally derived saturation concentration factors for brackish 
water? from Callette, Wyoming, Webster, South Dakota, and 
Wellton-Mohawk, Arizona, at 25" C. Saturating solid i s  
CaS04. 2 H 2 0 .  

a post-irrigation water from the Wellton-Mohawk Canal 
in Arizona. In this study, a commercial solid poly- 
phosphate preparation, Calgon, was shown, when added 
in small amounts (5 t o  40 ppm in unconcentrated 
solutions), initially t o  produce an apparent increase in 
the saturation concentration of CaSO,! -21-120 (the solid 
phase), Later (two to six days), the solution concen- 
tration of CaS04 decreased to near the expected 
solubilities in the absence of Calgon. 

Figure 6.13 shows experimentally obtained saturation 
concentration factors for the three representative 
waters, plotted as a function of initial depletions of 
calcium. Our successful method of calculation of the 
solubility of CaS04  and its hydrates in variolrs saline 
waters i s  found t o  apply equally well t o  the calculation 
of saturation limits of CaSO4.2K2O in the present 
waters and concentrates. Calculations of maximurii 
possible water recoveries and of other parameters that 
are of direct application t o  RO processes have been 
made; the method should be uef i i l  in predicting 
properties of other waterc. 

. . . . . . . - 
I .  Research sponsored by the Office of Saline Water, U.S. 

Department of the Interior, under Union Carbide Corporations 
contract with the U.S. Atomic Energy Coinmission. 

2.  Summary of paper to appcrii i n  Desn/innrion (1974). 
3 .  Now of the Health Physics Division. 
4 .  Now of the Anilylical Chemistry Division. 
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ADVANCED FILTRATION OF WASTE WATERS 

J.  S. Johnson, Jr. 

The Water Research Program's work on advanced 
filtration techniques during this year was directly or 
indirectly almost entirely aimed at pollutioti abatement 
problems. Support came from the AEC and the 
National Science FoundationlKANN, along with a 
mjnor contribution specifically for dye wastes from the 
Environmental Protection Agency (EPA). Included at a 
low level has been membrane development for specific 
purposes, and somewhat more attention to assembling 
and testing of porous supports in practical modules. 

With respect to types of waste streams, we have 
directed significant effort t o  food wastes and herbicide 
effluents, in addition to those classes for which we give 
examples of tests below. 

Kraft Wastes 

R. E. Mintrirn C. G .  Westmoreland 
N. E. Harrison 

Work with kraft effluents, in cooperation with Inter- 
national Paper Company (IPCo), has focused primarily 
on two points in the process.13' In one, discussed last 
year,3 we have attempted by hyperfiltration to concen- 
trate the sulfur-containing solutes, along with impuri- 
ties, in pulp-washing effluents enough for introduction 
into tlie chemical recovery system and, at the same 
time, lo produce purified hot filtrate for recycling in 
the operation. In the other, lower pressure operation4 is 
used to filter colored substances, largely lignin deriva- 
tives, and other organic material from effluents gen- 
eratcd in the bleaching of the pulp, the concentrate 

going to the recovery system for disposal; in order to 
avoid building up chloride salts in the recovery system, 
the membrane used should have low salt rejection. For 
wash liquors, dual-layer hydrous oxide ---polycarboxy- 
late membranes appear at present a strong first choice. 
For bleach plant wastes, membranes of polyvinylpyr- 
rolidone, a neutral organic polymer, and single-layer 
hydrous Zr(JV) oxide, operated at neutral pH's, have 
appeared promising, but our survey of dynamic ultra- 
filtration membranes for any application has been far 
less complete than with hyperfiltration membranes. 
Consequently, we have tested a number of other 
materials. 

The results are summarized in Table 6.8. Except for 
the Zr(iV)-Si(IV), the membranes were formed dynami- 
cally on zirconia-coated Ferro 60Op ceramic tubes' at 
about SO0 psig, 25"C, and 6-7 fps from 0.05 M NaCI. 
The Zr(1V)-sodium silicate tnembrane was formed in 
two steps 011 a 0.27-p Selas ceramic filter element at 
500 psig, 25"C, and 15 fps. Tests were made at the 
formation velocity and at elevated temperature with a 
number of different samples of combined bleach-plant 
effluent from IPCo's Mobile, Alabama, installation. 

Of these additives, three look at least as good as and 
possibly better than polyvinylpyrrolidone and hydrous 
Zr(1V) oxide. The membrane from Ruronic 98, a 80% 
polyoxyethylene-20% polyoxypxopylene polymer 
manufactured by Wyandotte Chemicals Corporation, 
had good organic carbon and color rejection, reasonably 
low chloride rejection, atid fair fluxes. The sodium 
silicate membrane had similar properties, and separation 
between organic materials and dissolved salt remained 
fairly good at high water-recovery levels, indicated by 
total organic carbon in the solution being filtered (Fig. 

Table 6.8. Summary of results for ultrafiltration of bIeach plant effluents by dynamic 
membranes of various additives 

Ferro 6Q0p ceramic tube supports, 185-225 psig, 50-58"C, 6---7 fps, pH 8-9 
_l__-l .I__. 

Additive 
Observed rejection (%), range 

_._.............._..__I__ Duration of Flux range 
run (hr) (gal ft-2 day..') Total organic carbon Color Chloride 

Polyvinylpyrrolidone 
Poly(viny1 methyl ether) 
Phonic 98 
Poly(ethy1ene glycol) 
Sodium silicate 
Hydrous Zr(1V) oxide 
Hydroxyeihyl cellulose 
Hydrous Zr(IV)Si(IV) oxide" 

175 
22 
64 
15 

291 
24 
20 

24 3 

46--41 
126-62 
90 --73 

135-92 
174-44 
54-33 

101-30 
60-94 

89-87 
87-84 
90--91 
54 ... 8 2 
85593 

82 

69-78 
84 -- 89 

97.- 95 
94.- 98 
97-98 
64-93 
95-99 

99 
85-96 
98-99 

36-9 
40-41 
28-25 

3 2  
28 4 

16 
(-- 1)-(-3) 

33- 5 

aDual-layer membrane on a 0.27-p Selas ceramic support, tested at 15 fps. 
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6.14). There was also substantial flux recovery from a 
water wash. Since silicate is somewhat soluble in water, 
we tested a membrane stabilized against anticipated 
(though not so far observed) deterioration by first 
depositing a hydrous ZrQIV) oxide layer, before forming 
the silicate membrane. This dual-layer ultrafiltration 
membrane also looked promising (Table 6.8), and the 
separation of organics and salt improved with time 
during the test. At the end of the 240-hr run, flux was 
91 gal f C 2  day-’ , organic carbon rejection vias 8X%, 
color rejection 99%, and chloride rejection only 596, all 
at zero percent water recovcry. 

Pilot tests at the lPCo Mobile site, referred t o  in last 
year’s report: were not funded by NSF/R,4NN, but  
EPA appears t o  be interested at  present. 

Hyperfiltration of Textile Wastes 

R. E. Minturn C .  G. Westmoreland 
N.  E. Harrison 

Our earlier work with dyeing wastes,‘” in collabo- 
ration with Professors C. A .  Brandon and J. J. Porter of 
Clemson University, has led t o  an EPA-supported test 

program at the La France Mills of the Riegel Corpo- 
ration and to a proposal, recently funded by EPA, for 
tests utilizing a Water Rcszarch Program mobile unit at 
six plants, the prime contractor being the South 
Carolina Textile Manufacturers’ Association. 

In support of  these programs, we have looked more 
closely at the effect of several process variables on the 
hyperfiltration of dye wastcs by dynamic membranes. 
rhese tests were made with the help of an MIT Practice 
School team, and the results have appeared as an 
ORNL-MIT report.’ l‘he variables studied were circu- 
lation velocity-, porous support, temperature, pr-- ->sure, 
concentration, and time. The effcct of regeneration 
procedures was also investigated 

‘The effects of circulation velocity, water-recovery 
level, and time are illustrated in Fig. 6.15. Formation of 
all three dual-layer hydrous Zr(1V) oxide-poly(acrylic 
acid) [Zr(iV)-PAA] membranes had been at 15 fps on 
three similar zirconia-coated Ferro 600p ceramic 
tubes,’ though they had been subsequently exposed t o  
a PAA-containing solution at the velocities cited in Fig. 
6.15 to restore rejection after a move to another test 
loop. 
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Figure 6.15 shows that the fluxes in the hyperfdtra- 
tion of a composite dye waste supplied by L d  France 
had higher values at higher circulation velocities. Al- 
though there was a decrease in flux with time at all 
velocities tried, the relative rate of decrease was about 
the same for the membranes at 15 and 10 fps, and 

TIME (hours) 

Fig. 6.15. Hyperfiltration of effluent from textile dyeing mill 
(La France Industries) by dynamic dual-layer Zr(1V)-PAA 
membranes on zirconid-coated Feno 60% ceramic tubes. 
Conditions: 950 psig, 57 to 63°C. Data by MIT Practice School 
Team. 

somewhat greater for the membrane at 6 fps; through 
the first 45 hr of the run of Fig. 6.15 the flux-decline 
parameter, b ,  which is the negative of the slope of a log 
flux vs log time plot, was 0. I I for 15 and 10 fps, and 
0.15 for 6 fps. In addition, fluxes appeared to be 
relatively independent of feed concentration over the 
range tested. The addition of fresh increments of feed 
to the feed tank during the run appeared to have only a 
small adverse effect on flux, in comparison with the 
larger effect sometimes observed (see, for example, Fig. 
6.14). Percentage removal of solutes in the circulating 
solution was insensitive to circulation velocity; per- 
centage removal of color and organic carbon was 
insensitive to concentration as well (top, Fig. 6.15). Salt 
rejection declined with concentration, as one would 
expect of an ion exchange membrane. 

In other experirnen1.s the MIT team showed that, as 
expected, fluxes increased with temperature and pres- 
sure, and carbon tubes and Selas ceramic tubes were 
also promising as membrane supports. Following 300-hr 
and 150-hr exposures to the dye wastes, a w a h  with a 
0.1 M solution of Na2C03, adjusted to pH 10, restored 
fluxes to as much as 80% of their original values. 

Figure 6.16 gives the results of a hyperfdtration run 
with different dye wastes, indigo and indigo-sulfur 
black, both supplied by Mr. Cranston Gray of Canton 
Textile Mills, Canton, Georgia. Dual-layer Zr(IV)-PAA 
membranes were formed in a Selas Flotronics proto- 
module which contained two bundles of ceramic tubes 
with about 2.4 ft2 total area. Formation was at 800 
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Fig. 6.16. Hyperfiltration of dyeing wastes by dual-layer hydrous Zr(W) oxide-PAA membranes on Selas-tube module. 
Cnnditions: 800 psig, 15 fps, 45"C, pH about 7.3.  
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psig, 25", and 15 fps; operation was under the same 
conditions except that the temperature was raised t o  
45°C- Before hyperfiltration, the dye wastes were 
neutralized with concentrated sulfuric acid. During the 
run, as indicated at the bottom of Fig. 6.16, the indigo 
waste was concentrated t o  about 88% water recovery 
by discarding product; the indigo-sulfur black waste 
was concentrated to 78% water recovery. 

The rejections indicated in Fig. 6.16 are averages of  
those for the two tube bundles, which generally 
differed by no more than a percentage point. Rejection 
of organic carbon was good with both wastes, with 
carbon concentration in the product ranging from 
about 2 to  3 ppm at  low recovery levels t o  about I O  
ppm at 88% recovery with the indigo waste. With the 
rnore concentrated indigo-sulfur black waste, organic 
carbon concentration was about 100 pprn at the '78% 
water-recovery level. Pioduct samples had the appear- 
ance of tap water up t o  the point at which the 
indigo-- sulfur black dye waste had been concentrated 
t o  about 67% water recovery (at about 48 hr), a t  which 
time they assumed a bluish hue, the shade becoming 
darker a t  higher recovery levels. The product a t  all 
levels appeared satisfactory for reuse in the textile 
washing process from which the waste was generated. 

Fluxes were generally encouraging during the run, 
especially for this pressure and temperature, except at 
high recovery levels with sulfur black. Here fluxes fell 
t o  less than 15 gal ft-2 day- ' .  At high recovery level, 
the waste is thick, and a post-run examination of  the 
module indicated heavy solid deposits in the interstices 
of the tube bundles. I t  is likely that these deposits 
reduced the membrane area available for filtration, 
resulting in loss in flux. A somewhat more open 
arrangement of tubes in the bundles might ameliorate 
this problem. 

Lead Electroplating Wastes 

G.  E. Moore 

In filtration of  particulates and colloids, circulation of  
the feed solution past the filtering surface slows the 
thickening of  filter cake and thus allows operation with 
a cake tight enough for good separations without 
prohibitive sacrifice of flux.g I f  substances which must 
be removed occur as solids or can be precipitated, 
cross-flow filtration may provide a better decontami- 
nation with lower space requirements than conventional 
settling or filtration techniques. If the solutes are in low 
concentrations, they often can be removed on adsor- 
bents in particulate form, without the severe constraints 
imposed by necessity of chromatographic coliinin 

operation; removal o f  toxic ions by this approach has 
been demonstrated.' 

An opportunity for a test of  purifying a real effluent 
before discharge into receiving waters arose recently, in 
the form of an electroplating rinse effluent from a 
Pb-Pb02 plating plant. Electrochemical removal and 
solvent extraction t o  reduce the Pb(lI) content from an 
original 20 ppin to the cominonly accepted discharge 
standard of 0.05 ppm were evaluated by others in the 
Laboratory, but neither method showed much potential 
for success,' 

Preliminary experiments with synthetic solutions 
using axial filtration" (a  variant, developed by K. A.  
Kraus and F. Nelson, of cross-flow filtration in which 
the filtering surface is mounted on  a rotor and filtrate is 
withdrawn from the inside) to remove precipitates or 
solid adsorbents were carried out t o  determine solution 
compositioiis which reduced the Pb(I1) concentration 
from an original 20 ppm to less than 0.05 ppin iei the 
filtrate. Demonstration of removal i s  necessary, since 
predictions from the solubility products of  Pb(OFQ2 
and PbC03 that Pb(1I) concentration in aqueous 
systems at pH > 8 should be in the range 0.001 t o  
0.010 pprnI3 may be incorrect because of formation of 
soluble hydroxo and carbonato complexes;' even if 
the soliibility is low, removal o f  colloidal dispersions 
from aqueous solutions may require very efficient 
filtration. Table 6.9 sumrnarizcs some tests with SYR- 

thetic solutions which indicate that cross-flow or axial 
filtration, under appropriate solution conditions, indeed 
removes Pb(l1) t o  concentrations less than 0.05 ppm. 

Two effluent samples were received from our indus- 
trial battery collaborators: one was directly from the 

Table 6.9. Removal of Pb(1l) From aqueous 
soluMons using cross Row or axid Rtration 

Original R~(11) concentration about 20 pprn 
_~ 

Solution composition Pb(1I) in 
filtrate (ppm) 

Synthetic s o l ~ t i ~ n s  
1.5 x M F~( I I I )  10.3 0.01 

3.0 X M Na2C03,  8.3 0.02 

0.83 X M Mg(II), 11.2 0.01 

6.0 x l o 4  M F ~ ( I I T )  

2.5 X 1M Ca(II), 
3 0 x  

&-Bo? EkcaQpkIting rdnSt' WnkX 

1.5 X 1 0-3 M Fe(lI1) I .6 0.01 

a. I . reatrnent essentially soda-lime softening. 
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process, untreated; the other had had Na3P04 added to 
precipitate lead. (Phosphate addition, followed by 
settling, is their present waste lreatment method.) 
Presumably because of variatioris in settling efficiency, 
unacceptably high concentrations of lead have on 
occasion been discharged to the city sewer system. 
Carry-over of solids containing lead seems a likely 
explanation, since axial filtration of the phosphate- 
treated wast~e yielded a filtrate containing only about 
0.0L ppm Pb. Even if control of conditions were 
improved so thiit reliable removal were attained, how- 
ever, this treatment might in the future be unacceptable 
if restrictions on phosphate discharge were imposed. 

A characteristic of these electroplating wastes is the 
presence of Fe(II1) solids [probably Fe(l1I) oxide] 
which most likely arise in plating Pb and PbOz on a 
steel substrate. The cation exchange properties of 
hydrous oxides in alkaline medium are well estab- 
lished,' so that the removal of Pb(I1) by Fe(II1) oxide 
at pN -7 is to be expected; even if Fe(II1) oxide is not 
present already, the addition of Fe(1ll) and its sub- 
sequent precipitation should be just as effective. About 
0.43 mole of lead was associated with a kilogram of the 
(dried) suspended solids, a capacity that is not unusual 
for hydrous oxides.' However, effective separation of 
solids from liquid is required to assure low levels of 
Pbb(ll) in the effluent. 

Filtration of the untreated rinse wastewater [origi- 
nally about 20 pptn Pb(II), pH about 7 ,  about 250 ppm 
suspended solids, probably Fe(III) oxide] from the 
electroplating plant was also carried out. Axial filtration 
through 0.45-p Acropor AN or fire-hose jackets gave 
clear, colorless filtrates containing less than 0.02 ppm 
of lead; fluxes at about 20 psi were more than SO0 gal 
ft-3 day-' for 3-hr tests (extrapolated, about 350 gal 
ft-' day-' at 7 hr), and rejuvenation of the Acropor 
filter was easily accomplished by increased rotor veloc- 
ity or mild backwashing. Filtration in the cross-flow 
loop confirmed these results: filtriite contained less 
than 0.04 ppm of lead (most likely about 0.01 ppm); 
turbidity was 0.25 JTU (distilled water, 0.10 JTU), and 
Fe(lI1) was undetectable. Fluxes were encouraging (Fig. 
6.1.7). 

Confirmation of these results with fresh solutions to 
higher water recoveries is desirable, especially since the 
shipped-in effluents used had aged considerably before 
our runs. I t  appears likely that cross-flow filtration, 
without further chemical additions to  the industrial 
waste studied [or in other cases, i f  necessary, the 
addition of Fe(1Ii) and the removal of Pb(T1) by the 
Fe(XI1) oxide solids] will remove most of the water 
with a Pb(I1) impurity (and, predictably, many other 

,- O R N L - D W G .  74-4555 

- 2000 
-1500 g 

SLOPE = -0.5 

:too0 ," 
X 

=! 0 OUTSIDE FLOW 
- 200 X INSIDE FLOW 

n I 
2 0.5-- 

io 50 400 500 
TIME (minutes) 

Pig. 5.17. Cross-flow filtration of lead-plating rinse waste- 
water. Conditions: about 10 psig, about 5 fps, about 25"C, 
fire-hose jacket filter. 

toxic ion impurities as well) adequately low for 
discharge or reuse. 

Cross-Flow Filtration of Sewage: ORNL Pilot Plant 

N .  E. Harrison 
J. D. Hutchins' 

J. J. Perona' 
W. G. Sisson' 

For a number of years we have been investigating the 
treatment of the effluent from the primary settling of 
tnuriicipal sewage with "physical-chemical" additives -- 
powdered activated carbon or Al(Tl1) or Fe(II1) salts - 
followed by cross-flow filtration to remove the bulk of 
the water. This treatment usually produces product of 
higher quality than standard biochemical secondary 
treatment, should be more reliable, and should require 
much less space. In comparison with standard physical- 
chemical treatment, in which solid-liquid separation is 
achieved by settling, the product from cross-flow 
filtration usually appears better, and space requirements 
are also less. These advantages may in some situations 
overbalance the higher energy requirements. For further 
development of the concept, the Chemical Technology 
Division and Operations Division have built a prlot 
plant, comprising approximately 70 ft2 of membrane 
surface, with a nominal capacity of 10,000 gal/day, at 
the ORNL sewage plant. The Water Research Program 
has cooperated in the initial operation of this unit. 

In the pilot plant, Fe(I1) is added as sulfate and 
oxidized to Fe(1II) by air sparging; additional 1-12 SO4 is 
added to reach a preset controlled acidity (usually pH 
about 41, the pH is then adjusted to neutral, and the 
slurry is pumped past the filtenng suiface. The filtering 
surfaces consist of approximately 3-in.-diam fire-hose 
jackets; supported. on the inside by perforated metal 
tubes and contained in another metal jacket. There are 
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Fig. 6.18. Flux vs average pressure in cross-flow filtration of 
O W E  sewagc. 

ten modules, each about 1 0  ft long, pressurized slurry 
being circulated in the annulus. 

The results so far have confirmed in geneial the 
observations we had made earlier in our mobile unit a t  
the Oak Ridge Municipal East Sewage Plant. Average 
fluxes (with backwashes at  24-hr intervals) of about 
150 gal ft-' day.-' appear attainable. Product quality is 
usually good - typical values are about 15 ppm organic 
carbon. about 0.5 ppm phosphate, and about 1 JTU 
turbidity. 

One question which the pilot plant is settling fairly 
definitively is the effect of presslire on flux rate. Earlier 
results at the city plant had suggested that, within the 
limits of our operating range, pressure, after relatively 
short initial transients, had relatively little effect on 
flux. I t  appeared that the higher the pressure, the 
thicker or the more compacted the filter-cake layer. 
However, since only one pressure could be tested at a 
time, our earlier results were somewhat ambiguous, 
because of  the rapid changes which frequently occur in 
sewage composition. With the ORNL pilot plant, there 
is a rather large pressure drop through the system from 
the first to the last modules. Since only a small fraction 
of the water is removed in a single pass of  feed through 
the module bank, fluxes are obtained in which con- 
ditions are essentially identical, except for pressure. 
Figure 6.18, obtained by  a team from the MIT School 
of Chemical Engineering Practice, confirms that flux is 
clearly not directly proportional t o  pressure and, in 
time, becomes almost independent of pressure.' 

kmoval  of Low-Level Radioactivity from 24qurQus 
Solutions 

A.  J. Shor R E Minturn 
C. C, Westmoreland 

We have been interested for some time in developing 
fd tration techniques for decontamination of solutions 

containing low-level radioactivity. As an example of  a 
practical feed, we have used ORNL process water. Plans 
for construction of a new treatment plant have pro- 
vided further motivation. 

In earlier laboratory tests,^ cross-flow filtration of 
process water, softened by precipitation of  CaC03 and 
Mg(O€-I)2 in the presence of a few ppm of FcQIII), 
removed 99% of "Sr. This can be compared with the 
8% removal typical of the present plant, which utilizes 
softening and clay addition. with solid-liquid separation 
by settling. Attempts during the period of this report t o  
confirm these results with a field cross-flow unit 
utilizing fire-hose jackets, located at  the present proc- 
essing plant, were not very successful, either with 
FeQIII) or clay addition; 97% was the highest renio1.d 
and valucs were frequently less. However, hyperfiltra- 
tion of filtered water from one of the tests confirmed 
that removal of over 99.9% "Sr was attained by a 
two-stage process. 

A rough correlation was noted between the hardness 
reduction and "Sr removal in cross-flow filtration. 
Good reinoval of Ca(I1) and M d I I )  is also important for 
a second-stage hyperfiltration, since fluxes through 
dual-layer Zr(lV)-PAA membranes are sensitive t o  
hardness above 10 p ~ m , ~  expressed as CaC03 (about 

M ) .  In the run of Table 6.10, when the cross-flow 
product was added t o  the loop, fluxes fell to  15-30 gal 
ft-' day- ' ,  less than a third of their value with feed 
containing n o  divalent cations. Further, the design of 
the new processing plant" calls for softening to  lcss 
than 10 pprn in a step preliminary to ion exchange 
treatment, a value which may prove difficult to attain 
consistently with settling. 

The importance of efficient softening, plus a desire t o  
identify factors affecting performance in cross-flow 
filtration, led 1-1s t o  resume laboratory tests with 
synthetic feeds under better controlled conditions. A 
typical run is summarized in Fig. 6.19; the numbers in 
the points indicate the order in which they were taken. 
The pH range from 10.5 t o  12 was scanned repetitively. 
Concentration of Mg(l1) in the filtrate was in all cases 
somewhat higher than that calculated (solid line) froin a 
literature value of the solubility product,' even wlieii 
adjusted by estimate" of the effect of the ionic 
strength contribution of other solutes a t  the maximum 
level in which they occurred during the run (dotted 
line). Whether the difference arises from passage of 
small particles through the filter, slow precipitation, or 
inaccurate solubility data i s  not yet clear. 

In any case, softening at pM above 1 1 ,  in the presence 
of adequate carbonate t o  precipitate Ca(il), combined 
with cross-flow filtration, should give a filtrate below 
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Table 6.10. Hyperfiltration of product from cross-flow 
fitration of ORNL process waste‘ 

Cross-flow filtration at p B  LO with clay added, 
hyperfillration with dual-layer hydrous ZrfIV) 

oxide--PAA dynamic membranes, 950 psig, 25°C 

Hyperfiltration 
Process Cross-flow product 

Nuclide 
90% waste product zero 

recovery recovery 

Gross beta, counts min-’ ml-’ 97 8.6 <0.056 0.26 

”51, dis min-’ ml-’ 104 12.9 cO.053 c0.064 

1 3 7 ~ s ,  dis min-’ ml-’ 170 16.2 <0.02 1.3 

a? Die analyses for radioactivity were made by M. E. Pruitt and associates of 
the Analytical CheniislTy Division. 
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10 ppni hardness. It also appears that even with the 
less-than-optimum performance repoi ted here, cross- 
flow filtratioti and hyperfiltration may eventually pro- 
vide a cheaper’ alternative to the softening ion ex- 
change approach2 ’ for removal of low-level radio- 
activity . 
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AQ§Z)IRPTIQN OF INORGANIC MATERIALS ON 
UNCHARGED POLYSTYRENE-DVB COPOLYMERS 

F. Nelson K. ‘4. Kraus 

From a comparison of adsorption reactions of acti- 
vated carbons and of ion exchange resins of the 
polystyrene-DVB type, it became obvious that many of 
them do not depend on the presence of fixed charges 
on the network. The concentration of such fixed 
charges on activated carbon immersed in acidic solu- 
tions is at least an order of magnitude less than for the 
anion exchanger Dowex 1. In many instances - - -  for 
example, acid adsorption and complex-ion adsorption ~ 

the similarities between these two types of adsorbents 
probably result from Similarities in the solvent prop- 
erties of the imbibed water. On the basis of these 
considerations, one would expect that the aqueous 
layer near a polystyrene-DVH surface (e.g., in the layer 

within 5 A of the surface) would show properties 
reminiscent of both the anion exchangers and the 
activated carbons. 

Within recent years, copolymers of this type with 
high surface areas per gram have become available from 
various manufacturers. One of these, an experimental 
product by IZohrn and Haas, XAD-4, is started to have 
an area of 800 m 2 / g  The material is presumed to be an 
agglomerate of very small copolymer beads and is the 
starting product for preparation for macroreticular 
resins. These essentially colorless materials have been 
introduced for use in certain organic separations. 

We have carried out several series of acid adsorption 
and complex-ion adsorption experiments with these 
materials and showed that at least qualitatively their 
properties are very similar to those of the activated 
carbons. Thus, XAD-4 strongly adsorbs acids from 
concentrated LiCl solutions, and it strongly adsorbs 
complex ions of the MU4-  type from concentrated 
chloride solutions. Nitrate complexes of Th(1V) and 
U(V1) may also be adsorbed from concentrated nitrate 
solutions. A variety of separations are feasible whicli are 
i-eminiscent of equivalent anion exchange separations 
and activated carbon separations. A few typical illustra- 
tions are shown in Figs. 6.20 and 6.21. 

‘The similarities in adsorptive behavior between anion 
exchangers, copolyiners, and activated carbons are 
striking. 
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Fig  6-20. Separation of Fe(I1I) from some weakly adsorbed 
elements. Conditions: polystyreneDVB copolymer (Kohm & 
Haas XAD-4); sample - trace Na’, Ni(lI), and Co(1I) and 5 X 

M Fe(II1) in 10 M HCI. 
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Fig. 6.21. Separation of U(v1) from Wa+ in conentrated 
.41(N03)3 solution. Conditions: polystyrene-DVR copolymer 
(XAD4),  25"C, 0.05 1Vf U(VI), trace 22Na in 2.5 M 
AI(NOj)j -0.2 M FINO3. 

ADSORPTION OF INORGANIC MATERIALS 
ON ACTIVATED CARBON 

F.  Nelson K. A. Kraus 

Last year we reported on the adsoiption of ;I variety 
of morganic materials on activated carbons and illu- 
strated these adsorptions with a number of separations. 
These experinients dealt with cation exchange proper- 
lies of activated carbons, which become dominant 111 

basic nolutions, with adsorption o f  certain salts from 
neufral and slightly acidic solutions, and with adsorp- 
tion of negatively charged chloride complexes fiorn 
concentrated chloride solutions. The studres have been 
extended, with particular emphasis on adsorption of 
metal complexes from concentrated electrolyte solu- 
tions, including adsorption and separations involving 
uranium(V1) in concentrated nitrate solutions. Much of 
this work has been written up and presented at the 29th 
Annual Purdue Industrial Waste Conference, May 1974. 

In view of the fornial similarity in the adsorption of 
metal complexes by activated carbons and by com- 
inerical ion exchange resin? of the polystyrene-DVB 
type (e.g., Dowex l), detailed studies of acid adsorption 
by activated carbons were carried out. Such acid 
adsorption has long been known for activated carbons,' 
but it was of interest to get a quantitative comparison 
on adsorption of acids from concentrated electrolyte 
solutions by these two types of materials. The studies 
were carried out with a coconut charcoal whose 
microporous volume was estimated from nitrogen and 
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Fig. 6.22. Activity coefficient ratio of X1CI in 12.7 m LiCI. 
Cotidihons: coconut charcoal, microporous volume 0.6 cc/g.  

water adsorption isotherms to be about 0.6 cc per gram 
of dry carbon.2 

In an extensive series o f  experiments, uptake o f  HCI 
and of LiCl from the two-component systems and from 
various I-IC1-LiCl niixtures was determined. From the 
uptake data? activity coefficient ratios r = Y ~ ~ ( ~ ? / Y ~ ~  
were calculated for the componen1.s (subscript P 

designates the carbon phase, no subscript the solution 
phase; the carbon phase here is identified with the 
microporous volume). A typical set of results is shown 
in Fig. 6.22 for a series of NCl-LiCl niixtures with ionic 
strength 12.7 in .  The activity coefficient ratio I 'E t~ l  is 
significantly less than unity and decreases with decreas- 
ing molality of HCl; rLiCr is essentially constant and 
near unity in these mixtures. These results are both 
qualitatively and quantitatively sinular to those which 
we have observed earlier3 for anion exchange resins of 
the polystyrene-DVB type. 

Preferential adsorption of acids from concentrated 
electrolyte solutions seems to be a general phenomenon 
for the activated carbons, as it was for anion ex- 
changers. Because of this preferential adsorption, acti-. 
vated carbons can be used to remove acids from salt 
solutions. IJse of small columns of activated carbon for 
deacidification HCl-NaCI, HC1Q4 -NaCIO4 , and 11N03- 
LiN03 solutions is illustrated in Fig. 6.23 and 6.24. 

Many investigators have ascribed anion exchange 
properties to activated carbon (see, e.g., refs. 4 and 5). 
This anion exchange activity has been deduced from 
retention of' certain anions by extensively washed 
carbons and has been attributed to carbonium ions 
incorporated in the carbon network. Alttiough the 
existence of these fixed anion exchange sites is still 
controversial, there is no doubt that residual. anions are 
difficult to remove by washing. The extent of possible 
anion exchange activity, as determined by such washing 
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Fig. 4.23. Adsorption of acids from concentrated electrolyte 
solutions. Conditions: coconut charcoal, 100- 200 niesh, 25°C. 
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Fig. 6.24. Adsorption of acid? fPom concentrated electrolyte 
solutions. Conditions: coconut charcoal, 100-200 mesh, 25°C. 

experiments, however, is quite small (of the order of a 
few tenths of a mole per kilogram of adsorbent) and 
thus is insufficient to be held responsible for the 
similarity between the organic ion exchange resins and 
the carbon. 

We believe that anion retention by activated carbon is 
less due to carbonium ions in the network than to 
adsorption of acid by the carbon, with distribution 
coefficients of the acid increasing rapidly with decreas- 
ing ionic strength. A particularly convenient system to 
study is adsorption of HBr since the total bromide 
content can easily be determined by a radiometric 
self.exchange method with solutions containing the 
tracer ‘’Rr. The results of a series of experiments on 
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Fig. 6.25. Adsorption of HBr by activated carbon (coconnt 
charcoal). 
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Fig. 6.24. Adsorption of HBr by activated carbon. Con- 
ditions: coconut charcoal, microporous volume 0.6 cc/g. 

bromide adsorption in the range to 1 M HBr are 
shown in Fig. 6.25 Wlule IIBr adsorpiion decreases 
with decreasing HBr concentration and tends to level 
off at low HBr concentrations, there is no region in 
which WBr uptake becomes completely independent of 
concentration, as one would have expected from an 
anion exchanger of fixed capacity. A plot of distribu- 
tion coefficients D v3 molarity of HBr (Fig. 6.26) or of 
1‘ vs molarity of HBr (note that in this case D is about 
equal to l/r) shows no “break” which would imply a 
significant change in the mechanism of adsorption of 
IiBr. 
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As is well known, activated carbon contains macro- 
pores and pores o f  intermediate size, in addition to the 
micropores. One can conceive of filling the larger pores 
with some other adsorbents such as a hydrous oxide 
without affecting the microporous structure. The result- 
ing material might then show tlie combined adsorptive 
propelties of activated carbon and of the “filler” for 
which the activated carbon would be the carrier. Such 
arrangements might also be of advantage when the filler 
adsorbent cannot easily be prepared in a form permit- 
ting high-velocity column operation. 

I n  this context we have prepared an activated carbon 
containing the hydrous oxide of Fe(II1) by first 
adsorbing Fe(Il1) as the negatively charged chloride 
complex, treating the mixture with ammonia, and 
washing and drying the product, The resulting compos- 
ite contained 3.5 moles of Fe(II1) per kilogram of 
carbon. 

The activated carbon containing the hydrous oxide 
showed some enhdncement in adsorption of the copper- 
ammonia complex over the untreated material and 
significantly higher adsorption o f  strontium. Phenol 
adsorption was slightly less than for the untreated 
material. 

Activated carbon containing the hydrous Fe(IJ1) 
oxide becomes strongly ferromagnetic when heated a 
short time in a nitrogen atmosphere near 650°C. X-ray 
examination showed that 80 to 90% of the iron oxide 
in the carbon had the magnetite structure and pre- 
sumably was Fe304 .6 
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Fig. 6.27. Effect of iron oxides on adsorption of phenol by 
activated carbon, Conditions: 100-200 mesh coconut charcoal, 
0.10 M NaHC03, 25°C. 

These magnetically active carbons retain their ca- 
pacity for adsorption of organic compounds. An illu- 
stration is given in Fig. 6.27, in which distribution 
coefficients for phenol are given for the original 
untreated coconut charcoal and one containing 21% 
Fe304 by weight. The distribution coefficients refer to 
the amount of phenol adsorbed per kilogram of carbon, 
not per kilogram of adsorbent. Corresponding data for 
the adsorption of  phenol by the precursor material 
(carbon containing hydrous Fe(lI1) oxide] are also 
shown in the figure. While the Fe(1II)-containing carbon 
shows somewhat lower adsorption for phenol than ihe 
untreated Charcoal, tlie magnetic activated carbon 
shows higher distribution coefficients. It is not clear if 
this improvement results from additional activation 
during the heating process or from added adsorption of 
phenol by the magnetite in the carbon. 

We believe that magnetic activated carbons rnay have 
special uses in a number of separations since removal of 
these carbons by magnetic methods could, under some 
conditions, be much more efficient and rapid than 
removal by conventional settling techniques. 

1. V. R. Deitz, Ribliogruphy of Solid .4dsorbetits ( I Y O U -  
I 9 4 2 ) ,  Lancaster Press, Lancaster, Pa., 1944; SibZio,ouphy of 
Solid Adsorbents (1 943~-19.53), US. Department of Com- 
merce, National Bureau of Standards Circular 566 (1956). 

2. We are indebted to E. L. Fuller, Jr., for measurement of 
the adsorption isotherms. 

3. F. Nelson and K. A. Kraus, J. Amer. Chem. SOC. 80,4154 
(1958). 

4. B. Steenberg, “Adsorption and Exchange of Ions on 
Activated Charcoal,” R . D .  thesis, Stockholm University, Alm- 
quist and Wiksells, Uppsala, 1944. 

5. V. A. Garten and J .  E. Weiss, Rev. Pure Appl. L72em. 7,69 
(1 957). 

6 .  We are indebted to L. D. Hutett of the Analytical 
Chemistry Division for the x-ray examinations. 

EXTRACTION OF LITHIUM FROM NEUTRAL SALT 
SOLUTIONS WITH FLUORINATED 8-DIKETONES’ 

F. G.  Seeley2 W. H. Baldwin 

The quantitative and selective solvent extraction of 
lithiutn from aqueous solutions of alkali metal salts 
with P-diketones has been reported p re~ ious ly .~  34 How- 
ever, at pH values below 11, practicable extraction 
levels were not obtained, and it was reasoned that 
fluorinated 0-diketones night be sufficiently acidic to 
allow efficient extraction of littiium from near-neutral 
salt solutions. The applicability of selective and quanti- 
tative extraction of  lithium from neutral brines and 
seawater concentrates is obvious. 
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Fig. 6.28. Dependence of lithium extraction coefficients for 
various p-diketones on pA. Organic phase, 0.2 M pdiketonz 0.1 
M TOPO in benzene; aqueous phase, 1 M KCI and 0.01 M LICI. 

Figure 6.28 summarizes the lithiuili extraction with 
0.2 M solutions of several 0-diketones [in 0.1 M 
trioctylphosphine oxide (TOPO) in benzene] from 1 M 
KCI over the pH range 4 to 11. The efficiency of 
lithium extraction is seen in general to be orders of 
magnitude greater for the fluorinated 0-diketones 
(I-IFDMOD, PFDMHD, and 'rFDMI-IT)) than for the 
nonfluorinated analogs (DBM and DPVM) at the same 

Although with the compound 1,1,1,2,2,3,3-hepta- 
fluoro-7,7-diniethyl-4,6-octanedione (IWDMOD) the 
separation factors for lithium vs the other alkali metals 
are good (about 1300 from sodium, 2500 to 4000 from 
potassium, rubidium, and cesium), the selectivity over 
the alkaline earths is poor (in fact, magnesium and 
calcium are extracted more strongly than lithium, and 
strontium extraction is about equal to that of lithiiim). 
Additionally, the present cost of these fluorinated 
0-diketones makes impractical the large-scale recovery 
of lithium from brines in which the lithium concentra- 
tion i s  low (less than 100 ppm). However, the process has 

PH. 

been shown advantageous in the treatment of certain 
brine concentrates.' 

1. Based on work carried out in the Chemical Technology 
Division: Chem Technol. Diu. Annu. Progr. Rep.  Mar. 31, 
1971, ORNL-4682, p. 168; F. G. Seeley and W. H. Baldwin, 
U S .  Pat. 3,793,433 (Feb. 19, 1974). 

2. Chemical Technology Division. 
3. T. V. Healy, Chem Diu. Progr. Rep.  November 1964- 

4. I). A. Lee, W. L. Taylor, W. J. McDowell, and J .  S. Drury, 

5. Chern. Technol. Diu. Annu. Progr. Rep.  Mar. 31, 1972, 

April 1965, AERE PR/Chemistry 8, Haiwell, Berks. (1965). 

J. Inorg. Nucl. Chem. 30,2807 (1968). 

ORNL-4'194, p. 57. 

ELECTROCHEMIS'TRY 

TWENTY-YEAR INHIBITION OF CORROSION 
BY THE PERTECHNETATE ION 

G. 11. Cartledge' 

Over 20 years have elapsed since the discovery in our 
laboratory of the effectiveness of the pertechnetate ion 
in inhibiting the corrosion of iron and In the 
meantime, numerous studies bearing on the rnechanisrn 
of the inhibiting action of the pertcclinetate ion and 
other inorganic oxyanions have been carried out.' As 
an illustration of the long-term inhibiting action of the 
pertechnetate ion, a test specimen of carbon steel 
remains bright and unchanged in weight and beta 
activity after being exposed for 20 years in 5 X f 
KTc04 containing 10 ppm of chloride ion at pI1 -6, 
and with access of air. It may be concluded that the 
continuing passivity is maintained by the combined 
action of oxygen and the noiicathodic effect of 
adsorbed pertechnetate ions, the stdbility of the film 
being enhanced by a very small ariiount (much less than 
monolayer) of TC(O€I)~ contained in it. A suinmary of 
these studies has been published in Corrosion.' 

1. Consultant. 
2. G. H. Cartledge, J. Amer. Chern. SOC. 71,2658 (1955). 
3. G. 1%. Cartledge, J. Phys~ Chem. 59, 979 (1955). 
4. G. 1%. Cartledge, Corrosion 11, 335t (1955). 
5 .  ti. H. Cartledge, Brir. C o m ~ s .  .L 1 ,  293 (1966). 
6. G. H. Cartledge, Corrosion 29,361 (1973). 

EFFEC'I' OF Ti(1V) ON THE ELECTROCHEMICAL 
REPSAVIOR OF TITANIUM ANI) ITS RELEVANCE 

TO PITTING AND CREVICE CORROSION 

b. J . Keliy 

In recent years, several authors have reported that 
Ti(iv) ions inhibit the active-state dissolution of tita- 
nium.' The results summarized in this report show how 
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one might easily arrive at That conclusion, but dso 
prove that the conclusion is incorrect. In fact, Ti(1V) 
ions have no effect on the constant-potential dissolu- 
tion rate of titanium, and actually accelerate rather 
than inhibit the open-circuit corrosion rate of the 
metal. The importance of this finding, particularly in 
the areas of pitting and crevice corrosion, is discussed 
below. 

The upper curve in Fig. 6.29 is a typical anodic 
polarization curve for titanium in deoxygenated 1 N 
N2S04 in the absence of Ti(1q ions. At any potential 
in the region scanned in Fig. 6.29 the net anodic 
current density, i ,  is given by the algebraic sum of the 
partial anodic current density corresponding to the 
oxidation of tilanium to Ti(II1) ions in solution, id, and 
the partial cathodic current density corresponding to 
the reduction of hydrogen ions, f~~ ; that is, i = id + i!, . 
111 should be noted that net and partial anodic 
(oxidation) currents are positive, while net and partial 
cathodic (reduction) currents are negative.] At the 
open-circuit corrosion potential, E,,,,, i = 0 and id = 
/ih I. As the potential becomes increasingly positive 
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Fig. 6.29. Effect of Ti(1V) on the anodic polarization of 
titanium in deoxygenated 1 N H2S04 at 30°C. 

relative to E,,,,, id increases and lih I decreases. 
Coulometric weight-loss experiments have shown that 
at potentials as negative as E f n ,  lihl is negligible 
compared with id < 0.02id at 1c f l )~  At potentials 
positive to i decreases as the metal is transformed 
from the active to the passive state. The detailed 
mechanistics and kinetics of the processes just described 
have been presented elsewhere.2 Here, our interest lies 
in comparing the upper and lower curves of Fig. 6.29, 
the lower curve being the anodic polarization curve in 
the presence of Ti(1V) ions ( C ~ i ( l v )  = 3 IM). At first 
glance, it is easy to see how one might erroneously 
conclude that Ti(1V) ions inhibit the dissolution of 
titanium, since the entire anodic polarization curve is 
lowered by Ti(IV) ions. In a coulometric weight-loss 
experiment conducted at Em, one might anticipate 
that, for C~i(1") = 3 mM, the current density calcu- 
lated from the weight-loss data would be 33.3 pA/cm2, 
just as the current density of 52.8 ,uA/cm2 was 
calculated from the weight-loss data when C.rl(rv) = 0. 
Actually, the experimentally observed weight loss cor- 
responds to 52.8 pA/cm2 (Le., to ipII) in either case. 

The effects of Ti(1V) ions on the polarization and 
corrosion behavior of titanium can be explained and 
completely quantified if one assumes that Ti(1V) ions 
are reduced to Ti(ll1) in the potential region under 
consideration and, second, that the Ti(1V) ions have no 
effect other than to  contribute a partial cathodic 
current density corresponding to their reduction (i4); 
thus neither id nor 4 is affected by the presence of 
Ti(1V) ions. Then the net anodic current density is 
given by 

which becomes, in accordance with the second assump- 
tion above, 

Of 

i = ic Ti(1V)" + i 4  , 

where ic,ri(rv)-o is given by the upper curve in Fig. 
6.29. The experiments described below prove the 
validity of these assumptions. 

A titanium electrode was maintained at Em in 1 N 
HzSO4. The steady-state value of i was 54.2 pA/cm2. 
Then, known volumes of a standard solution of Ti(1V) 
in 1 N H, SO4 were added to the cell solution, and i was 
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Fig. 6.30. Variation of i with C,ri(rv) at E I-_ ---530 mV vs 
S.C.E. Deoxygenated 1 N H2S04 at 30°C. 

measured as a function of CTi(Iv). The results are 
shown in Fig. 6.30. According to Eq. (3), 
(di/aCTi(lv))E = (di4/dC,ricIv))k:, and it therefore 
follows from the results shown in Fig. 6.30 that 

- 
i4 = -k4Cri(, v) . (4) 

In other words, the reduction of Ti(1V) to Ti(II1) is first 
order in C T ~ ( ~ V ) .  The addition of Ti(1V) required 2.73 
hr. Upon completion of the addition, the electrode was 
maintained at Em for another 218.4'1 hr, during which 
time, samples were periodically removed from the cell 
and analyzed for Ti(II1) via pennanganate titration and 
for total Ti(II1 + IV) via the hydrogen peroxide 
spectrophotometric method. The concentration of 
Ti(IV) was calciilated as the difference, CT,(IV) _.- 
Creta, T i  - Cri ( l l~) .  In Fig. 6.31, -i4 [calculated by 
use of Eq. (3 ) ]  is plotted against the concentration of 
7iCIV) determined by the chemical analyses. The value 
of ki is virtually identical to that determined by the 
addition experiment (cf. Fig. 6.30). During the 221.2 hr 
in which Ti(IV) was present, the titanium electrode 
exhibited a weight loss of 19.25 mg; this corresponds to 
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Fig. 6.31. Variation of i4 with ( IT~(~V)  at  E = --530 mV vs 
S.C.E. Deoxygenated 1 N H2S04 at 30°C. 

a constant dissolution current density of 53.24 
pA/cm2. In the absence of Ti(lV), the dissolution 
current density values were 54.2 p.A/cmZ (cf. Fig. 
6.301, 52.8 pA/cmZ (cf. Fig. 6.29, im), and 51.6 
pA/cni2 (used in Fig. 6.31). These results show that 
Ti(IV) has no effect on the constant-potential dissolu- 
tion rate of titanium, and they confirm the validity of 
Eqs. (1)-(4). 

According to Eq. ( 3 ) ,  at each potential the difference 
in the i values shown by the upper and lower curves in 
Fig. 6.29 is equal to (i4 1, and consequenily the value of 
k4 may be determined by insertiiig i4 and the specified 
concentration of Ti(1V) into Eq. (4). Then, having 
determined the potential dependence of k4, Eq. (4) 
may be used to construct li4 I vs potential curves (e.g., 
a-a' and b-b' in Fig. 6.29) for any value of CTi(Iv). At 
the open-circuit corrosion potential, i = 0,  and ac- 
cording to Eq. (3), li41 = icTi(!v)70; that is, the 
open-circuit corrosion potential in the presence of 
Ti(1v) is given by the intersection of the corresponding 
li4 1 vs potential curve with the upper cuive in Fig. 6.29. 
The corrosion potential vs C,ri(lv) cuivr: calculated in 
this manner is shown by the dashed curve in Fig. 6.32. 

- 
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Pig. 6.32. Effect of Ti(1V on the corrosion potential of 
titanium in deoxygenated 1 N H2S04 at 30°C. 

The sdid curve in Fig. 6.32 shows the experimentally 
observed corrosion potential as a function of CT i(1v). 
The data for the solid cuwe were obtained by an 
addition experiment in which known volumes of a 
standard Ti(IV) solution [T[(TV) in 1 N I-t,S04] were 
added to the cell, which initially contained a known 
volume of 1 N H,S04. It is important to note that 
when CT,(rv) reaches the level where the liqI vs 
porentia1 cuive is tangent lo the upper curve in Fig. 
6.29 ~ the titanium should passivate. This was observed 
to occur at Cp.i(~v) = 8.6 null. 

7'he open-circuit corrosion rate is given by the value 
of id existing at the intersection of the upper curve in 
Fig. 6.29 and the corrosion potential. With increasing 
C'T*([V), the coriosion potential becomes increasingly 
positive (cf. Fig. 6.32) and consequently the corrosion 
rate increases The corrosion rate reaches a maximum 
value corresponding to i,, (cf. Fig. 6.29) and then drops 
sharply when CT,(IV) reaches the critical passivation 
concentration of 8.6 &. Thus, although the constatit- 
potential titanium dissolui ion rate is independent of 
Ti(Jv), the corrosion rate is accelerated by Ti(1V) ions. 

When titanium undergoes pitting (or crevice) corro- 
sion, the metal at the base I J ~  the pit is in the active 
btate; that iu, the potential and pH conditions are such 
that active-state dissolution of the metal to form Ti(ll1) 
ions occurs. In moving ftom the base to the mouth of 
the pit or crevice, the interfacial potential difrerence 
and pW rise, and consequently the active statc is 
iransforrned into the passive state. It was shown m 
earlier phases of this program that Ti(II1) is oxidized at 
the passive iitanium surface to T~(Iv) .~ In the pxesent 
work, on the other hand, it was shown that Ti(tV) i s  
rzduced to Ti(II1) at the active titanium surface and 

that the presence of Ti(IV) accelerates the corrosion 
rate of titanium. With regard to pitting or crevice 
corrosion, these facts suggest the following situation. As 
Ti(II1) egresses from the base of the pit, it encounters 
conditions under which it i s  known to be oxidized to 
Ti(lV) (i.e., a passive surface). The resultant Ti(1V) 
diffuses back to the base of the pit, where it encounters 
conditions under which it is known to be reduced to 
Ti(II1) (i.e., an active surface) and to accelerate the 
corrosion rate of the active base of the pit. Thus Ti(1V) 
would have a deleterious effect on pitting or crevice 
corrosion, but only if the concentration of 'ri(1V) 
remained below the critical concentration required to 
passivate the active surface. If the critical concentration 
is attained, the metal passivates and pitting ceases. This 
phenomenon of spontaneous self-healing has long been 
recognized in pitting and crevice corrosion, but never 
adequately explained on a mechanistic basis. 

14.50 ( 1  972). 

sion, Tokyo, Japan, May 22 --26, 1972, in press. 
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SEPARATION AND ANALYSIS OF IONS WITH 
A PACKED-BED ELECTRODE 

R. E, Meyer F. A. Posey 

Properties of a packed-bed silver electrode, for use in 
a device for the separation and analysis of iodide, 
bromide, and chloride ions, were described previously .' 
The electrode, as shown in Fig. 6.33, is composed of 
silver granules which are packed into a cylindrical bed; 
the potential of the electiode is controlled by use of a 
potentiostat. The sample solution is forced through the 
electrode with a positive-displacement tubing pump at a 
constant, known flow rate. 

If the packed-bed silver electrode is maintained at a 
definite electrode potential, the silver ion concentlation 
within the pores of the electrode will eventually attain 
the equilibrium concentration for that potent ral. Then, 
if a sulution containing an ion which is capable of 
inteiacting with silver ion is pumped through the 
electrode, and if certain other conditions are fultyled, 
reaction will proceed until equilibrium with respect to 
both ions is established. Thus, in the case of a 
precipitating ion such as the chloride ion, equilibrium 
with respect to both Ag' and C1- is achieved at flow 
rates that are sufficiently low. Similarly, if a complex- 
ing ion such as CN- is pumped through the electrode, 
equilibrium with respect to Ag', CN-, and Ag(CN)- is 
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Fig. 6.33 .  Cross section of electrolytic cell for halide analysis. 
A ,  packed bed of silver granules; B ,  glass ~ 0 0 1 ;  C: section of 
tllter tube; D, counterelectrode; E, silver wire to packed bed; F, 
reference electrode; G, stopcocks; H ,  solution inlet; I ,  d u t i o n  
outlet. 

established imder appropriate conditions. Further, if 
the potential of the electrode is set correctly, the 
reaction can be made to proceed essentially quantita- 
tively; in this case the current needed to supply the 
silver ions is a measure of the concentration of the 
reacting ion in the sample solution. In the case of 
precipitation reactions, use of this device simulta- 
neously separates the reacting ion from the solution and 
determines its concentration. By using a series of these 
cells set at appropriate potentials, an analyst may 
simultaneously separate and determine the concentra- 
tions of the halide ions with considerable precision. 
Some results of analyses of mixtures of halides are 
shown in Table 6.11. Detailed results of these studies 
have been piiblished in the Joournnl nf'ElectroanuZyficu1 
Chemistry und Interfucial b'lectrocheriistry. 

The cyanide ion interacts with the silver packed-bed 
electrode in two ways. Over the potential range from 
approximately 0 to t150 mV vs S.C.E., the complex 
ion Ag(CN),- is formed essentially quantitatively. 
Above +l50 mV, precipitation of AgCN begins, and at 
potentials from ca. t225 to ca. t275 mV, the reaction 

is essentially quantitative. At potentials above ca. +300 
mV, the current begins to increase excessively due to 
dissolution of silver from the packed-bed electrode. For 
analytical purposes the complexing reaction is prefera- 
ble to the precipitation reaction, since precipitation of 
AgCN occurs at potentials only slightly less positive 
than the region of precipitation of AgCl for chloride- 
containing solutions. 'Thus chloride ion, which i s  a 
common constituent of aqueous streams, interferes 
with the determination at potentials suitable for com- 
plete precipitation of cyanide. However, cyanide ion 
can be removed quantitatively fronl an aqueous stream 
by precipitation in a silver packed-bed electrode, and 
this system therefore provides a good electrochemical 
method of removal as long as the chloride ion concen- 
tration is not excessive. 

A calibration curve is shown in Fig. 6.34 for the 
potential region where the complexing reaction pre- 
dominates. At low concentrations, the cuive tends to 
bend upward because of interfering reactions; however, 
this beriding is reasonably reproducible and does not 
seriously interfere with low-level analysis. At higher 
concentrations of cyanide ion (greater than 120, a 
slightly lower potential was used to avoid the region 
where precipitation of AgCN occurs. Equilibrium-type 
calculations show that the region of precipitation 
becomes less positive as the concentration of cyanide 
ion increases. 

In  principle, it should be possible to analyze solutions 
containing sulfide ion by this technique. Silver sulfide 
has an extremely low solubility (solubility product 
about lo-"), and sulfide ion should be removed 
completely by a packed-bed silver electrode maintained 
at the appropriate electrodz potential. We have carried 
out extensive measurements with sulfide solutions and 
have found that, in general, steady currents are not 
obtained. The problems may be associated with possible 
interferences but more probably are connected with 
certain aspects of the complicated chemistry of aqueous 
sulfide systems. 

in the experiments described above, the procedure for 
analysis is simply to insert the input end of a tubing 
pump into the sample and turn on the pump, thus 
allowing the sample solution to flow through the 
packed-bed electrode. Cornparisons between unknown 
and standard solutions are then made with the assump- 
tion that the flow rates ale identical. The total amount 
of solution needed varies, but generally a 3- to 10-in1 
sample volume i s  required. Because tubing plumps 
ori1in;riily do not reproduce flow rates to better than 
about 1% over short periods of time (hours), there is 
always an error associated with irreproducibility of flow 
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Table 6.1 1. Analysis of solutioiis of mixed halides 
All solutions 0.2 M KNO3; nominal flow rate, 0.02 inl/sec. 

Mixture Standard Percent Potential 
difference (niV vs S.C.E.) Solution HJides Molarity current current 

(mA) (mA) 

1 

2 

3 

4 

5 

6 

'7 

8 

9 

10 

1 1  

10 -4 

IO4 

2 x  lo-+ 
5 x 
5 x 
2 x  l o +  

2 x  lo4  

2 x  l o +  

2 x  l o 4  

5 x  io4  
5 x  IO4 

5 X 1 0 4  

0.200 
1 9 8  
1.93 
0.0220 
2.09 
0.220 
2.10 
0.396 
1.04 
0.94 
0.416 
1.88 
0.0201 
2.0 I 
2.21 
0.372 
1.14 
0.96 
0.430 
1.88 
0.392 
1.1 3 
2.00 

0.193 
1.99 
t.93 
0.0210 
2.10 
0.21 8 
2.10 
0.398 
I .05 
0.96 
0.420 
1 .92 
0.0207 
2.08 
2.2 I 
0.376 
1.12 
0.97 
0.406 
1.92 
0.392 
1.08 
2.03 

t3.6 
- - -os 

0 
4-43 
-4 .5  
+0.9 
0 

- 4 . 5  
-1  .0 
---2.0 
..-I .0 
-2.1 
--2.9 
-3.4 

c) 
---1.1 
+1.8 
-1.0 
-6.4 
-2.1 

0 
+4.6 
-1.5 

0 
+200 
+so 

+200 
0 

+275 
0 

+275 
0 

-1.275 
0 

+275 
+5 0 

+275 
+170 
+275 
+I 70 
1-275 
+130 
+275 

0 
+150 
+275 

10-6 to+ 10-3 10-2 

CYANIDE ION CONCENTRATION ( M )  

Pig. 6.34. Response of silver packed-bed electrode tQ cyanide 
ion. Flow rate, 0.022 ml/sec. Electrode potentials: solid line, 
+125 mV vs S.C.E.; dashed line, +lo0 iiiV vs S.C.E. 

rate. However, this method of analysis does have the 
distinct advantage that volumetric glassware need not 
be used (except possibly for calibrating the flow rate of 
the pump). A n  alternative method of analysis i s  possible 
with only a slight modificalion of the basic apparatus. 
In this method a reservoir of inert electrolyte IS 

provided, and solution from the reservoir is 
pumped through the cell at a rate which need not be 
known or precisely controlled. A steady, but usually 
quite small, background current is observed. A device is 
provided for introducing into the stream a known 
volume (typically 1 rnl)  of the unknown sample. As the 
unknown sample is puniped through the cell a cuirent 
pulse is observed which corresponds to the electro- 
chemical inleraction of the unknown with the electrode 
system. The amount of the unknown IS determined by 
integration of the current pulse. In an experiment 
carried out to assess the accuracy and convenience of 
this method, small volumes of various solutions conlain- 
ing silver ion were added to the cell in this manner. The 
results, which are shown in Table 6.12, show that 
reasonable accuracy may be obtained by this simple 
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Table 6.12, Determination of silver ion with a packed-bed silver electrode 

Electrode potential: -700 mV vs S.C.E. 

Sample Sample volume Concentration Equivalents Equivalents Pzrcent 

1 1 .o 5.9  x io4 5.9 x 5.72 x -3.1 

3 1 .o 5.9 x l o4  5.9 x 5.84 x -1  .o 
4 2 .o 5.9 x io4 1.18 x 10.“ 1.15 X 10” -2.5 
5 2.0 5.3 x lo-+ 1.18 X 1.14 X 10” 3.4 
6 0.5 5.9 x 10.’“ 2.95 x 2.90 x -1.7 

8 1 .o 2.95 x 2.95 X 2.91 X 10” - - I  . 3  
9 1 .o 2.95 x 2.95 X 2.91 X 10” -1.7 

11 2.0 2.95 x 5.9 x 5.68 X 10” -3.7 

in sample ob se ived error 
......... .____- 

No. (1111) (M) 

2 1 .0 5.9 x 5.9 x 5.69 x - 3.6 

7 0.5 5 .9  x I O 4  2.95 x 2.97 X 4-0.7 

10 2 .o 2.95 x 5.9 x 6.11 X 10” +3.6 

....... .....___.- 

method. The results of Fig. 6.34 were obtained by 
graphical integration; more accurate restilts should be 
attainable by use of  electronic integration. 
- 

1 .  R. E .  Meyer and F. A. Posey, Chem Div. Annu. bogr.  

2.  K. E. Meyer and l+’. A. Posey, J. Electroannl. Chem. 
Rep. Muy 20, 1973, ORNL-4891, p.  89. 

lnterfacial6‘lecirochem. 49, 377 (1974). 

SENSOR FOR DISSOLVED OXYGEN 

K .  E. Meyer F. A.  Posey 

We have described in previous publications1,* an 
electrochemical device for the determination of dis- 
solved oxygen at the part-per-billion level. A silicone 
rubber membrane was used in this device to separate 
the dissolved oxygen from possible interfering ions. At 
higher levels o f  dissolved oxygen (in the range of air 
saturation, ca. 8 ppm), conditions are not so stringent 
since, for most solutions, the interfering ion concentra- 
tion is likely to be relatively small compared with the 
dissolved oxygen concentration. We have therefore 
tested essentially the same device as that used for halide 
analysis3 as a sensor for oxygen analysis. The only 
change that was necessary was to set the potential at 
approximately -750 mV vs S.C.E. Some results are 
shown in Fig. 6.35. The sample stream was prepared by 
mixing air-saturated and helium-saturated streams at 
known flow rates. Errors average less than 3% and 
represent both the error of measurement and the errors 
associated with mixing and measurement of the flow 
rates of the &wo streams. We feel that the sensor may 
have application in a number of areas which require 
continuous monitoring of the dissolved oxygen content 
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Fig .  6.35. Coiiipaisnn of observed oxygen-reduction current 
with cnrrent calculated. from mixing of air-saturated and 
hclium-saturated streams. Packed-bed silver elcctrode; electiode 
potential: -750 mV vs S.C.E. 

of flowing streams, pawticularly those where the concen- 
tration, rather than the activity, o f  dissolved oxygen is 
desired. 
______ 

1. R.  t. Meyer, F .  A. Poszy, and P. M. Lantz, Desali;2ation 
1 1 ,  329 (1972). 

2 .  R. E. Meyer, F. A. Posey, and P. M.  Lantz, Cherr~. Div. 
Annu. hogr. Rep. May 20, 1973, ORNL-4891, p. 91. 

3.  R.  E. Meyer and F. A. Poscy, “Separation and Analysis of 
Ions with a Packed-Bed Electrode,” the pieceding contribution, 
this report. 
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ELECTROANALYSIS OF SMALL SOLUTION 

USING LINEAR POTENTIALSWEEP COULOMETRY 
VOLUMES WITH A PACKED-BED ELECTRODE 

H. R. Bronstein F. A. Posey 

An apparatus was designed, constructed, and tested 
for investigation of the applicability of packed-bed 
electrodes to quantitative electroanalysis of trace 
amounts of oxidizable or reducible solutes in small 
sample volumes ( 1  ml or less) by linear-sweep volt- 
ammetry and/or coulometry. The packed-bed electrode 
is composed of nonporous glassy carbon spheres (about 
loop in diameter). Figure 6.36 is a photograph of the 
relatively simple cell. The central portion contains the 
cylindrical packed bed of glassy carbon spheres (y8 in. 
in diameter; 1 in. in length). The side arm on the right 
in Fig. 6.36 contains a reference electrode (saturated 
calomel); the side arm on the left leads to a graphite rod 
counterelectrode. A length of Teflon tubing was some- 
times used, as shown in Fig. 6.36, to prevent reaction 
products in the counterelectrode compartment from 
reaching the packed-bed electrode during an experi- 

PHOTO 0770-74 
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l ' 1 ' 1 ~ , 1 , 1 , >  

Supporting Electrolyte IN NoCl + 0 001 M Na2S03 
Sweep. 0001 V /  sec 

0.0 0 2  0.4 0.6 08 10 1.2 
VOLTS vs SCE 

Fig. 6.37. Background anodic sweep on glassy carbon packed- 
bed electrode in the absence of electroactive substances. 

ment. Electrical contact with the packed-bed electrode 
is made by an insulated carbon rod. Ports are provided 
in the Teflon cap assembly for introduction of samples, 
deaerated inert electrolyte, and an inert-gas stream 
which blankets the bed. 

A precisely measured volume of sample (as small as 
lop2 ml) is passed into the packed-bed electrode using 
an electrochemically inert supporting electrolyte (NaCl, 
H2S04, etc.). The potential of the packed-bed elec- 
trode is subsequently varied at a constant rate, and the 
amount of each oxidizable or reducible substance 

II present is measured coulometrically at its appropriate 
potential range for reaction. Microgram quantities of 
lead, cadmium, and copper ions, and their mixtures, 
have been determined by this technique with an 
accuracy of better than 51%. 

A plot of charge accumulated during an anodic sweep, 
in the absence of oxidizable or reducible substances in 
the solution, is shown in Fig. 6.37. This curve is the 
"background" which is required for estimation of the 

~ quantity of electroactive species stripped from the 
packed-bed electrode for the inert electrolyte in ques- 
tion (1 N NaCl). Some experimental curves obtained for 
determination of cadmium by this method are shown in 
Fig. 6.38. The supporting electrolyte, 1 N NaCl, was 
deaerated by addition of a small amount of sodium 
sulfite. The plot of current as a function of electrode 
potential shows the current peak due to deposition of 
cadmium on the surface of the glassy carbon spheres 
(lower portion of current trace) during the cathodic 
part of the potential scan; the upper portion of the 
current trace shows the peak due to stripping of the 
cadmium from the bed during the subsequent anodic 
potential sweep. We find that, in general, more precise 
analytical results are obtained for reducible metal ions 

with a packed-bed electrode of glassy carbon spheres. on the anodic half cycle (stripping) than on the 
Fig. 6.36. Cell for eiectromdysis of small solution volumes 
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Fig. 6.38. Coulometric determination of cadmium with the packed-bed electrode of glassy carbon spheres. 

ORNL-DWG 74-33, 
i ' l  T I  T i ' l r l l  

88- 1 0 5 ~  Glossy Carbon Spheres 
f.64 x fO-3M Pb 
1.50 x 10-3MCdC1~ 5 0 h  of{ 
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Fig. 6.39. Coulometric determination of a mixture of lead 
and cadmium with the packed-bed electrode of glassy carbon 
spheres. 

cathodic half cycle (deposition). We also show in Fig. 
6.38 the corresponding coulometric curve for anodic 
stripping, from which the amount of cadmium added 
may be obtained by noting the points at which 
significant deviations from the background curve occur 
(cf. dashed lines) and subtracting these values to give 
the total number of coulombs due to the stripping 
reaction. Results of coulometric analysis of a mixture 
of lead and cadmium ions are shown in Fig. 6.39. We 
find that use of a cathodic sweep for deposition prior to 
the anodic sweep in the case of analysis of mixtures 
leads to  much more accurate results than simple 
deposition at a negative electrode potential followed by 
an anodic sweep. Sensitivity of the method could be 

ORNL-DWG. 74-33 
I I I I 

88-105~  Glossy Carbon Spheres 
5 0 h  1mM C u S 0 4  
Supporting Electrolyte : 0.5N H2S04 

Added 3.21 x g Cu2+ ,,,,) Found ' 3.21 x g Cu2+ 

I I I I I 
+0.2 0 -0.2 -0.4 

VOLTS v s  S C E  

Fig. 6.40, Coulometric determination of copper with the 
packed-bed electrode of glassy carbon spheres using enhanced 
sensitivity. 

further increased by adjustment of the current amplifi- 
cation factor and/or the coulometric constant. An 
example of a stripping curve run at increased sensitivity 
is shown in Fig. 6.40; in this case, copper was analyzed 
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with dilute sulfuric acid as inert electrolyte It should 
be noted that a wide vanety of supporting eleclrolytes 
niay be used, depending upon the particular application 
arid the ions to be analyzed. 

These results not only have confirmed the tbeoretical 
computations which had suggested thal the above 
method should be at least the equal of’ conventional 
polarography and some other electroanalytical 
methods* - jn sensitivity, but also have shown that the 
method permits the use of extremely small sample 
volumes with relatively simple experimental equipment 
snd manipulations. The results of this investigation will 
be submitted for publication in the JozirnuZ o]’EZecirro- 
mi d y  1 icul Chcinistiy and In terfuciul Ekctro ch emis try. 

1. D. M. Oglesby et al., Arid. C’hern. 37, 13 17 ( 1  965 j. 
2.  A. T. Hubbard and F. C. Anson, p. 145 in Electrounalyt- 
id Chernislry, vol. 4. ed. A. J.  Bard, Marcel Dekker, Inc., New 
Yotk, 1970. 

3 T. Fujinaga, Pure AppZ. Chem. 25, 709 (1971). 

POROUS ELECTRODE STUDIES IN 
MOLTEN SALTS’ 

H. R. Bronstein F. A.  Posey 

Work was initiated to investigate the feasibility of 
using a porous 01 packed-bed electrode as a continuous 
on-line inonitor of the concentration of dissolved 
bismuth in molten teactor rile1 salt. Fabrication of a 
prototype quartz cell and other accessoiie:, for the 
stiiilies was largely completed. The necessary equipment 
for temperature control, a suitable fuinace, and instru- 
mierttation for accurate monitoring of the temperature 
of the melt were dcquired. A manifold for vacuum and 
inrit pressure control ovei the melt was constructed. 
‘I’hcse components are now being absembled as a 
bench-scela test unit prior to initiation of ex penmental 
rneasuren~ents. 

1 Work cauicd out  for the Molten-Salt Reactor Program 

ELECTROCHEMICAL RECOVERY OF REDUClBLE 
INORGANIC POLLUTANTS 

FROM AQUEQUS STREAMS 

A. A. Palko F. A. Posey 

Research continued on the development of efficient 
and economical methods for removal and recovery of 
reducible metal ions from flowing streams by porous 

and packed-bed eleclrolylic cells. ‘ h i s  work is an 
extension o f  studies carried out earlier on recovery of 
copper from the brine blowdowri of desalting 
Most of the effort dunng the first pari of our studies4 
was devoted to recovery of dlssolved mercury from 
simulated chlor-alkali plant brine by porous carbon 
electrodes. Data were obtained on the effect ofsohtion 
cornposition, pH, ternperature, etc., on mercury reduc- 
tion from aqueous solutions onto carbon substrates. 
Tests were carried out on the rernoval efficiency of 
poious carbon electrodes as a function of electrode 
length, solution flow rate, electrode potential, etc., and 
on the mode of deposition of mercury orito carbon 
surfaces. The results had implications for the develop- 
ment o f  large-scale devices for reinoval of mercury from 
flowing streams. 

More recently, most of our work has been concerned 
with study of the feasibility of removing dissolved lead 
from two different types o f  industrial effluents ob- 
tairied from a lead-lead dioxide plating plant and from 
a major manufactiirer of organolead As in 
the case of the earlier studies on rneicury recovery, a 
comprehensive series of nieasdsurements was carried out 
on the effect of solution composition, temperature, pti,  
and other factors on the rate of reduction o f  lead, 
coppei, cadmium, and a number of other metals on a 
cai bon substrate. It was observed that lead, copper, and 
cadmium could be reduced over a useful range of 
electrode potentials for all the qolutioas examined, so 
t tiat efficient reinoval of these substances from flowing 
streams on porous and packed-bed electrodes is feasible. 
It was found that one effluent, a dilute rinse water from 
a continuous lead lead dioxide strip plating operation, 
could not  be treated efficiently because of limited 
solution conductivity. The other plant effluent, from 
the riianufacture of lead antiknock compounds, was 
successfully treated electrolytically to remove dissolved 
jnorgaiiic and organic lead compounds uiider laboratory 
coridirionx. 

Subsequent work has been concerned with the devel- 
opment of a practical prototype lend-recovery cell and 
with testing on bot11 syrittietrc and actual plant effluent. 
Following successful completion oC tests with the unit, 
we plan to design and construct a sural1 fully instru- 
mented demonstratmi unit, capable o f  treating pertraps 
1000 lo 5000 @/day of effluent, which will be shipped 
to the manufactuiing plant for extended on-site evalua- 
tion of technical and economic aspects uf the process. 

1. Rcsearch carried out  under the OKNL-NSF Ecology and 
Analysis of Trace Contaminants program, sponsored by NSF/ 
RANN under T7nion Carbide Corporation’s contract with the 
Atomic Energy Conirnission. 
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2. F. A. Posey, Chem. Div. Annu. Prop. Rep. May 20, 1972, 
ORNL-4791, p. 113. 

3. F. A. Posey, Electrolytic Demonsiration Unit for  Copper 
Removal from Distillation Plant Blowdown , ORNL-TM-4112 
(March 1973). 

4 .  F. A. Posey and A. A. Palko, “Electrochemical Removal of 
Reducible Inorganic Pollutants from Aqueous Streams,” p. 367 
in Ecology and Analysis of Trace Contaminants, ORNL-NSF- 
EATC-1 (March 1973). 
5. F. A. Posey and A. A. Palko, “Electrochemical Recovery 

of Reducible Inorganic Pollutants from Aqueous Streams,” p. 
360 in Ecology and Analysis of Trace Contaminnnu, ORNL- 
NSF-EA’K-6 (January 1974). 

EFFECT OF SOLVENT 
ON THE ELECTROCHEMISTRY OF IRON’ 

A.  L. Bacarella 

A study has been made of the electrochemical 
behavior of the active iron electrode in acidic ethanol- 
water media. The purpose of the investigation was to 
determine the kinetic order with respect to water and 
protons in the corrosion mechanism. Solvent mixtures 
ranging from pure water to almost pure ethanol were 
investigated. The potential measurements in the investi- 
gation were made with respect to a saturated aqueous 
calomel electrode as the reference electrode. In order to 
interpret the results, values for the junction potentials, 
,5%, between the acidic ethanol-water solvent and the 
saturated aqueous KC1 were needed. A first interpreta- 
tion of the results was obtained using the junction 
potentials proposed by Gutbezahl and Grunwald.2 
These junction potentials were obtained from a correla- 
tion of the pK’s of organic acids i n  ethanol-water 
solvents. The correlation was based on the validity of 
the “activity” postulate of Grunwald3 It  was shown 
that a satisfactory interpretation of the results was 
obtained using a modification of a mechanism proposed 
by Kelly4 €or the iron dissolution and hydrogen 
evolution reactions on zone-refined iron in hydrogen- 
saturated sodium benzoate solutions, referred to as the 
inhibited system. The following equations were ob- 
tained using the above ~nechanism:~ 

1 
- ES;,/0.120 flog- 1 1- hR ’ 

1 1 
=-E;,/0.06 2 = --pi 2 , ( 3 )  

(4) 

where E; t ,Fe  - - E:e,l Pt ,E’e  f E,,, -t EL is the 

potential of the platinum or iron electrode vs the 
standard hydrogen electrode in water, (S.H.E.) ; 
E&,, P t , E ‘ e  is the experimentally measured cell poten- 
tial; the constant h is a ratio of rate constants;R = (wt 
% EtOH)/(wt % HQH); and pA = pII in pure water 
solvent. 

Recently another set of liquid junction potentials, 
E:, was evaluated for this system by Popovych.6 Not 
only do these potentials diffefer in magnitude but they 
also differ in sign from those proposed by Gutbezahl 
and Grunwald. These junction potentials were based on 
the assumption of equal medium effects for ions of a 
reference electrolyte, the electrolyte being composed of 
large symmetrical ions as similar in size and structure as 
are available. If the proposed mechanism is accepted, 
then these junction potentials do not provide a satisfac- 
tory fit to the data. ‘This i s  most readily shown by Fig. 
6.41, which is a plot of the experimental vs the 
calculated open-circuit corrosion potential for the iron 

2 0 -0.360 L ..._. I _ _ _ _  l . . . I  
W - 0.380 -0,420 -0460 -0.500 -0.540 

E,,,,) Fe ( o h )  I “ 
Fig. 6.41. The calculated vs the observed corrmion potentid 

for iron in hydrogen-saturated 0.50 M H2S04-EtQH-NBH at 
30“ c. 
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Fig. 6.42. The corrosion current for iron in hydrogen- 
saturated 0.50 M tl~SOj.-EtOH-HOH as a function of pA at 
3WC, using Popovych's junction potentials. 

electrode according to  Eq. (4). Since the corrosion 
potential i s  independent of EL, the only unknown in 
Eq. (4) is A. The two values for X were obtained from 
Eq. (1). Here, the two sets of junction potentials E: 
arid E: were used, and the best values for X were 
determined. For GrunwaId's junction potentials ($1, 
X = 1.8, and for Popovych's (E,"), X = 0.25. For perfect 
agreement the slope of the line in Fig. 6.41 should be 
unity and the line should pass through the origin. 
Obviously, Grunwald's junction potentials provide a 
much better fit. Using these values for X and the 
respective junction potentials, the corrosion currents as 
a function of PA are compared in Figs. 6.42 and 6.43. 
By definition: 

-qt BS cell P t  + ES.C.E.  +E;, pA = ... 10% a, zz __. = - 
0.06 0.06 

According to Eq. (3) ,  

and again, better agreement is obtained using Grun- 
wald's values for E;.  

Indeed, the above arguments can be reversed, and the 
best value for X determined from Eq. (4) can be used to 
generate a set of experimental junction potentials. 
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Fig. 6.43. The corrosion eunent for iron in hydrogen- 
saturated 0.50M H,SO,-EtON-HOH as a function of PA. 

These potentials agree in sign and magnitude with those 
proposed by Gutbezahl and GrunwaJd.2 

1. Work performed in the Reactor Chemistry Division. 
2.  B. Gutbezahl and E. Grunwdld, J. Amer. Clzem. Soc. 75, 

3. E. Grunwald,J. Phys. Colloid Ckem. 55,881 (1951). 
4. E. J. Kelly,.i. f3'lmtrmkem. Soc. 115, 1111 (1968). 
5. A. T-. Racarella and A. L. Sutton, Reactor Chem. W v .  

6 .  0. Popovych, Crit. Rev. Anal. Ckern. 1 , 7 3  (1970). 

565 (1953). 

Annu. Prop. Rpp .  May 31, 1971,ORNL.-4717, p. 78. 

CALORIMETRY 

HEAT OF IMMERSION OF THORIUM OXIDE 
AT ELEVATED TEMPEMTURES' 

H. F. Holmes 

The surface properties of thoriutn ovide have been 
studied by infrared spectroscopy' at tempera tures up 
to ~ o o " C ,  \>y water vapor adsorption measurements3 up 
to 500"C, and by extensive heat of immersion calo- 
rinietry4 in liquid water at 25°C. The present study 
extends the calorimetric measurements t o  200°C and 
provides basic information on the oxide-water interface 
in a temperature range where no previous calorimetric 
data are available. 
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Specific surface areas of the six samples used in the 
present study were 14.7, 35.5, 14.5, 6.60, 2.96, and 
46.7 m2/g for samples A,  F, 6, H, I ,  and BB-14 
respectively. With the exception of sample BB-14, the 
samples were derived from the thermal decomposition 
of thorium oxalate, with the only real difference being 
the calcination temperature. Sample BE-14 is a sol-gel 
material. The heats of immersion (in liquid water) were 
measured with an adiabatic calorimeter capable of 
operating at temperatures up to 200°C. 

Results for these six samples of thorium oxide are 
shown in Figs. 6.44 and 6.45. The specific surface areas 
(from nitrogen adsorption) have been used to reduce 
the data to a unit-area basis. It should be emphasized 
that all of the results in Figs. 6.44 and 6.45 are for 
sarnples which have been outgassed at 500°C for 24 hr 
and sealed, under high vacuum, in Pyrex bulbs. It is 
obvious from these results that the heat of immersion 
can increase, decrease, or remain constant as the 
immersion temperature increases. Although there is no 
quantitative relationship, samples having a high specific 
surface area (A, F, G, and RR-14)  are more energetic 
than those with a relatively low specific surfxe area (H 
and I). This agrees with previous results' obtained at a 
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Fig. 6.44. Heat of immersion of Tho2 in water. Samples 
outgassed at 500°C. 

constant imniersion temperature of 25°C. In all cases 
the magnitude of the heat of immersion is clear 
evidence for a chemisorption process. 

The heat of immersion of thorium oxide in liquid 
water at 25°C is very dependent on the temperature nt 
which the samples are outgassed.' This is also true at 
elevated temperatures. Table 6.13 lists the heat of 
immersion of samples A, F, and BB-14 for samples 
which were outgassed at 500°C ( h i s o 0 )  and 200°C 
(hi2''). If one assumes that all of the weight loss 
betwsen 200 and 500°C is water, then one can calculate 
the average net heat of adsoiption for this water. One 
simply divides the difference in the heat of immersion 
for samples outgassed at these two temperatures by the 
weight loss md converts to the proper units. The 
strikiiig observation is that the difference in the heat of 
immersion for samples outgassed a: 200 and 500°C is 
independent of immersion temperature over the range 
of 25 to 150°C. This is true for all three samples, each 
of which has a different dependence on immersion 
temperature. The quantities of water given in 'Cable 
6.13 are roughly equivalent to 0.8 of a chemisorbed 
monolayer in all three cases. It is known that, after 
outgassing at 500"C, a thorium oxide surface contains 

ORNL- DWG. 7 4 -  a 0 4  
......... r... 7. 1500 _ _ . ~  1 0 SAMPLE H 

a SAMPLE I 
1400 * SAMPLE 88-14 i 

..... 
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Fig. 5.45. Heat of immersion of Tho2 in water. Samples 
outgassed at 500°C. 
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Table 6.13. Estimation of average net heat of adsorption 
In ergs per square centimeter 

Sample A Sample F --- Sample BB-14 Immersion 
temperature e C) hisoo hi2oo his 0O-h i2 O0 hiso0 hi2oo h i 5 0 0 4 ~ 0 0  hisoo hiZoo his Oo-hi2'O 

25 1220 587 633 1355 855 500 1232 684 548 

60 1342 685 657 1277 760 517 1256 619 577 

100 1450 793 657 1254 723 531 1232 681 545 

130 1575 926 649 1298 762 5 36 1258 69 3 565 

150 1657 1003 654 1316 829 487 1269 690 519 

Average 650 5 7 514 f 17 1 2 5 3 t 9  6 8 7 t 4  563* 13 - 

Weight loss between 2.60 
200 and 500°C (mg/g) 

5.4 11.2 

Average AH, (kcaI/mole) 15.8 12.6 10.7 

about one-half a monolayer of chemisorbed water in 
the form of surface hydroxyl groups? This means that 
the average net heats of adsorption given in Table 6.13 
are for completion of ihe chemisorbed layer plus a 
srnall amount OF irreversibly adsorbed niolecular water. 
I t  is clear that the complex dependence on immersion 
temperature is due to factors other than a chemisorbed 
layer of surface hydroxyl groups. From this, one 
concludes that the integral heat of immersion of 
thorium oxide contains contributions which reflect 
considerable interaction with several layers of  water 
adjacent to the oxide surface. This observation agrees 
with the conclusion reached by Tyler et aL6 in their 
study of the heat of immersion of silica over the 
relatively limited temperature range o f  11.5 to 54.S"C. 

_--I 

1. Extended Abstract of paper presented at the 167th 
National Meeting of the American CXemical Society, Los 
.4ngeles, Calif., Mar. 31-Apr. 5, 1974; abstract COLL-103. 
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4. H. F. Holmes, E. L. kuller, Jr., and C. H. Secoy, J. Phys. 
Oiem 72,2095 (1968). 

5. IS. F.  Holmes and C .  H. Secoy, J. Phys C'hrm 69, 151 
(1965). 
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INTEKF'ACLAL PHENOMENA 

THEORY OF THE~~~ODIFFUSIOPNORESIS OF 
SPHERICAL AEROSOL PARTICLES' 3' 

B, K. Armis E. A. Mason3 

An aerosol particle in a gas in which a temperature or 
concentration gradient is maintained will experience a 
force proportional to the appropriate gradient, and a 
steady-state motion will result such that the force is 
balanced by the fluid drag or1 the moving particle, The 
phenomena are then known respectively as thermo- and 
diffusiophoresis. In the case of a gas mixture that is 
nonuniform in both temperature and concentration a 
composite motion referred to as therinodiffusiophoresis 
may occur. Rigorous mathematical descriptions of the 
ptioretic effects are available when the ratio of the 
particle radius to the mean free path of the gas i s  small 
(free-molecule regime) or large (continuum regime); 
however, in the intermediate range it is necessary to 
resort to approximate or semiempirical methods. Pre- 
vious reports4 ,' have discussed the application of the 
so-called "dusty-gas" model to aerosol transport prob- 
lems. The model has now been extended to provide 
expressions for the motions of spherical particles in gas 
mixtures having both temperature and composition 
gradients which cover the free-molecule to the con- 
tinuum regime. 
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The model treats the aerosol particles as one com- 
ponent of a multicomponent mixture, and yields 
explicitly the complete pressure and composition de- 
pendence of thermodiffusiophoresis. Effects of molecu- 
lar internal degrees of freedom are included, but not 
effects connected with the thermal conductivity of the 
particles. Thermophoresis and diffusiophoresis are 
found to interact in three ways with each other in 
thermodiffusiophoresis. Thermophoresis itself is 
enhanced in a mixture, diffusiophoresis itself is en- 
hanced in the presence of a temperature gradient, and 
there is also a direct coupling term involving the 
translational thermal diffusion factor of the gas mix- 
ture. The model has been extended to include the 
effects of finite boundaries on the gas. The case of 
thermophoresis in a single gas in the so-called transition 
region with respect to both the particle diameter and 
boundary spacing has been worked out in detail. There 
is reasonable agreement of the present results with 
previous theoretical and experimental work where they 
overlap. 
____...~ 

1. This research was supported in  part by the  National 

2. 'To be publishcd in J. Aerosol Sci. 6 (1975). 
3.  Brown University, Providence, R.I. 
4. B. K. Annis, A. P. Malinauskas, and E. A. Mason, J. 

5 .  B. K. Annis, A. P. Malinauskas, and E. A. Mason, J. 

Science I'oundation Grant CK-38196. 

Aerosol Sci. 3 ,SS (1972). 

ACYQSO~ Sei. 4,211 (1973). 

OBE INVESTIGATION OF THE 
SURFACE MIGRATION OF MOLECULAR 

OXIDES ON NaCII ,2 

R. K. Annis S. S. cristy3 

The meager amount of data for the migration of 
surface layers on solid substrates demonstrates that the 
magnitude of the diffusion coefficients can range from 
nearly gas-phase values to those of the slowest bulk 
processes. There is every indication that a considerable 
amount of additional. data must be acquired before even 
crude estimates of the effect can be made. We report 
here what we believe to be the first results for the 
diffusion of molecular oxides over an ionic substrate. 

Sodium chloride substrates were prepared from stand- 
ard Harshaw Chemical Company optical-grade polished 
blanks of approximate dimensions 17 mm by 8 mm by 
1.5 mm. On approximately one-half of the crystal a 
film of either La203 or SrO was laid down by an 
electron beam deposition technique. The purities of 
ln203 and S i 0  were specified by the suppliers as 
99.999 and 99.5% respectively. The rhickncsses of the 

deposits were inferred from measurements of the 
surface density and were estimated to be 633 i% for 
I,a203 (corresponding to 40 pg/cm2) and 1400 A for 
SrO (corresponding to 66 pglcm'). Vie T,a203 samples 
were heated in air at 693°K for a period of 880 hr, and 
the SrO samples were heated in a helium stream for 
periods of 443 and 977 hr, also at 693°K. Some of the 
samples were not heat treated but were examined after 
deposition to ensure that the region of the diffusion 
source was well defined. 

The detectability limits of the ion microprobe were 
estimated as 2 X yg/crn2 of La2 0, on the surface, 
which, for the 60.- by 75;um area typically sputtered, 
would correspond to about 1 X g of La203.  For 
strontiiim oxide the figure was 3 X 1 0 - ~  pg/cm2, or, 
for a sputtered area of 30 by 38 pm, about 3 X lo-' ' g 
SrO. The sputtering beam consisted of negative oxygen 
ions of a few keV energy and with intensity in the range 
1.5 to 4.5 nA. The usual technique was to begin the 
sputtering pattern at some distance from the oxide 
coating and move inward to the boundary of the 
deposit. The location of the various sputtered areas was 
determined to within + I  pm. Finally, due to the 
insulating nature of the NaCl substrate, it was necessary 
to carbon coat the surfaces. 

Some of the data are shown in Figs. 6.Mb6.48. The 
experimental concentration profiles were plotted with 
the logarithm of a quantity proportional to the amount 
of material per unit area as ordinate and the distance 
from th.e edge of the deposit as abscissa. The profiles in 
this form were then superposed on similar plots 
generated froni the iisual one-dimensional diffusion 
equation for a semi-infinite source, 

where f is the length of the heating period, x is a 
distance from the source of the diffusing material, Co is 
the initial surface concentration at s 0, t = 0, and D, 
is the surface diffusion coefficient. The curves com- 
puted for a representative range of are shown in the 
plots. In general, it ~ o ~ i d  be expccted that a more 
complex model that would permit a loss of surface 
material in the bulk of the substrate should be applied. 
However, it can be demonstrated that for practical 
purposes the concentration profiles generated by more 
elaborate theory are indistinguishable from those of Eq. 
(1) when plotted in terms of reduced variables. Con- 
sequently; since information regarding volume diffusion 
is lacking, we have chosen the simplest approach. 
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Fig. 6.46, Surface distribution of La203 for a heating pe*iod 
of 880 hr. 

As is evident in Figs. 6.46 6.48, the behavior in the 
first 150 to 200 y for both molecular species often 
differed from that predicted by the simple model. ho 
obvioris explanation would be that multilayer diffusion 
was occurring in this regon. However, by scaling the 
concenlrations to that obtained on the deposit, we 
found that for the Laz03 and the 473-hr SrO samples, 
the estimated film thicknesses were less than the 2-8 
figure conzrnonly used for a monolayer. On the other 
hand, one of the sets of 977-hr SrO data is (11 gi>od 
agreement with the model even at SO p,  wlieie the film 
thickness i s  estimated to have been about 3 A. 

The SrO data also deviate from the elementary model 
by Palltng off more rapidly at the lower extitme of the 
curves. Sinliiar behavior was not noted for La203 but 
could have been masked by  [he larger statistical 
uncertainties in these data. 'Fhe rapid decrease could 
indicate a concentration dependence for the diffusion 
coefficient. However, plots based on the model of a 
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Pig. 6.47. Surface distribution of SrO for a lieating period of 
473 ill. 

diffusion coefficient that is directly proportional to the 
concentration were fourid to require greater curvature 
in the intemiediate portion o f  the cutve than was 
observed. In the intermediate range o f  distances, fur 
wbich the concentiaiion decreases by better than :In 

ordei of magnitude, Eq. (1) can be seen to give an 
adequate fit. Although the figures display curves based 
on by. (I), the effect of the t h t e  size of the sputtered 
patch was taken into account and found riot t o  produce 
behavior significantly different from that shown. The 
value of the diffusion coefficient obtaincd from the 
intermediate part of the curve foi L a 2 0 ,  is 3.0 X 

cm2/sec. The SrO data for  heating pexiods 
drffering by about a factor of 2 appear consistent and 
provide a value of' the diffusion coefficient of 2.0 X 

" crn'lsec. The overall uncertainty in thc diffusion 
coefficients 16 estimated at 30 to 50%. 

1. Siirnmary of published paper, Scr. b e t .  8,  695 (1974). 
Work performed in  the Reactot Ckemislry Division. 
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Fig. 6.48. Surface distribution of SrO for a heating period of 
977 hr. 

2 .  We would like to thank Messrs. Kobisk, Adair, and 
I-Iarinon for the film deposition work, and the late Dr. G. M. 
Watson for suggesting this stiidy. 

3 .  Y-12 Development Division. 

SORPTION BY SOLGEL THORIA' 

E. I,. Fuller, Jr. 

The sorption properties of thoria have important 
implications in nuclear, catalytic, and ceramic appli- 
cations. We have extended our studies to sol-gel thoria, 
which is a semirigid matrix of crystallites adhesively 
held together by a sheathing layer of sorbed water. This 
intercrystalline buffer is difficult to remove, but pro- 
longed evacuation does lead to contractive extraction. 
The partial collapse of the matrix upon removal of the 
intercrystalline sheathing water closes micropores 
markedly to exclude nitrogen without grossly altering 
the amount and size of capillary avenues. Once the 
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Pig. 6.49, Water vapor sorption by sol-gel thoria at 22.OO"C. 

intercrystalline contact is formed, the stronger associ- 
ation resists direct prizing water penetration. However, 
scission (and water reentry) does occur as the matrix 
swells under the capillary forces of water in the larger 
voids. Considerable desorption hysteresis is noted as 
water is removed from three types of capillary avenues 
and the intercrystalline contact zones. In contrast, the 
matrix retains its integrity at -196°C under the weaker 
influence of the capillary forces of nitrogen, where a 
unimodal capillary hysteresis is noted. 

Water vapor adsorbs on sol-gel thoria in a rather 
unique manner (Fig. 6.49). The adsorption isotherm is 
very nearly linear over an extended pressure region, so 
that BET analyses give erroneously high estimates of 
the monolayer capacity. Three ranges of hysteretic 
capillary retention are noted as desorption inflections at 
ca. 0.9Po, o.7tp0, and 0.35f',. The low-pressure re- 
tention between Q.OOIPo and Q.31', prevails only if the 
adsorptive excursion exceeds Q.U0 and is removed by 
prolonged exposure to dynamic vacuum (less than 
Po). The magnitude of each of these desorptive re- 
tentions is linearly related to the preceding adsorptive 
maximum. Hysteretic scanning is noted for the higher- 
pressure modes but is not present in the low-pressure 
retention. Note that the water adsorption described 
here is that observed over and above the appreciable 
chemisorbed component that cannot be removed at 
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22.00"C and torr. As this chemisorbed compo- 
nent is removed at elevated temperatures the physical 
(reversible) water adsorption diminishes monotonically 
(Fig. 6.50). The nearly constant supercritical (above 
374°C) sorption capacity prevails as the chemisorbed 
contingent still undergoes a monotonic decrease. Ap- 
parently the amount and pressure dependence of the 
reversible sorption are dictated by the pore geometry of 
the sorbent, with little or no variation due to the 
thermodynanics of the sorbate. 

Nitrogen sorption (Fig. 6.51) aids in evaluating the 
nature of the surface. A single mode of hysteretic 
desorption is noted. The amount of the nitrogen 
capillary retention depends on the adsorptive maximum 
to a limited extent (up to but not beyond 0.97P0 j and 
is independent of the amount of chemisorbed water 
and/or carbon dioxide. Conversely, the apparent nitro- 
gen monolayer capacity is definitely inversely related to 
the amount of chemisorption, which in turn is inversely 
related to the outgassing temperature. 

ORNL-DWG 72-8338 

0 L -..... 1 - 1  ....... !---LL l.........! ......... I .... ___.A 
0 2 4 6 8 10 12 14 16 48 20 

PRESSURE (Torr) 

Pig. 650.  Water vapor sorption by solyel thoria at elevated 
temperatures. 

Throughout the cycling processes (20 to 5OO"Cj to 
remove and replace chemisorbed species, the macro- 
porous structure of the matrix is unaltered (as sensed 
by nitrogen capillary condensation and multilayer 
formation). The volume and shape of these larger 
capillary voids are unaffected by the chemisorption, 
sheathing, and/or the small amount of fusion at 5OO0C, 
all of  which occur in the micro- or submicroporous 
regions of the matrix. However, extensive interparticu- 
late fusion occurs at temperatures above 500°C. As the 
sample temperature is increased progressively, the 
matrix closes irreversibly until at 1000°C in vacuum the 
closure is essentially complete. The sorption activity is 
thence limited to the external surfaces of the matrix 
particles. Nitrogen is physically adsorbed on this surface 
reversibly without capillary condensation. Carbon 
dioxide is only weakly physically sorbed with little or 
no chemisorption. Water vapor is chemisorbed to 
hydroxyl-hydrate this external surface. No penetration 
can be effected as the physisorption of water is 
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Fig. 6.51. Nitrogen sorption by sol-gel thoria at -196'C. 
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followed up to near saturation pressure. The sorptive 
capacity decreases 50-fold as the internal surfaces are 
“healed” by the cohesive sintering process. 

Although the sorption behavior of sol-gel thoria is 
complex, most of the intricacies are readily understood 
in light of the juxtaposition of the ciystallites in the gel 
matrix. The analyses are almost exclusively a study of 
the entire gamut o f  pore sizes. These range from the 
submicroporous (between the crystallite contacts per 
se), to the micropore size (interstitially accommodating 
single molecules), on to the large capillary pores where 
the bulk properties of  the condensate are noted. 

___ 
1 .  Prescnted at The 47th National Colloid Syrnposiuni, 

Ottawa, Canada, June 1973. Work perforined in the Reactor 
Chemistry Division. 

SOME SURFACE PROPERTIES OF APBLLO 17 
SOILS’ , 2  

R. B. Gammage3 
11. F. Holmes E. L. Fuller, Jr. 

This report is part of a continuing program which is 
designed to investigate some aspects of the interaction 
of gases with lunar materials. The present study 
concerns the surface chemistry of Apollo 17  lunar fines, 
samples 74220,35 (the orange soil) and 74211,42 (the 
gray control soil). Experimentally, the study consisted 
of measuring the adsorption of nitrogen, argon, and 
oxygen (all at ’77°K) and also of water vapor (at 20°C). 

‘There are general similarities and some contrasts 
between these fines and those from the Apollo 12, 14, 
and 1 h  mission^.^ ,’ Similarities include: 

Table 6.14. Specific surface areas as obtained 
by application of the BET method for the 

adsorption of nitangen on lunar samples ab 7 T K  

Outgassing Specific surface area‘ (m2/g) ___. . . .. . . . temperatiire __I.. 

Sample 74220,35 Sample 74241,42 e C) 

25 (pre-H20) 0.35 

300 (pre-HzO) 0.4 2 

25 (post-HzO) 0.90 

100 (post-H2O) 1.02 

200 (post-fI20) 1.40 
300 (post-IIzO) 1.38 

0.36 

0.37 

0.57 

0.64 
0.88 
1.01 

‘ S ,  Brunauer, P. PI. Emrnrtt, and E. Telki, .I. Amer. Chem. 
Soc. 60,309 (1938). 

1. lnitially (prior to water adsorption), both samples 
from Apollo 17 had a low specific surface area (Table 

2. There was no evidence for a pore system of the 
type that affects gas adsorption isotherm (i.e., gives 
rise to capillary condensation hysteresis loops and 
consists of pores less than a few hundred angstroms in 
size), as the initial nitrogen isotherms were completely 
reversible over the entire pressure range (Figs. 6.52 and 
6.53). 

3. Both samples were attacked by watei vapor at high 
relative pressures. 

4. The attack by water vapor increased the specific 
surface area and created a pore system which gave rise 
to a capillary condensation hysteresis loop in the 
isotherms (Figs. 6.52 and 6.53). 

Specific surface areas obtained from thc nitrogen 
adsorption data (by the RET method6) are given in 
Table 6.14. The value for sample 74220 after outgassing 
at 300°C (pre-€I,O) is in good agreement with that 
reported by Cadenhead (0.46 ~ n ’ / g ) . ~  

Although there is a general similarity of all the results 
obtained to date, there are significant specific differ- 
ences, not only between 74120 and 74241, but also 
between these two and the previously studied fines.4 , 5  

6.14). 
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Fig. 6.52. Adsorption of N2 on ApoUo 17 lunar flne sample 
74220,35 at 77“ K. Sample outgassed at Indicated tempcrature 



121 

1.2 

1 G  

0.8 

,-. 
m \ 

7 

> 
- O f i  
F 

13.4 

0.2 

0 

ORNI: WJYG. 74 - 811 
----r------- .--I ~ 

0 ADSORPTION 
I DESORPTION 

- 

0.2 0.4 0.6 0.8 I .O 
p/po 

Fig. 6.53. Adsorption of N2 on ApoIio 17 lunar fine sample 
74241,42 at 7 P K .  Sample outgassed at indicated temperature. 

Bolh of the Apollo 17 samples were hydrophobic in 
their initial interaction with water vapor (water surface 
areas were about half of the nitrogen value). This can be 
contrasted with the hydrophilicity of the previous 
s a r n p l e ~ ~ ~ ~  and may be indirect evidence that the 
Apollo 17 samples have been heated to an elevated 
temperature (about 700°C or above). However, both of 
the Apollo 17 samples were strongly hydrophilic after 
the attack by water vapor at high relative pressures, The 
alteration o f  sample 74220 was completed with one 
cycle in water vapor to high relative pressures. This IS a 
shasp contrast to Apollo 12, 14, and 16 samples, where 
the alteration process continued through several 
cycles?,5 This difference [nay be related to the very 
high glass content of sample 74220.8 Another differ- 
ence in sample characteristics may be seen in the 
blocking action of irreversibly adsorbed water (i.e., the 
dependence o f  nitrogen adsorption on the outgassing 
temperature). In the case of sample 74220 the effect of 
irreversibly adsorbed water on the specific surface area 
and hysteresis is much less than that observed with 
prcviously studied  sample^.^ ,’ In this respect, sample 
74241 is intermediate between 74220 and the prevlous 
saniples. In the case o f  74241 (and the prevlous 
samples) there is an increase in both the specific surface 

area and the size of the hysteresis loop when the 
outgassing temperature is increased from 200 to 300°C. 
Obviously this is not the case with sample 74220. 

The general nature of the attack of lunar fines by 
adsorbed water at  hi& relative pressures can be 
explained by the formation of a system of pores having 
wide bodies and narrow openings, with the narrow 
openings as the site where irreversibly adsorbed water 
blocks access of nitrogen to the pore system. The 
mechanism for the formation of this pore system has 
not been firmly established, but its generality leads us 
to believe that it is related to the radiation damage the 
saniples have undergone. 

Radionuclide investigations of Apollo 17 samples, 
also supported by NASA, are described in two contri- 
butions by G. D. O’Kelley and co-workers in Chapt. 1 
of this report. 
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MOLTEN SALTS 

TEMPERATURE AND SOLVENT EFFECTS 
ON THE EQUILIBMiJTt4 OF DILUTE 

URANIUM TRIFLUORIDE SOLUTIONS 
CONTAINED IN GRAPHITE’ 

L. M. Totti’ L. 0. Gilpairick 

The equilibrium of dilute UF, -UF4 molten fluoride 
solutions in contact with graphite and UCz,  

3UF4(d) + UC,(s) * 4UF3(d) + 2C(graphite) , 

has been studied as a function of temperature (370’ to 
700°C) and melt composition. Equilibrium quotients, Q 
= (UF3)4/(UF4)3, for the reaction were determined by 
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measuring UF3 and UF4 concentrations spectrophoto- 
metrically. It was found that the equilibrium quotient is 
sensitive io both temperature and solvent changes, 
increasing as either the temperature increases or the 
alkali metal fluoride content of the solvent decreases. 

The enthalpy of the above reaction in an LiF-BeF, 
(66-34 mole 76) solution was calculated from the 
equilibrium quotient data using the van’t Hoff equa- 
tion. This value, 99.3 kcal, was compared with the 
change in enthalpy for the pure undissolved compo- 
nents ( 12.30 kcal). Assuming that the cumulative 
effect of uncertainties in the thermodynamic data was 
not responsible for the above discrepancy in values, 
heats of solution for UF3 and UF4 in LiF-BeF, (66-34 
mole %) can be determined. Using a value of 17 
kcal/mole for UF3 (ref. 3), the enthalpy of solution for 
1JF4 is found to be -15 kcal/rnole. This value would 
suggest that UF4 forms complexes of greater stability 
than does UF3,  in agreement with previous predic- 
tions? 

1. Expanded abstract of published paper, J. Phys. Chem. 77, 
2799 (1973). Work performed in the  Reactor Chemistry 
Divi5ion. 

2. Mctals and Ceramics Division. 
3. This vairae was determined assuming that the enthalpy of 

soliition foi  UF3 is equivalent to that measured for CeF3 by C. 
J. Barton et al.,Inorg. Chem. 9, 307 (1970). 

4. G. Long and F. I-. Blankenship, The Stability of’ U P 3 ,  
ORNL-TM-2045 (1969). 

EFFECT OF OXYGEN ON THE EQUILIBRHUM 
OF UF3 -UF4 MOLTEN FLUOMDE 

SOLUTIONS CONTAINED IN GRAPHITE 

L. 0. Gilpatrick R. M. Waller 
I,. M. Toth’ 

With the reactivation of the Molten-Salt Reactor 
Program, an interest in those factors which affect the 
UF3/UF4 ratio in molten-salt reactor fuel solutions has 
returned. Some of the measurements made during the 
study of the UF3 -UF4 solution equilibrium contained 
in graphite’ indicated that contamination of the systern 
by oxygen could cause a decrease in the equilibrium 
UF3/UFa ratio through the formation of more stable 
oxycarbide phases3 

Recently an experimental program was established to 
verify these earlier observations and assess the serious- 
ness of trace oxygen contamination 011 the UF3-UF4 
equilibrium. Verification of the previous measurements 
has been achieved, and work to identify any additional 
solid phases which may form when oxygen is incor- 
porated into the system will continue. 

....... __ 
1. Metals and Ceramics Division. 
2. L. M. ‘Toth and L. 0. Gilpatrick, “Temperature and 

Solvent Effects on  the Equilibrium of Dilute Uranium Trifluo- 
ride Solutions Contained in Graphite,” the preceding contribu- 
tion, this report. 

3. L. M. Toth and L. 0. Gilpatrick, l’he Equilibrium of Dilute 
UF3 Solutions Contained in Graphite. ORNL-lYvf4054 (Decem- 
ber 1972). 

SYNTHESIS ANI) LIGAND-FIELD SPECTRUM 
OF POTASSIUM IIEP,I’AFCUOK~~NIOBATE(IV)’ 

L. 0. Gilpatrick L. M .  Toth’ 

For a study of the ligand-field spectrum of llte 
Nb(lV) ion, inorganic ligands, especially the fluoride 
ion, provide an advantage over organic ligands because 
the weak Laporte forbidden transitions should be well 
removed froni the lowest electronically allowed bands. 
The present description of the Nb(JV) absorption 
spectrum in a ciystalline compound is a necessary 
precursor to explaining its absorption spectrum in 
fused-salt media. 

The most satisfactory synthesis of the cubic com- 
pound K3NbF7 was found to be reduction of a molten 
KF-NbF5 mixture with niobiuni metal at 850°C accord- 
ing to the relation: 

15KF + 4NbF5 f Nb f 5K3NbF7 

Debye-Scherrer x-ray analysis indicates that the com- 
pound is culiic with a unit cell equal to 8.93 and is 
isostructural with other disordered cubic compounds 
such as (NH4)3%rF7 and K3NbOF, which belong to 
the space group 0, (Fmhz) .  ‘The transitionmetal ion 
is coordinated to seven anions in a disordered pentago- 
nal bipyrxnid having approximate D,h symmetry. 

The electronic spectrum of K3NbF, was measured 
using a polished plate 1.5 min thick for transmission, 
powdered samples for diffuse reflectance, and Kel-F 
mulled samples for a mull spectrum. The ligand-field 
spectrum extends from 1000 to 45,000 cm-’ (cf. Figs. 
6.54 and 6.55) and consists of four weak bands which 
were assigned on the basis of a d’ ion in a field of 
approximate D s h  symmetry. in  a nsh field, the five 
degenerate (I orbitals split into three groups -~ a 
degenerate e, ’’[oz), (zx ) ]  ground state, a degenerate 
e,‘[(x2 -- y ’ ) ,  (xy)] excited state, and an a l ’ ( z Z )  
excited state.3 Distortions of the pentagonal bipyrami- 
dal structure as found in K3 NbF7 cause the degeneracy 
of the e,” and e2’  states to be removed. The band at 
28,570 cm-’ was assigned to the a ] ’  excited state, 
while the bands at 16,556 and 19,762 cm-’ were 
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INFRARED SPECTRUM OF K3NbFI 

- - A I L -  
q , , 
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Pig. 6.54. The infrared absorption spectrum of K3NbF7 
measured from r 1-mm-thick polished plate. 
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Fig. 6.55. Electronic spectrum Qf K3NhF7 at 25°C. A, 
absorption spectrum of polycrystalline plate with 1.5-nim path 
length; B, diffuse reflectance spectrum of a powdered sample 
against LiF reference; C, Kel-F mull spectrum against I i F  mull 
reference. The molar absorption coefficient scale applies only to 
curve A.  

assigned to the degenerate e%' state, which is split by 
the distortion from perfect Dsh symmetry. If  the e,' 
stale is split, then the e l"  ground state i s  expected to 
be split also. However, the band arising from the split 
ground state should appear in the infrared region 
outside the range of the visible-ultraviolet absorption 
spectrometer. Using an infrared spectrometer, it was 
found at 2150 cm-' beside the intense absorption 
caused by the NbFT3- vibrational modes which extend 
from I 100 cm-' to lower energies. 

The effect of higher teniperatures on the absorption 
spectrum was examined by measuring absorption 
spectra up to 600°C. The splitting of the degenerate 
electronic states was observed to increase progressively 
with temperature because of increased vibrational 
disorder. 

1 .  Expanded abstract of paper accepted for pubhcation in 

2. Metals and Ceramics Drvision. 
3 .  S. T. Spees, Jr., and J .  R. Parumareddi,.I. Pliys. Chern. 72, 

Inorguri ic C'hem is Iry . 

1822 (1968). 

COORDINATION BEHAVIOR OF Nb(IV) 
IN MOLTEN LiF-BeF, MIXTURES 

L. 0. Gilpatrick L. M. Toth' 
The redox chemistry of those second-row transition 

elements which are recognized in molten-salt reactors as 
fission products or proposed structural metals has been 
a subject of inierest during the past year. When present 
3s dilute species in molten salt solutions, these transi- 
tion elements form ions which can vary extensively in 
oxidation number depending on the redox potential of 
the system. The main effort of this research is focused 
on relating Ihe chemistry of these ions to their 
coordination behavior as observed through absorption 
spectroscopy. 

The electronic absorption spectrum of Nb(lV), which 
obeys Beer's law for concentrations up to 0.30 mole/ 
liter, has been measured in fluoride melts and is found 
to consist of four weak bands occurring at 5.500, 
13,300, 20,000, and 26,300 c m - ' .  The spectrum is 
teotatively assigned on the basis of a d' ion in a 
seven-coordinated complex, NbF, 3-, of very low sym- 
metry, C1, where the degeneracy of the d orbitals is 
completely removed. A rnavimuni of four ligand-field 
bands zre theti possible, and they are identified with 
those which have been measured in the melt. These 
bands can be related directly to the four bands observed 
in crystalline K,NbF, (ref. 2) and represent then the 
liniit of splitting which could occur in the crystalline 
solid spectrum. 

I 

1. Metals and Ceramic$ Division. 
2. L. 0. Gilpatrick dnd L. M. Toth, "Synthesis and hgand-  

Field Spectrum of Potassium Ileptafluoroniobate(1Vf," the 
preLeding conhibution, this report. 

PHASE RELATIONS IN FLUOROBQRATE 
SYSTEMS. THE SYSTEM RbF-RbBF4 

L. 0. Gilpatrick C .  J. Barton' 
This investigation of the system RbF-RbBF4 repre- 

sents an extension of studies we have made of the 
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systems NaF-NaBF4 and KF-KBF, as well as the 
system NaF-KF-BF, ., y 4  Differential thermal analysis 
(D.T.A.) was the chief technique used in this investiga- 
tion, but a few compositions were examined by the 
gradient-quenching technique to identify the phases 
present. We believe the calibration procedures used 
assured a temperature reliability of +2"C. 

A simple eutectic was found in this system, with no 
compounds forined between the end members and no 
evidence of any solid solution present within the limits 
of the experimental procedures. All data points shown 
in Fig. 6.56 represent the mean of from two to nine 
1) .T .A .  heating-cooling cycle measurements. 

The eutectic composition was estimated by graphical 
methods to be 68.5 mole 76 RbBF, and to have a 
melting point of 442" f 2°C. All compositions other 
than pure RbF will show the presence of RbBF4 as a 
pure phase coprecipitated with crystalline RbF at 
temperalures below the eutectic temperature. In sup- 
port of this expectation, all compositions except pure 
RbF showed the characteristic polymorphic crystal 
transition of pure RbBF4 upon heating at a constant 
mean temperature of 246" f 2°C. 

. ..... 

1. Summary uf paper, J.  Inorg. N u l .  Cherri. 36,725 (1974). 

2. Now of the Environmental Sciences Division. 
3.  C. J .  Barton, L. 0. Gilpatrick, J .  A. Bornmann, H. R. 

Stone, T. N. McVay, and Herbert Intley, J.  Inorg. Nuel. Chem 
33,  337 (1971). 

Work peiformed in the Reactor Cheinistry I>ivision. 

4. C. J .  Barton, L. 0. Cilpatrick, J .  A. Bornmann, T. N. 
McVay, and 1.1. Insley, J. Inorg. Nucl. Chern 33,  345 (1971). 

PHASE EQUILIRf<IA IN THE SYSTEMS 
beF, -Ce~, ,  LiiF-CeF3, AND LiF-BeF2 CeF, ' 

1-1. 1nsley3 
C. J .  Barton' L. 0. Gilpatrick 

A continuing interest in the a.pplication of the solvent 
LiF-BeF, to molten-salt breeder reactor technology4 
has stimulated the study of the behavior o f  CeF, in this 
solvent. Phase relations in the ternaiy system LiF- 
BeF, -CeF, were examined because CeF, has been 
found to be quite similar to h F ,  in its solubility in 
fluoride mixtures and in its phase relationships.' 
Therefore CeP, was chosen as an experimentally 
convenient guide to the fate of PuF, in this system, as 
well as a guide to typical rareearth fission product 
behavior. 

A tentative phase diagram for the system BeF2 -CeF3 
is presented i.n Fig. 6.57, which shows it to be a simple 
eutectic system with a eutectic composition of 4 % 1 
mole % CeF, and melting at 540 3- 3°C. Data were 
obtained for this very viscous system using differential 
thermal analysis (D.T.A.) and the gradient quenching 
technique.6 These techniques were also used for the 
remainder o f  the study. Additional data from D.T.A. 
and visual observations are reported further to refine a 
previoiisly published phase diagram (Fig. 6.58) for the 
system I,iF-CeV3 .7 The ternary system LiF-ReF' -CeF3 

ORtIL DWG 1 2  3294 

BeF2 10 20 30 40 50 60 70 80 90 PDF3 
CeF3(mnl? 70) 

Pig. 6.57. Tentative phase diagram of the system BeP, CeF,. Fig. 6 5 6 .  The system RbBF4-RbP. 
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Fig. 6.58. The system LiF-CeF3. 
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Fig. 659. The system LiF-BeFz-CeF3. 
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(Fig. 6.59) i s  dominated by the CeF, primary phase 
field. The three invariant points in the ternary are all 
estimated to contain approximately 0.1 mole % CeF,. 
They have melting points about 0.5"C lower than the 
corresponding LiF-13eF2 invariant points. These invari- 
ant points for the system LiF-Bel;, were taken from 
the remaining binary component of this system, which 
has been extensively studied and previously reported in 
the l i t e r a t ~ r e . ~  ,9 

1. Expanded abstract of paper, J. Iiiorg. Nucl. Chern. 36,  
1271 (1974). Work performed in the Reactor Chemistry 
Division. 

2. Now of the Environmental Sciences Diviqion. 
3. Consultant. 
4.  VI. R. Crirnes,Nucl. Appl .  Trchrrol. 8> 137 (1970). 
5. C. J .  Barton et al., Inorg. Ctiern. 9, 307 (1970). 
6. C. J .  Barton et al.,J. Amcr. Ceram. SOC. 41,63  (1958). 
7. C. J .  Barton, L. M. Bratcher, R. L. Shicl, and W. R. 

Grimes, p.  69 in Phase Ciugrarns of Nuelpar Materials, ORNL- 
2544, ed. by R. E. Thoma (1959); see also lC M. Levin and 11, 
F. McMurdil, Phase Diagrams for Ceramists, Part 11, American 
Ceramic Society, Columbus, Ohio, 1959. 

8. R .  E. Thoma et  al.,J. Nucl. Mater. 27, 166 (1968). 
9. K .  A. Romberger, J .  Braunstein, and R. E. Thoma, J. Phys. 

crzern. 76, 1154 (1972). 

OXIDE CHEMISTRY OF NIQBN.JM(V) 
IN MOLTEN EiF-BeF, MIXTURES' 

Gann ring2 C. E. Bamberge? 
C. F. Baes, Jr. G. Mamantov4 

The chemistry of niobium in molten fluorides is 
relevant to the Molten-Salt Breeder Reactor Program 
for several reasons: (1) During the operation of the 
MSRE, the appearance of fission product 95Nb in the 
fuel seemed to be a sensitive function of the state of 
oxidation (the U4+/U3t ratio) of the fueLS This effect, 
which presumably involves the oxidation of the metal 
to a soluble species, might be a useful indicator of the 
state of oxidation of the fuel. (2) Niobium pentoxide 
(Nb2 Os), like protactinium pentoxide (Pa, Os), is 
expected to be sparingly soluble in molten fluorides, 
and it has been proposed that Nb(V) might be used as a 
stand-in for Pa(V) in studies of fuel reprocessing 
methods involving oxide precipitation. However, the 
smaller size of Nb5+ ion (0.69 A) compared with Pa5+ 
ion (0.89 a) might produce oxyions of Nb(V), while 
none were found for Pa(v.6 This would profoundly 
affect the chemistry of Nb(V) in molten fluorides 
containing oxide. (3) In the system NiO-Nb2 0, , at least 
two intermediate compounds, NiNb, O6 and 
Ni4Nb2 0, , are known, and since NiO i s  also a sparingly 
soluble oxide, precipitation of these nickel niobates 

Fig. 6.60. Phase diagram representing the NbO2F and NiF2 
concentrations in molten LiF-BeF, (67-33 mole %) at 600°C as 
a function of the oxide phases present at  equiWoliurn. 

may be expected further to connplicate the chemistry of 
Nb(V) in an MSBR fuel contained in a nickel-base alloy. 

The results of our equilibrations at 600°C involving 
the sparingly soluble oxides BeQ, NiO, Nb205 ,  and 
NiNb206 in molten LiF-Bet.', (6'7-33 mole %) are 
represented by the solid boundaries shown in Fig. 6.60. 
The reactions corresponding to each of these three- 
phase equilibria (two oxide phases and, the molten 
fluoride phase) are listed in Table 6.15, reactions (l) ,  
(41, and (5). The dashed boundaries can be constructed 
from the stoichiometries of the derived reactions (2) 
and (3). Contrary to reports in the literature,' the 
compound Ni4Nb209 could not be established as a 
stable phase in this system. 

The boundary between NiNb206 and NiO in Fig. 
6.60 was of special interest since its slope gives direct 
evidence for the fomation of an oxyion, NbC12+, in the 
molten fluoride phase. This can be seen froin the 
following general reaction (d indicates dissolved 
species): 

---- X NiNb206(c) - I - - - -  Y .  N1F2(d) 
2 2 

and its equilibrium quotient (X denotes mole fraction) 

From the slope of '/2 observed for the boundary in Fig. 
6.60 corresponding to this reaction, the value of y is 1 .' 
From this we conclude that Nb(V) forms the oxyion 
NbO,+ in solution. The alternative polynuclear ions 
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Table 6.15. Equilibria of NbzOs, NiO, and Be0 with LiF-BeF2 (67-33 mole %) at 600°C 

Redction Boundary Fquilibriurn reaction ea 
(1) Nb20S (c)/BeO(c) '/zNbzOs(c) + '&BeFz(d) -2 h%OzF(d) + '&BeO(c) X(Nb02F) = IOr4 . j4  
(2) N b 2 0 5 ( ~ f  + 'ANlFz(d) * NbOzF(d) + ' /2Nlh'b206(~) Nb205 (c)/N1Nb206 (c) X(NbO2F)/[X(NiF2)] 1!2 = 1O-I  O6 

(3) N1Nb206 (c)/BeO(c) ' / 2NA%206(~)  + BeFz(d) + NbOtF(d) + '/2NiF2(d) + ReO(c) S ( N b 0 2 F )  X(KIF~)' /* = IOp6 
(4 1 h'iO(c)/BeO(c) NiO(c) + BeTz(d) + NiFZ(dl+ BeO(c) X M ~ F ? )  = 10-4.18 

(5 1 NiNb206 (c)&~IO(C) '/2NiNbzO6(C) + ' /2NiF~td) + FubOzF(d) + NlO(c) X(Sb02F)/[X(NiF2)] l/* = ~ o - ~ . ~ ~  

'ln LIF-BeFz (67-33 inole 4 )  the activity of BeFz(d) h a 5  been defined as unlty. 
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which are possible (Nb3 O;, Nb5 0, g, . . .) seem quite 
unlikely at the low concentrations of niobium involved. 

The magnitude of the solubility of Nb205 (i.e., the 
height of the Nb205/Re0 boundary in Fig. 6.60), 
which is much greater than originally expected, pro- 
vides additional strong evidence that an oxyion of 
Nb(V) is formed in solution. The stability of Nb5+ 
otherwise required to explain this high solubility would 
be so great that the Nb4+ found by Weaver et al. to be 
formed by the reactiong 

should have disproportionated almost completely: 

4 1 
5 5 NbF,(d) + --NbF,(d) 4 -- Nbo(c). 

This was clearly not the case. 
I:ioln the measured equilibrium quotients and the 

formation free energies of the other oxides and dis- 
solved fluorides involved, we obtain the free energy of 
formation of Nb02 F in the mole fraction standard state 
in LiF-Bet;, (67-33 mole %): 

ORNL-DWti T 3 - 6 9 7 2  
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Fig. 6.61. Pounbaix diagram for niobium in LiF-ReP;,-fiP4 
(72-16-12 nide 76) a6 600°C. 

\ 
\ 

\ 

AGf [NbO,F(d)] = --250.7 + 45.9T/1O3 kcal/mole , 

and of NiNb, O6 : 

AGf [NiNb,O,(c)] = 509.0 + 112 7T/104 kcal/rnole . 

With the measurements of the equilibrium quotient for 
reaction (l),’ we can also construct the Pourbaix 
diagram shown in Fig. 6.61, whercin the conditions of 
oxide concentration and redox potential are shown 
under which the various fQITnS of niobium are stable in 
a molten-salt breeder reactor fuel. 

1. Summary of papcr now in preparation, based on portions 
of a Ph.D. thesis “Thermodynamic and Electrochemical Studies 
of Niobium in Moltell Fluorides and Chloroaluminates,” by 
Gann Ting, University of Tennessee, Knoxville, August 1973. 
Work performed in the Reactor Chemistry Division. 

2. Giiest scientist, Institute of Nuclear Fhergy Research, 
Republic of China. Present address: Institute of Nuclear Energy 
Research, Lung-Tan, I‘aiwan. 

3. Now of the Chemical rechnology Division. 
4. Consultant to Analytical Chemistry Division, Oepartment 

of Chemistry, University of Tennessee, Knoxville. 
5 .  R. E. Thoma, Chemical .4spects of MSRL Operafion, 

ORNL4658 (December 1971), pp. 94-99. 
6. R. G .  Ross, C. E. Barnberger, and C. F. Haes, Jr., J.  fnnrg. 

Nucl. Cherrr. 35,433 (1973). 
7. E.  V. Tkatchenko, F. Abbattista, and A. Burdeze, Izv. 

Akad. Nuuk SSSR, Neorg. !water. 5 ,  1671 (1969); F. Abbattiata, 
E. V. Tkatchenko, and C. T .  Chiantavetto, Att i  Accad. Sci. 
Torina, Cl. Sci. Fis.. Mat. Nutur. 103, 605 (1959). 

8. In this reaction and in Table 6.15, for convenience sue 
m i t e  the formulas of dissolved species as neutral components. 
The number of F -  ions thus shown is not intended to imply the 
nuinber F- ions actually present in a given species. 

9 .  C. f;. Weaver, 1-1. A. Friedman, and J .  S .  Gill, MSR Progrulr~ 
Semiannu. Progr. Rzp. Aug. 31, 1970, ORNL4622,  p. 13.  

THE CHEMISTRY AND THERMODYNAMICS 
OF MOLTEN-SALT REACTOR FUELS’ 

C .  F. Baes, J I  

The fuel of a molten-salt breeder reactor (MSRR), in 
which fissile 2 3 3 U  is bred from 2 3 2 T h  by thermal 
neutrons, will probably consist of the mixture Lib- 
BeF2-ThF4 (72-16-12 mole %) at about 600°C in which 
less than 1 mole 7; of fissile UF4 or YuF3 is dissolved. A 
fairly detailed knowledge of the chcmistiy of such a 
molten salt mixture has been gained from measure- 
ments of heterogeneous equilibria involving vaxious 
gaseoiir (e.g., I F ,  H26) and solid (usually oxide) 
compounds combined with the thermochemical data 
which are available for the pure compounds. 
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Fig. 6.62. Correlation of entropies of crystalline fluorides and 
of fluorides dissolved in molten LiF-BeF, (67-33 mole %) with 
entropies of crystalline oxides. 

The entropy of a fluoride coinponent in the fuel can 
be estimated with useful accuracy from the known 
entropy of the corresponding oxide and the charge on 
the cation (Fig. 6.62). The activity coefficients of 
BeF,, ThF4, and UF4 decrease strongly as the mole 
percentage of LiF in an LiF-BeF2-ThF4 solvent i s  
increased, but the variations do not exceed a factor of 
10 from activity coefficient values in the reference 
composition LiF-BeF, (67-33 mole 76). The activity 
coefficient changes for CeF, , UF, , PuF, , and NiF2 are 
less pronounced. 

The solubility of oxides in such molten fluoride 
mixtures generally decreases with ~ + ~ / r +  (the square of 
the charge of the cation divided by its radius) for the 
cation involved (Fig. 6.63). Thus BeQ, Zr02, the 
actinide dioxides, and especially Pa205 show a low 
solubility in MSBR fuels. The actinide dioxides form 
solid solutions which can exchange tetravalent cations 
with the molten fluoride and could as a result prove 
useful in fuel reprocessing. The oxide Pa20, (or an 
addition compound of it) is so insoluble that it could be 
used selectively to remove bred in the fuel (Fig. 
6.64). 

The fuel of the MSBR will be maintained mildly 
reducing with the ratio U4+/U3+ in the range 10 to 100. 
The other actinides then will be present as Th4', Pa4+, 
and Pu3+. Corrosion reactions with the metals of the 
nickel-base container alloy (Hastelloy N) will not be 
favored thermodynamically (Fig. 6.65). The noble-gas 
fission products are insoluble and can be removed by 
continuous stripping with an inert gas. Croup VII, I, 11, 
111, and IV fission products should appear as dissolved 
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Fig. 6.63. Effect of cation charge and radius on the relative stability of oxides and fluorides. *, pre-transition; 0, transition; and 
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A, post-transition elements. 
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Fig. 6,64. Pourhaix diagram for the actinide dements in 
I.iF-BeF,-ThF, (72-16-12 mole %) at 600°C. X denotes mole 
fraction; ss, solid soluliuii. 

species in their normal valences. Tlic remaining fission 
products (principally Nb, Mo, Te, and Ru) should be 
reduced to the metallic state. 

~.__ ___.. .. 

1. Summary of invited paper presented at the U.S.-Japanesc 
Conference on i he Thermodynamics of Nuclear Materials; 
Ames, Iowa, July 1973, and included in the published proceed.- 
ings, J.  NucL Mater. 51,  149 (1974). Work performed in the 
Reactor Chemistry Division. 

COMPETITIVE HYDRATION AND ASSOCSATION 
EQUILIBRIA IN HYDROUS MELTS' 

H. Braunstein P. T. Mardesty2 
J .  Braunstein 

We have reported previously3 the effect of water on 
association equilibria of the dilute solute ions CdZf and 
Br- in the solveiit Ca(N03)2.  A quasi-lattice model of 
competing association and h y d r a t i ~ n , ~  which had been 
demonstrated to fit association equilibria in the solvents 
NM4N03 -H1 0 and equimolar [ LiN03 -KNO, ] -H2 0 

10'0 

I o9 

108 

1 0 ~  

106 

+\ to5 

104 

io3 

402 

4 0' 

4 00 

+ 
1 0  
3 

.4 
3 

ORNL- DWG 73-6974 

i 
- = =  

- r 0 - 8  40-' 40-5 10-5 1 0 - ~  +o-~ 
MOLE FR.4CTlON OXIDE 

Fig. 6.65. Pourbix diagram for structural metals in LiP- 
BcP,-'ThF4 (72-16-12 mole%) at 600""c. The horizontal lines 
denote equilibrium between the indicated inole fraction of ions 
and the pure metal 

over a wide range of water contents, couid not account 
for the results in the solvent C a ( N 0 3 ) 2 - H 2 0 .  One of 
the assumptions in the quasi-lattice model was that 
water, in the absence of an associating ion such as Cd2+, 
follows Mcnry's law; that is, the quasi-lattice model had 
been developed as a limiting law for infinite dilution of 
water in molten salt. In the two solvents in which fit 
was observed, the Henry's law region was unexpectedly 
long, which is not the case for Ca(NO3),-H20. The 
model was therefore modified to take account of the 
experimental variation of water activity in formulating 
the competing association and hydration equilibria. 
Nthough the modified equations seemed to fit the 
data, the range of water contents in Ca(N03)2 was too 
small for a valid test. Accordingly, emf measurements 
of the association equilibrium Cd2+ -1 Br-  =+ Cd Br' 
[Ca(N0,),*RH20] were extended over a wide range of 
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Fig. 6.66. The inass action model; dependence of association constants on water activity and water mole ratio. References. (1) 

M. Peleg,J. Phy% Gim. 75,2060, 3711 (1971); (2) P. C. Lammers and J. Braunstein,J. Phys C'kmz. 71,2026 (1967). 

water contents, 2.8 < R < 10.0 moles of water per 
mole of C L ~ ( N O ~ ) ~  at 5OoC.' If the competing equi- 
libria are 

Cd2+ + Br- =+ CdBr"; A G ' c ~ B ~  = --- R T l n  K 1  

C d 2 + + n H z O + C d ( H 2 0 j ~ ;  AGO, = - R T l n K H ,  

, 

the experimentally determined association constant for 
the formation of CdBr+ in the solvent 
Ca(N03)z . R H ~ o ,  K I  , should be given by 

1 1 KH 
t - a H n ,  - =- 

K1 K10 K10 

where a,, is the water activity in the solvent. Plots of 
experimental values of I/K1 vs i lHn in Fig. 6.66 dem- 
onstrate the fit of the model for the new data in 
Ca(N03)2-H20 and for data available in the literature 
for other hydrous melts.' Preliminary results in the 
solvent Mg(NO,),-H,O also are fitted by the model. 
The relation between parameters of the quasi-lattice 
model and those of the modified model is p e n  by 
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Fig. 6.67. Enthalpy of vaporization of water from melts as a functien of the water centend and flee e n e r a  of solote asWcbtion. 

where AAH i s  the Helmholtz free energy of association 
of associating cation with water in the quasi-lattice 
model. Tnus either the quasi-lattice model or the 
modified model will fit when n = 1 and also Henry's law 
is valid. 

As seen in Fig. 6.67, the free energy of association of 
dilute solute ions in salt-water solvents shows a depend- 
ence on water content similar to that of the enthalpy of 
vaporization of water in the hydrous rnelt region. 
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TRANSPORT BEHAVIOR OF CQNChNTM'I ED 
AQUEOUS ELECTROLYTE SOLUTIONS 

A.  L, Racarclla D Brown' 
J .  Braunstein 

Transport coefficients in molten salts and concen- 
trated aqueous electrolyte solutions are of interest for 
practical and theoretical reasons, including studies of 
relations between thermodynamic and transport proper- 
ties and in the evaluation of structural models of 
transport behavior. 

Herc, the diffusion coefficients, D, of dilute Cd" ion 
in concentrated aqiieous Ca(N03)2 solutions were 
determined from the Sand equation, D = 
f 27/l~11E'2A2C2, using chronopotentiometric techniques. 
The Cd2+ ions, at concentrations C below lo-' M ,  were 
reduced at a mercury pool electrode with area, A ,  of 
about 1 cm2. The constant current, f, used to reduce 
the Cd2* concentration to depletion at the meicury/ 
solution interface was obtained from a circuit em- 
ploying a field-effect transistor (FET) and powered by 
two 6-V Bveready lantern batteries in parallel.2 The 
transition times, 7, ranging from 1 to 8 sec, were 
determined from chronopotentiograi-ns recorded on a 
Hezvlett-Packard 7 lOOB strip chart recorder. Chart 
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Table 6.16. Diffusion coefficients of Cd2+ inzoncetltrated solutions 
of Ca(NO3)z at T =  50 C 

D, cm2/sec (x 0.0043 0.0056 0.0074 0.0093 0.026 0.030 0.22 0.46 0.70 (1.75) 
Mole ratio (moles 2.90 2.99 3.13 3.25 3.76 3.88 6.67 10.0 14.3 (-) 

Molality (moles 19.1 18.6 17.7 17.1 14.8 14.3 8.3% 5.55 3.88 (0) 
H,O/mole Ca") 

Ca*/kg Hz 0) 

Molarity (moles 8.52 8.40 8.25 8.11 7.58 7.47 5.53 4.19 3.18 (0) 
Ca2+/liter) 

speeds ranging from 0.5 to 2.0 in./sec were used. The 
applicability of the Sand equation was confirmed by 
proportionality of Zr1I2 to C and by the lack of 
dependence of h1lZ/C on I .  The measurements were 
made at 5O"C, and the Ca(N03)2 concentration ranged 
from 6.4 to 17.1 N (equivalents per liter), or 14.3 to 
2.9 moles of water per mole of salt. The diffusion 
coefficient decreased from 7.0 X 
cm2 /sec as indicated in Table 6. I 6  with concentration 
scales mole ratio (R  moles of H 2 0  per mole of salt), 
molality, and molarity. The decrease is most marked in 
the region with less than 6 to 10 moles of water 
per mole of salt, in a manner similar to the marked 
variation of thermodynamic properties in this concen- 
tration range.3 It  may be compared with the decrease 
of the equivalent conductance and fluidity of 
Ca(N03)2 -H, 0 melts? Transport data at low tempera- 
tures, in particular the increase in the Arrhenius 
activation energy with decreasing temperature, have 
been interpreted in terms of a "zero mobility" concept. 
As the temperature is decreased below the normal 
melting point (i.e., into the supercooled region), the 
particle mobilities become much smaller than values 
characteristic of liquids, and approach values expected 
for crystals or a rigid glass. The temperature depend- 
ence of a transport coefficient, w, may, at a given 
concentration, be expressed in the form of the semi- 
empirical Fulcher equation 

to 4.3 X 

w = A exp [--k/(T - To)]  (1) 

rather than the Arrhenius equation, which applies at 
high temperatures: A constant val-ue of the parameter 
To would imply that the mobility vanishes at a 
temperature 7' = T o ,  which is near the glass transition 
temperature, rather than at T = 0. Equation (1) and the 
closeness of TO to the glass transition temperature have 
been partially justified in terms of the free-volume 
model, the configurational rearrangement model, and 
thermodynamic arguments. Recent work suggests that 

with decreasing temperature a second Arrhenius region 
is approached.' Nevertheless, Eq. (1) is useful in 
representing the departure of transport properties from 
high-temperature Arrhenius behavior. Angel1 has pro- 
posed and given an approximate derivation of an 
analogous semiempirical equation to represent the 
isothernial concentration dependence of tr'msport prop- 
erties into the supersaturated region: 

Here, the parameter No would be interpreted as a 
"zero-mobility concentration" at which the solution is 
transformed, by packing, into a glass. The model, which 
is certainly oversimplified, would suggest similar values 
of No for diffusivity, conductivity, and fluidity. Figure 
6.68 shows a plot of log D vs l / (No  - N), with 
different values for the parameter N o .  The opposite 
curvature of the plots for values of No less than or 
greater than 24 equiv/liter sugests a value for N f  near 
24 equiv/liter. Extrapolation of Angell's No values from 
conductance measurements at T = 0.35 and 18°C to 
50°C gives a value of N$ equal to 26.7 equiv/liter. 
Viscosity data at 20°, 40", and 60°C give values for 
of 24.2, 25.8, and 27.3 equiv/liter respectively. Froin 
the slope of the line in Fig. 6.68 corresponding to the 
value Nf = 24, the equation for D becomes 

log D -3.688 --- 25.64/(24 - N) . (3) 

Equation (3) is derived from data at relatively high 
Ca(N03)2 concentrations and is not expected to apply 
in dilute solutions. I t  is surprising, and perhaps for- 
tuitous, that an extrapolation of the data with Eq. ( 3 )  
to infinite dilution, over nearly three orders of magni- 
tude of the diffusion coefficient, should yield a 
reasonable value. Equation (3), at N = 0, gives L)  = 1.75 
X lo-' cm2/sec at 50°C. With an assumed activation 
energy of 5 kcal/mole, a value for D of 8.8 X loT6 
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Fig  6.68. The diffusiori coefficient for Cd2+ in concentrated 
Ca(N03)’ solation a3 a function of l/(No - A‘) at 50.OoC. 

cm2/sec at 25°C is obtained, compared with the 
experimental value D = 7.2 X 

Further measurements will be performed at tempera- 
tures as low as 15°C (melting point of 
Ca(N03)2 .4H2 0, about 43°C). At temperatures deep 
into the supercooled region the concept of “zero- 
mobility concentration” should be more sharply de- 
fined. Measurements in the solvent LiNO3-H2O are of 
interest since its thermodynamic properties vary much 
like those of Ca(N03b2-H20 although it is less viscous. 
Similarly, CaCI2 solutions show viscosity behavior 
similar to Ca(N03), solutions, but the interactions of 
the probe ions, Cd’+, are much weaker with nitrate than 
with chloride ions. 

cm2 /sec.6 
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ANODIC C ~ ~ Q ~ O ~ ~ T ~ ~ r ~ ~ ~ ~ ~ ~ ~  OF 
BERYLLIUM ELECTRODES IN MOLTEN 
MIXTURES OF BERYLLIUM FLUORIDE 

WITH ALKALI FLUORIDES1 

H. R. Bronstein J .  Braunstein 

Transport and thermodynamic properties of beryl- 
lium fluoride --alkali fluoride mixtures are of interest in 
connection with theories of ionic liquids and vitreous 
systems, and by virtue of structural relationships 
between fluoroberyllates and silicates. Previously,2 we 
have reported that when a constant current is imposed 
at a beryllium anode immersed in a molten BeF,-NaF 
mixture (75 mole 76 Bel?,), a shaip voltage rise is 
required after a period of time in order to sustain the 
constant current. Our initial interpretation of such a 
chronopotentiometric transition was that depletion of 
the anode region of alkali ions, the only electrically 
mobile cations in the system, resulted in formation of a 
nearly insulating layer of beryhirii fluoride.’ Clearly, 
however, enrichment of the anode region in BeFz must 
be partly compensated by back diffusion of alkali 
fluoride, driven by the diffusional gradient between the 
ReF,-rich anodz region and the bulk mixture. In the 
zeroth-order treatment of this diffusion problem, ne- 
glecting possible interaction between diffusion and 
electrical migration, the equation for the chronopoten- 
tiometric transition is considered idential with th.at for 
ordinary chronopotentiometry of extremely dilute 
solutes in a supporting electrolyte, with the exception 
of the physical interpretation of one of the boundary 
conditions, 

I = F  D----- 1 e lec trode  surface 

where I is the current density, F the Faraday constant, 
D the mutual diffusion coefficicnt of Na’ and Be’+, c 
the concentration o f  Na’ (moles/cm3), and x the 
distance from the electrode ~ u r f a c e . ~  This boundary 
condition results from depletion of an electrically 
mobile, electrochemically inactive ionic constituent, in 
distinction from ordinary chronopotentioinetiy, where 
a similar boundary condition results from depletion of 
an electrically immobile electioactive constituent. An 
experimental chronopotentiograrn is given in Fig. 6.69 
together with a calculated chronopotentiogram based 
on the above model with estimated values of the 
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Pig. 6.69. Typical chronopotentiogam in molten NaF-BeF2 
(75 mole % BeF2) at 520“C, current density about 40 mA/cmZ. 
Potential of beryllium working electrode, relative to a beryllium 
reference electrode, vs time. 

activity coefficients in the melt, an uncertain electrode 
area,?’ and a graphically estimated transition time. 
These preliminary calculations also neglect the concen- 
tration dependence of the diffusion coefficient (hence 
f) is a mean value) and possible variations of the 
transference number and IR drop. [The upper curve 
(“ideal”) neglects deviations from thermodynamic 
ideality of the mixture in the calculation.] The low 
diffusion coefficient is consistent with the low electrical 
conductivity and the high viscosity of BeF, -rich melts. 
‘The latter also accounts for the insensitivity to convec- 
tion in spite of long transition times. 

In order to provide more reproducible and accurate 
data to characterize this new phenomenon and refine 
the model, a new all-metal cell was designed and 
constructed as illustrated in Fig. 6.70. A new beryllium 
electrode assembly designed to provide a better-defined 
electrode area is illustrated in Fig. 6.71. New chrono- 
potentiometric measurements were carried out in 90 
mole % BeF,-10 mole % LiF, where reliable activity 
coefficient data are available: in order to test the 
apparatus. Although curvature of the chronopotentin- 
grams at long times leads to difficulties in the usual 
graphical methods of estimating transition times, the 
new results demonstrated the reproducibility of the 
emf-time curves. An analysis of the emf-time curves to 
provide diffusion coefficients was initiated. 

1 .  Work performed in the Reactor Chemistry Division. 
2. H. R. Bronstein, J. Truitt, and J. Braunstein, Kmctor 

Chem. Diu. Annu. Progr. Rep. May 31, 1972, ORNL-4801, p. 5. 
3. J. Braunstein, M. R. Bronstein, and J. Truitt, J. fiZcctro- 

anal. Chem Interfacial Electrochem. 44, 463 (1973). 

4. B. F. Hitch and C. F. Baes, Jr., Inorg. Chem. 8,  201 
(1969). 

IRREVERSIBLE ~ H E ~ O D ~ N ~ ~ C S  OF 
ELECTROMIGRATIONAL DEPLETION 

CHRONOPOTENTTOMETRY 

C. E. Vallet’ J. Braunstein 

Previous work3 has demonstrated the existence of 
chronopotentiometric transitions based on depletion of 
electrically mobile (but electrochemically inactive) con- 
stituents by migration (ED) in molten mixtures of BeF, 
with NaF or LiF. Prediction of this effect3 in alkali 
chloroaluminate melts has been confirmed experi- 
mentally? This electrochemical method is of potential 
value also for studies of mass transport in certain 
membranes and in some molten, crystalline, and vitre- 
ous electrolytes, including silicates. Since the equations 
employed in the previous zeroth-order evaluation of 
diffusion coefficients3 were derived heuristically, a 
more rigorous analysis based on the thermodynamics of 
irreversible processes (TIP) has been initiated. A sche- 
matic representation of the processes occurring a t  the 
electrode and the melt is given in Fig. 6.72. 

The proper flows for symmetric formulation of the 
TIP phenomenological equations for a binary system 
LF-BF (representing, e.g., LiF and BeF2/2) may be 
derived from the dissipation function, a, in terms of the 
flows, Ji ,  of the ionic constituents L, B, and F. The 
conjugate forces, Xi ,  are the gradients of electrochem- 
ical potential [V& = V(pi + FetZj$)] ; Ziei is the signed 
charge of the constituent, and pi and J/ are the 
individually indeterminate che mica1 and electrical 
potentials: 

In order to simplify the equations, the flows (Ji), 
concentrations (ci), chemical potentials (pjj) ,  and elec- 
trochemical potentials (&) refer to equivalents rather 
than moles. Noting that the sum of the flows is the 
current density, 

that the ionic electrochemical potentials may be com- 
bined to give the chemical potentials (per equivalent) of 
the neutral components, 
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Fig. 6.71. Beryllium working electrode for chrorn 
potentiornetry of beryllium fluoride-alkali fluoride mixtnres 

and applying the Gibbs-Duhern equation, the dissipa- 
tion function, with ionic flows all referred to any 
common reference frame, becomes 

The appropriate phenomenological equations, incorpo- 
rating the Onsager reciprocal relation, thus are 

with flows now referred to fluoride ion constituent. 
Eliminating the gradient of electrochemical potential, 

The phenomenological coefficients may be related to 
conventional transport coefficients by comparison of 
the above equations with Ohm’s law, Fick’s first law, 
and the definition of the Hittorf transference number, 
leading to the one-dimensional .flux equation 

(7) 

where L, is the Fick‘s law mutual. (or inter-) diffusion 
coefficient of ihe binary mixture, 

and i s  a distance variable such that equal increments 
of t contain equal numbers of F, dt = (‘p~/vF) dx, v s  
represents the partial equivalent volume of BeF2, and 
FF the equivalent volume of the mixture; t~~ i s  itle 
fraction of the current carried by the ion constituent L 
( e g ,  Li+). 

The emf of the concentration cell’ 

Be I LF-BF LF-BF I Be 
I . I1 

resulting from electrolysis of an mitially unifotm 
electrolyte between beryllium electrodes follows from 
integration of Eq. (5h) from one electrode through the 
electrolyte into the other electrode: 

where y is the BeFz mole fraction, ~ B ~ F ~  is the activity 
coefficient, a n d g  is a mean transference number. 

In this first-order treatment, three simplifying as- 
sumptions are made that must subsequently be relaxed: 
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(1) the IR drop during the course of the chronopoten- 
tiogram is assumed constant. (Experimental evidence 
from rapidly repeated and current-reversal chronopo- 
tentiograms suggests this to be at least restrictive of the 
three assumptions.) (2) The transference number of L 
(Li+), which has been demonstrated to be unity 
between 20 and 70 mole 7% BeF,,5 is assumed to 
remain unity at compositions up to nearly pure BeF2. 
(This is being tested experimentally. The slightly less 
severe restriction that t C F  is constant in the composi- 
tion range of the chronopotentiogram also leads to 
more tractable equations.) (3) The diffusion coefficient 
is assumed independent of composition. This is clearly 
the most severe restriction, but the calculated diffusion 
coefficient may be treated as a mean value to serve as a 
starting point for evaluating the composition depend- 
cnce. 

If the transference number f I ,k  is independent of 
composition, differentiation of Eq. (7) with respect to 
the distance variable leads to Fick's second law: 

Since the f l u x J ~ "  must vanish at the electrode surface, 
Eq. (7) provides one of the boundary conditions: 

Applying assumption (3) to Eq. (lo), Fick's second law 
with its two boundary conditions and initial condition 
are mathematically equivalent to those of ordinary 
chronopotentiometry,6 with the concentration of L at 
the electrode surface given as a function of time by the 
Sand equation: 

The composition at the electrode surface can be 
calculated by successive approximations' from the 
electromotive force along a chronop~tentiogram~ with 
assumption (1) and a knowledge of the activity coeffi- 
cients. 

Figure 6.73 demonstrates the observcd time depend- 
ence of CL in typical chronopotentiograms at two 
different current densities. The first-order equations are 
in general accord with the observed results, which show 
approximate linearity in the square root of time and 
transition times essentially independent of the current 
density, confirming ilie qualitative correctness of the 
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function of time. Melt composition, 84.4 mole % BeFt; 
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model. I t  is clear, however, from the slightly sigmoid 
shape of the data and the upward curvature of. the 
concentation at long times, that refinement of the 
mathematical treatment, guided by experiinental results 
on the form of the composition dependence of the 
diffusion coefficient, is needed. 
._..________I___ - ___I 

1. Work performed in part in the Reactor Chemistry Division. 
2 Visiting scientist, Laboraloire de Thermodynamique, 

ASSOL& au C.N.R.S., Universite' de Provence, Marseille, France. 
3. J. Bramstein, H. R. Bronstein, and J. 'l'ruitt, J. Electro- 

and.  ChPrn Interfacial Ekctrockem. 44,463 (1973). 
4. is. Gilbert, 0. L. Brotherton, and C .  Mamantov, J. 

Electrochem. Soc., 111 press. 
5 .  K. A. Rornberger and I. Braunstein, h y g .  Chem. 9,1273 

(1970); D. D. Sood and J. Braunaein, J. Electrochem SOC. 121, 
247 ( I  974). 

6 .  P. Delaliay, New Instrumental Methods WI Electrochem- 
istry, Interscienm, New York, 1954, p. 179. 
7. C. E. Vdlet, H. R. Bronstem, and J. Braunstein, J. 

Elccfrochern Soc.. m press. 

ELECTROCHEMICAL STUDY OF MASS 
TRANSPORT IN MOLTEN LiF-BeF, MIXTURES 

C. E. V;rlletl J.  Braunstein 

New electroniigrational depletion chronopotentio- 
metric measurements have been carried out in molten 
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Fig. 6.74. Typical ED chronopotentiogranis in molten UF-  
heP, at two different current densities. 

mixtures containing 78, 84, and 95 mole % BeF2 at ftve 
temperatures between 564" arid 704"C, and analyzed in 
terms of the equations presented in the preceding 
contribution.' The apparatus described previously3 was 
employed, and recorder traces of two chronopotentio- 
granis are shown in Fig. 6.74. These emf-time curves, 
typical of those at other compositions and tempera- 
tures, dlustrate the proportionality of the initial ZK 
drop to the current density and the need to analyze the 
entire emf-time curve rather than attempt to deterni me 
a transition time by the usual graphical method. 

The diffusion equations derived in the preceding 
contribution2 were first solved with the assumption of 
a composition-independent diffusion coefficient, thus 
yielding mean values. T h e  method of calculation4 of 
the mean diffusion coefficients from the etnf-time data 
of a chronopotentiograrri is summarized in Fig. 6.75. 

The calculated meart diffusion coefficients obtained 
from measurements in the 95 mole $% BeF2 niixtures 
are shown in Fig. 6.76 as a function of temperature and 
calculated LiF concentration at the electrode surface. 
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t .  

Fig. 6.75. Method of calco8aliora of mean diffusion coefficients. 

At  each temperature except 602"C, chronopotentio- 
grams were nin with at least two different current 
densities. The points at 660°C are from Seven chrono- 
potentiograms obtained at four different current densi- 
ties; this illustrates the reproducibility of the results and 
is analogous to constancy of the product of the 
transition time and the square of the current density in 
ordinary chronopotentiometry. We initially focused on 
the nearly constant values of 5 obtained from the early 
part of the chronopotcntiograms, but beyond the initial 
uncertainty of emf, in order to obtain values corre- 
sponding to melt composition as near 95 mole % BeF, 
as possible. Because of uncertainties in the composition 
dependence and weighting, this seemed more appro- 

priate than a least-squares fit or extrapolation. These 
values of D are determined largely by the region of the 
chronopotentiogram near but generally before She 
inflection. 

?'he diffusivity is expccted to fall with increasing 
BeF, content in qualitatively the same manner as the 
electrical conductance and the fluidity. IIence the 
relatively small variation of along the chronopoten- 
tiograrn, with an increase indicated toward pure BeF, , 
w d s  not at first expected. It may reflect a value of t L F  
decreasing faster than the decrease of /I, since 6 = 
D / t L F ,  and indicates the nced for transference number 
measurements at higher BeF, contents, which are in 
progress. Similar results were obtained from the meas- 
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Fig, 6.76. Mean diffusion coefficients at different tempecaatures in molten LiF-95 inole % BePt as n function of I S  
cow-ntration at the electrode surface. 

urexrients in nielts of bulk composition 84 and 78 mole 
'% B ~ F ~ ,  dtIiou& the values o f  ?r were as expected 
from the viscosity and conductance. liigher than for the 
Y5 mole 'jh melt. Values of 3 as a function of bulk 
composition and temperatuie are sucimai ized in Table 
6.17. The tempcrature dependence o f  the results at 75% 
intiicates it ineaii activation cnergy for diffusion of 50.5 
(*-0..5) kcal/mole for compositions between 95 and 90 
mole % w2. Cantor et report actlvation energies 
for viscous flow of 40 kcal/rnole foi 95 mole 5% SeF.,, 
52 kcal/mole for 99 mole 7% ReF2, and 59.6 kcal,'.nole 

for pure BeFz. 'The activation energy for electrical 
conductance' in pure BeF2 is 44 kcal/mole. A correct 
solution of the diffusion equaiior~ with composition- 
dependent diffusioll coefficients :md traosference 
numbers should, of course, give identical dependence O F  
5 on composition whether calculated from chronopo- 
tentiogrms of a melt a t  a single bulk composition ur 
from the initial portions of chronopotentiograms ob- 
tained in  melts with differing bulk compositions. An 
attempt wds made to estimate I1 as a functiun uf 
concentration from the mean 5 at 78. 84, snd 95% 
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Table 6.13. hlem values of interdiffusion coefficient, .D, and Amheniris energy, 
AH, in molten LiF-BeVl, for melds of initial composition y o  
- 

................. ....... 

..- Aff (kcal/rnole), -. D (cin2/sec) .... 
Y o  

(mole ’% BeF,) 564OC 57OoC 602OC 635OC 64OoC 66OoC 704OC 564-704OC 

95 3.0 x 1.0 x 3.0 X 6.0 X 2.5 X 50.5 
84.4 3.2 X 5.0 X 2.8 X 6.0 X 37.8 
77.8 8.0 x  IO-^ 1.6 x 3.5 x 5.2 x 1.2 x 10% 31.1 

‘Table 6.18. composition dependence of interdiffusion coefficients 
D and Anhenitis energy aH in m d b n  EiF-BeP, 

Concentration D (cm2/sec) ..................... - .. hFI (kcal/inole), 
(mole ”/o BeF2) 57OoC 66OoC 7OO0C 

... __ ...... .................... .- 

570 7OO0C 

98 -1.0 x -1.8 x -1.3 x -58 
95 1.0 x l o +  1.0 x 3.5 x 1 0 - ~  46 
90 4.5 x 2.4 x 6.0 x 1 0 - ~  33 
84.4 7 6 X 4.0 x 7.0 x 1 0 - ~  28.0 
80 9.6 X 6.0 X IO -7 1 1  x 27.6 
77.8 1 3 x 1.5 x 1 2 x 1 0 g  26.5 

BeF2 by the Crank-Park method.7 In view of the fairly 
large spacing of the initial compositions. the un- 
weighted mean employed in the Crank-Park method 
seems unrealistic. Either solution of the diffiision 
equation or measurements at mole closely spaced hiilk 
compositions, which are in progress, will be needed to 
indicate the proper weigh tiiig. It appears not unreason- 
able to assume that the results close to the initial bulk 
compositioi contributed highly to the mean D. In a 
preliminary test of the applicability of such a method, 
we therefore incorporated a weighting function pi-opor- 
tional to the LiF concentration at the electrode surface. 
Table 6.18 shows the concentration and temperature 
dependence of the interdiffusion coefficients obtained 
thus, and illustrates the general agreement with the 
mean values over a range of composition listed in Table 
6.1 7. The interdiffusion coefficients fall rapidly be- 
tween 95 mole % BeF, and pure ReF,. As the 
composition approaches pure ]Ref;, , the interdiffusion 
coefficient approaches the limiting self-diffusion coeffi- 
cicnt of the solute ion (here Li). Our data. by 
extrapolation, lead to lower values than those predicted 
by molecular dynamics calculations.’ 

The temperature dependence of the initial ZR drops 
for any- composition (proportional to the current 
density for any temperature) leads to Arrhenius ener- 
Des for conductance that are consistent with available 
direct measurements6 in purc BeF2 and in mixtures of 

lower BeF, content, as showri in Fig. 6.77. This figure 
also shows, for comparison, the composition depend- 
ence of the Arrhenius energies for mutual diffiision 
(calculated in this work) and fox viscous flow.’ 

‘This study of ED chronopotentiometry was intended 
to show the possibilities of the method in highly viscous 
melts where direct measurements of diffusivity and 
conductance are very difficult. Kefiiieinents in the 
analysis will be possible when the transference numbers 
of Li+ relative to fluoride have been determined in 
melts of hidl ReF, content, in addition to further 
chronopotentiometry on a wider range of more closely 
spaced compositions. Diffusivities, like the electrical 
conductance and viscosity in these melts, and in 
silicates, show very marked changes as the melt be- 
comes more highly structured. 
l__-l...______ 

1 .  Visiting scientist, Laboratoire de Thermodynamique, 
Associd au C.N.R.S., UniveisitC de Provence. Marseille, France. 

2. C. E. Vallet and J. Braunstein, “Jrrcversible Therrno- 
dynarilics of Electromigrational Depletion Chronopoten- 
tiometry ,” the preceding contribution, this report. 

3. 11. R. Bronstein and J. Braunstein, “Anadic Chronopoten- 
tiometry of Beryllium Electrodes in Molten Mixtures of 
Berylliuiii Fluoride with Alkali Fluorides,” ’ a prcvious contri- 
bution in tius chapter, this report. 

4. C. E. Vallet, R. R. Bronstein. and J .  Braunstein, J. 
Electrochem. Soc., in press. 

5. S. Cantor, W. T. Ward, and C. ‘T. Moynihan, X Chem. Phys. 
50, 2874 (1959). 
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0.5 a6 a7 0.8 0.9 . 1.0 
yBeF, (mole froctiw 1 

Pig. 6.77. Concentration dependence of activation energies. 
0, interdiffusion, calculated from Crank-Park metliod with 
weehted mean assumption; &I, activation energy calculated 
from mean interdiffusion coefficient in me11 of bulk compo- 
sition 95 mole % BeP2; (3, conductance (this work); ., 
conductance (wf. 6); -, viscous flow (ref. 5), 

6 .  G. I). Robbins and J .  Braunstein, &lSR hogrum Semiannu. 
Progr. Rep. F&. 28, 1969. ORN1A396, p. 184; G.  D. Robbins 
md J. Rraunstein, IWSR hogram Semhmar &OF. Rpp.  Feb. 
28, 1970, OKNL-4548, p. 156. 

7. 1. Crank and G.  S. Park, ?Funs. Faraday SOC. 45, 240 
(194Y). 

8. 11. A. Isvy, A. 13. Narten, and A. Rahnian, Chmi. I ~ J  
4nnil. Prop. Rep. Muy 20, 1973, ORNL-4892, p. 120. 

APPLICATION OF THE QUASI-LATTICE MODEL IN 
DILUTE RECIPRWAL MOLTEN SALT MIXTURES. 

POTASSIUM NlTRATE' 

e. E. Vallet2 1. Bramilein 
Association equilibria in dil ti te reciprocal molten salt 

mixtures {Le., dilute solutions of at least one foreign 

THE SYSTEM SILVER SULFATE- 

cation and m e  foreign anion in 3 molten salt solvent) 
provide valuable tests of physical models such as the 
quasi-lattice model of molten salts.3 The system silver 
sulfate- potassium nitrate remains of p;irticular interest 
for a number of reasons, despite previous mvestigatioris 
by means of emf m e a s u r e r n e r i l ~ ~ ~ ~  and phase dia- 
grams6 Firsi, it is one of few systems in which ;i 

temperature dependence of the itssociation energy has 
been reported: and this temperature dependence has 
been questioned 111 a more recent emf study.5 Second, 
systems of mixed charge type offer problems connected 
with the Teriikiri activities of charged and neuml  
species associated mth counting of sites on the quasi 
l a t t i ~ e . ~  Third, the phase-diagram investigation' (which 
provided confirmation of the applicabtlity of conformal 
ionic solution theory' in the coiiceni rated solution 
region of Ag2S04 in molten KNO3) indicated that in 
(lie dilute solution regon, where a quasi-lattice correc- 
tion term becomes importiint, the results appeared to 
be more consistent with a temperature-dependeni iisso- 
ciation energy Finally, the previous iiiveshg '1 t' ions were 
cat ried out over only a limited iange of silver concen- 
trations, malurig it impossible to analyze the data for 
higher-order associations than painvise: 

Here we report association equilibria and energies 
obtained from new emf measurements of tbe concen- 
tration cell 

The silver concentrations were varied over a wide range 
(mole ratio 2 x I O +  to in order to permit 
evaluation ofX1 and the sccond association energy for 
the association of silver and sulfate: 

Measurements were carried nut in ;I series of silver 
conicentrations at two temperatures, 627,' and 663°K. 
Furthermore, a new tecbnique was developed to resolve 
definitively the questioned temperature dependence of 
lhe association energy AA " Iri some of the experinierifs 
a cell with a given silver concentration was cycled in 
teniperature before and after several sulfate additions, 
the difference of values of the crnfs providing a more 
direct tneilsure of the temperature dependence of U . 
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Fig. 6.78. Temperature dependence of (Ag-SQ4)- pair association energy. 

‘This new technique was essential because of the veiy 
small emf change observed in this system and the very 
small magnitude of M 1 .  

As shown in Fig. 6.78, our resultsg confirm the 
increased stability of AgS04- pairs with increasing 
temperature. This dependence is in the same direction 
as observed for AgCN pairs and for the charge- 
unsymmetric CdX+ pairs (X = Br-  or I-). In the 
quasilattice calculations, only configurational entropy is 
taken into account; the variation of M I  with the 
temperature, [ -am, /aT] ,., 2.5 X 10 -3 kcal/deg, may 
be interpreted as the “specific entropy of association” 
characterizing a change in the internal degrees of 
freedom of the SOs’- ion. The association energy 
AA was calculated with the gencralized quasi-lattice 
model, and the results are given in Table 6.19. 

Table 6.19. AgS04- and Ag-SO4-Ag association 
energies calciilated assuming a niean 

coordination number of 5 

T (OK) AA 1 (kcal) AA (kcal) 
_.__ ........ ........ 

622 -1 599 i 0.022 
1.691 ? 0.026 663 -1.97 * 0.29 

-...._____ ......... 

Although the uncertainty of AA,, does not permit a 
determination of whether it too, like AA 1 ,  is tempera- 
ture dependent, it is clear that this second association is 
significant and may have a higher stability than the first 
association, as has been reported for Agl. 

1. Work performed in the Reactor Chemistry Division. 
2. Visiting scientist, Laboratoire de Thermodynamique, 

AssociC au C.N.R.S., Universitd de Yrovence, Marseille, France, 
under a research grant from the Ministcre des Affaires 
Etrangeies Francais (1972%1973). 

3. M. Blander, Molteii Salt Cherni,sfry, M. Blander, ed., 
Interscience, New York, N.Y., 1964, p. 221; J. Braunstein, 
Ionic Ititeractions, vol. 1, S. Petrucci, ed., Academic Press, New 
York, N.Y., 1971, p. 179. 

4. W. J .  Watt and M. Blander, J. Phys. Chern. 64, 729 (1960). 
5. G. A. Sacchetto, C. Macca, and 6. G. Bombi, J. Eleclro- 

anal. Chem. Irrterfacial Electrochem. 36, 319 (1972). 
6 .  M. L. Saboungi, C. E .  VaUet, and Y .  Doucei, J. Phys. 

Chern. 71,1699 (1973). 
7. J. Braunstein, H. Hraunsiein, K. E. H a p a n ,  and A. S. 

Minano, Inorg. Chzm. 12, 1407 (1973). 
8~ M. Blander ;rnd S. Yosiin, J. Chem. Phys. 39, 2610 (1963); 

M. Blander and L. E. Topol, Electrochim. Acta 10, 1161 
(1965). 

9. C. E. Vallet and J .  Rraunstein, 9. Phys. Chem. 77, 2672 
(1973). 
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THERMODYNAMICS OF LITHIUM-BISMUTH 
ALLOYS FROM EMF MEASURERlENTS WITH 

MOLTEN LiF-BeF2 MIXTURES' 

D. D. S o d 2  J .  Brautisteiri 

The thermodynamic properties of lithium and its 
liquid alloys are of importance in the development of 
molten-salt reactor technology, controlled thermo- 
nuclear reactors. and niolteri-salt batteries. The limiting 
excess chemical potential of lithium at infinite dilution 
in bismuth has been reported p r e v i o ~ s l y ~ - ~  b u t  was 
based on extrapolation irito the Henry's law region of 
lithiuni in bismuth from measuteinents at higher 
lithiurn concentrations.' We have shown that the 
electromotive force of the cell 

Bel LiF( 1 - x),BeF,(x)lLi(y),Ri 

where x is the mole fiactioii of beryllium fluoride in the 
niolten salt and y is 1 tie mole fraction of lithium in the 
coulometrically generated bismuth electrode, follows 
the Nernst equation in llie alloy concentration. These 
rtieawrements in the Henry's law legion. together with 
thermodynarnic data6 for pure LiF and pure BeF2,  

phase data,7 and activity coefficient data* for 
L.iF-BeF2 mixtures, ilius permitted a needed inde- 
pendent reevaluation o f  the limiting excess chemical 
potential of  lithium at infinite dilution in bismuth by 
means of the cycle jndicaled in Table 6.20. The result 
was pE(ti, 00 Bi; T = 819°K) = ----L6.8 kcal/rnole, 
confirn1in.g the value reporl.ed by Foster et d.3 Meas- 
urements with this cell at varying salt composition also 
demonstrated its applicability io transference number 
determinations in  LiF-BeF2 mixtures. 

1. Abstracted from D. 1). Sood and J. Braunstein, J.  
Electrochetn. SOC. 121, 247 (1974). Work performed in the 
Reactor Chemistry Division. 

2. Visiting scientist, Hhabha Atomic Research Centre, 
Bombay, India. 

3. M. S. Foster, S.  E. Wood, and C .  E. Crouthamel, Inorg. 
Chenz. 3, 1428 (1964). 

4. J .  J. Egan and R. H. Wiswall, Nucleonics 15, 104 (1957). 
5. L. M. Ferris, 1. C. Mailen, and F. J .  Smith, J. fnorg. NucL 

6 .  D. R. Stull, ed., JANAF Thermochemical Tables, report 

7. K. A. Komberger, J. Braunstein, and K. E. Thoma, J.  Phys. 

8. B. F. Hitch and C.  F. Baes,Inurg. Chem 8, 201 (1969). 

Chern. 33, 1325 (1971). 

PB 168 370 (August 1965). 

Chem. 76, 1143 (1972). 

TaMe 6.20. Cycle for evaluation of excess chemical potential of lithium in bismuth 

Reaction 
Contribution, AUi, 

to the cell free 
energy change 

Ilescrip tion 

A G = 0  
A G - 0  

Crystallimtion 
Dissolution 

nilu tioif 

Be(c) + 2LiF(1 - x) 4 BeF2 (x) + 2Lib) [ U i ]  $: AGj = AG = -2FE  et^ renctionb 
I 

Note: Unprimed x and y refer to vdws at the experimental composition; singly primed quantities refer 
to the liquidus composition at LiF satutation at the same temperature; doubly primed values refer to the 
liquidus composition at BeFz saturation. 

'D. R. Stdl, ed. JANAF Thermochcrnical Tubles, report PB 168 370 (August 1965). 
bThis work. 
CK. A. Rombergea, J. Braunstein, and R. E. Thoma, J. Phys. Chem. 76, 1143 (1972); R. F. Hitch and C. 

F. Baa, Iizorg. Chem 8, 201 (1969). 



7.  Chemical Physics 

Under this heading are collected a set of research programs characterized by 
their somewhat more atomistic approach to problem than those covered in "Physi- 
cal Chemistry." These include neutron and x-ray diffraction, infrared and Kaman 
spectroscopy, ESR spectroscopy, electron spectroscopy, and atomic and molecular 
collisions. 'This year the work in neutron and x-ray diffraction continues to show 
the Gomplementarity of these methods in crystal structure studies, and the associated 
development of theoretical methods have permitted many complex structural deter- 
minations to be made with relative ease. An example i s  the structure of the 
charge-transfer complexing agent TCNQ which is of great interest in connection with 
recent studies of highly conductive organic compounds (TIT-TCNQ). 'Techniques 
developed for the study of structure in liquids have now been used to determinc the 
structure of amorphous ice. Electron spin resonance studies of liquids during pho- 
tolysis have been extended to simple peptides and there is now hope that more 
complex systems may be amenable. In the work on collision dynamics advances have 
been made in the studies of chemical reactions of electronically excited mercury, 
and numerous experiments designed to better define the states of energetic ions 
penetrating solids have been carried out. 

NEIJ'lXON AND X-RAY DIFFRACTION 

X-RAY AND NEUTRON CRYSTAL-STRUCTZJRE 
ANALYSIS OF P1-I smmmesm ACID 

HEXAHYDRATE, H 3 P W 1 2 0 4 0 . 6 H 2 0  

M.-R. Noe-Spirlet' G. M. Srown 
W. M. Busing II. A. Levy 

Knowledge of the atomic configuration of the anion 
Pw120403-  of phosphotungstic acid i s  of central 
importance in relation to the structures of heteropoly 
acids, since the ion and analogs of it with other atoms 
replacing either phosphorus or tungsten or both are 
known to occur in at least 80 crystalline compounds 
(see review by Evans'). We have refined by x-ray and 
neutron single-crystal diffraction methods the structure 
of the so-called pentahydrate of phosphotungstic acid,3 
which we now find almost certainly to be the hexa- 
hydrate. 

The space group is Pn3rn, and there are two units 
H3PWL O4 0 *6H2 0 in the cubic cell with translation a 

= b = c := 12.1506(5) A. Refinement of the parameters 

of Keggn's roughly determined structure3 (which was 
based 011 a few x-ray powder diffraction data) was first 
carried out using a set of 3373 Mo K ,  intensity data 
(the reflections of one octant of reciprocal space to the 
limit of 60" in 28, representing 528 symmetry- 
independent reflections). The data were initially cor- 
rected for absorption and at an advanced stage of 
refinement were also corrected for anisotropic extinc- 
tion. 

In the process of refinement by standard least-squares 
and Fourier methods, the general correctness of the 
Keggin approximation to the structure of the ion 
PWI 2 0 4  3- was confirmed, but the Keggin positions 
for the water oxygen atoms were found to be incorrect. 
He placed 6 water oxygen atoms at the positions ' 4 ,  '4 ,  
'4 ; ' 4 ,  '4 ~ '4 ; etc. (positions 6d72rrr; see International 
Tables4) and 4 water oxygens at the positions 0, 0, 0; 0,  
'I2, '4 ; etc. (4c-3rn), whereas we find 24 "half' oxygen 
atoms occupying the 24 positions x, 'I4, 'h ; i ,  'h ,  'I4 ; 
etc. (24h-2). The hydrogen atoms could not be found 
from the x-ray data, but they were included in the final 
least-squares cycles in fixed positions corresponding to 
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a sensible hydrogen bonding scheme and to the known 
geometry of the water molecule. The find value of the 
usual discrepancy factor R was 0.059 (including dl 528 
independent reflections);  he final value of the standard 
deviation of an observation of  unit weight, ul, was 
I .29. 

While the x-ray refinement was in progress, a crystal 
sufficiently large for recording neutron-diffraction data 
was grown, and subsequently a total of 2975 individual 
reflections were recorded to the 20 limit 130” {A = 
1.254 A), representing 575 symmetry-independent re- 
flections. The data were corrected for absorption and 
exlitictiori in the same way as the x-ray data had been 
Lorrected. Least-squares refinement using the neutron 
data was started with parameters from the x-ray 
refinement (mcluding the calculated coordinates of the 
hydrogen atoms). Refinement proceeded smoothly mth 
only smdl changes in the atomic coordinates. The 
results again indicate lhat the crystd is a hexahydrate. 
The discrepancy index R is now 0.046, and u, IS 2.35 
(all independeni observations included). These indi- 
cators of goodness of fit are not so satisfactory as those 
usually obtained in  neutron retinements in this labora- 
tory. The excursions of density in the final difference 
map are approximately 9 times their tisual magnitude. 

Although we know of no precedents in crystal- 
structure analysis that suggest that our present structure 
is seriously at fzzult, we are attempting to discover the 
cause of the relatively poor agreement, which is most 
likely a minor fault of the model in the least-squares 
calculation. Even with the somewhat unsatisfactory fit 
in %he least-squares refinernetit, the neutron data furnish 
rather precise hydrogen coordinates, which were not 

available from the x-ray data, as well as more precise 
parameters for the oxygen atoms. 

The strucrure of the ion PW12040J- as detertnined 
from the neutron data i s  shown stereoscopically in Fig. 
7.1. The bond lengths P-0 and W-0 are compared in 
Table 7.1 with those corresponding to Keg$n’s p a ~ m -  
eters for his “pentahydrate” and with the Bradley and 
Illingworth’ parameters for the %%hydrate The 
P 011) bond length is distinctly shorter than the earlier 
W O I ~  indicated, indeed, it 19 a normal value for a 
phosphate tetrahedron (cf lengttis from 1.5 I5 to 
1.5397 a for the P-0  bonds tu oxygen atoms 
not bearing hydrogen atoms in CatiF04).6 The 
W -  O(4) tiistarice is in agreement with a pre- 
diction of Evans’ from his work on the compound 
(NX-f,),Na, [H2GaW1 J - 1 5 H 2 0  ratner than with 
the distance 1.42 A suggested by Baker.’ 

The hydrogen bonding pattern (Fig. 7.2) in the 
crystal is remarkable. The 24 half oxygen atoms 0(W) 
of the water molecules are arranged in six square arrays 
centered on the M42m sites of the cell Associated 
with the 24 half oxygen atoms are: 48 half hydrogen 

Table 7.1. Bond lengths (A) in the 
phosphotungstic anion, PW120403- 

This work Bradley and 
Bond Iuingwortii X-ray Neutron 

P-O(l) 1.526 1.528 1.71 1.71 
W-O(l) 2.436 2.437 2.34 2.29 
W-O(2) 1.902 1.903 1.85 1.93 
\V-O{3 j 1 ,908 1.909 2.00 1.97 
W-0(4 j 1.707 1.705 1.85 1‘84 

I _.__._ 

b b 

P i g  7.1. Stereos~opk view of the PW12040-~ anion in the phosphotungstic acid hexahydrate crystal. View direction i s  along c; 
a i s  along the horizontal from left to right. The symmetry-independent atoms are labeled, the numbers 1 through 4 indicating oxygen 
atoms O(1) through O(4). The bond lengths (A) among these atoms are given. 
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Fig. 7.2. Stereoscopic drawings showing the packing of anions P\Y12040-~ and dioxonium ions 1150; in phosphotungstic acid 
hexahydrate. Orientation is same as in Fig. 7.1 .  See text for explanation. 

atoins H(W) in general positions where they make good 
hydrogen bonds to 48 atoms O(4) at the unshared 
corncis of the octahedra about the tungsten atoms. At 
the center of each square of half oxygen atoms is one of 
the protons H(A) from the ionization of the acid. The 
occupancy factor 0.5 found for the atoms O(W) and 
H(W) is the maximum above which there would have to 
be simultaneous occupancy of the neighboring oxygen 
sites on the squares which are only 1.665 A apart. 
There is just one H 5 0 2 +  ion at each 6 d 4 7 3  site in the 
crystal; it may be oriented in either of two different 
ways. The two possible orientations are shown most 
clearly in the center of Fig. 7.27. In either orientation 
the ion is hydrogen bonded to the same four atoms 

The structure may be thought of as made up of two 
different arrangements of anions an3 disordered H5 0,' 

O(4). 

ions with space-group symmetry Pz3m, thc two 
arrangements having interpenetrating hydrogen bonding 
systems. A portion of one of the two cubic arrange- 
ments is shown in Fig. 7.2~. Figure 7.2b shows riiost of 
what is in Fig. 7 . 2 ~ ~  plus one anion arid four disordered 
H 5 0 2 +  units of the second arrangement. The second 
arrangement may be thought of as derived from the 
first by inversion through a phosphorus atom followed 
by translation of the structure by ' 4 ,  'I2, '/,. 

The linear, centered hydrogen bond 

of the N502+ ion is only 2.355 ,A long (uncorrected for 
thermal motion). Since ttle maximum theoretical cor- 
rection (certainly a considerable overcorrection) to the 
bond length is 0.081 A, this hydiogen bond is among 
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the shortest ever observed. The valence angle 
H(Wj .- O(W)-H(W) of the water molecule IS 1 18.1 O ,  

markedly larger than the angle 104.52” in gaseous 
wate? and larger than that usually found in crystalline 
hydrates. This enlarged valerice angle and the unusually 
short O(W). . .H(A) . .O(W) hydrogen bond may be 
related to the fact that the whole diaxonium ion €is 02+ 
is approximately planar, witti the hydrogen bond 
direction as lhe bisector of the valence angle. Thc angle 

The O(W)- H(Wj bond length is 0.958 A, the 
OjIV). . .@4) distance is 2.669 A, theO(W). . .H(W) 
dlstance 1s 1.7 1 S A, and angle O(W) -H(W) . O(4) is 
1’73.2”. The O(W)-H(W). . .0(4) hydrogen bond is 
therefore a normal, nearly linear hydrogen bond. 

II(A). . .O(W) -H(W) IS 120.9”. 

I .  Graduate student, Departrnent of Chemistry, University ok 
LiBge, Bebum. 

2 €I T. Evans, Jr., in Perspcctzves in Stnictwul Chemirtry, 
vol 4, J. D Dunitz and J. A. dbers, eds., Wiley, New York, 
1971. 

3. J P. Keggin, Proc Roy Soc. Iondon, Ser A 144, 75 
(1934). 

4. Iutr.nlatzona1 T a b k  for X-Ray CryTrallography, vol. I ,  
N F M. Henry and K. Lonadale eds., pp. 3 3 6  37, Kynocb 
Press, Hmmgham, England, 1952. 
5. A. J Bradley and J .  W Ilbngworrh, Proc. Roy Soc 

London, Ser. A 157 (1936). 
6 R .  Dickenb, J .  S. Bowen, and W. E. Brown, Acta 

Crystallogr Sect. B 28, 797 (1972). 
7. L. C. W. I33ker, ddvrinces in the Chemistry oj Coordiria- 

tzw Compoiinds, pp 604-12, Macmifian, New York, 1961. 
8 W S. Betiedict, N. Gailar, and E. K. Plylrr, J Chpm Phys 

24, 1139 (1956). 

CRYSTAL STRUCTURE OF THE 1 : 1 ADDUCT 

TETKACYANOQUINQMMETHANE 
BETWEEN CHLQRPROMAZlNE AND 7,7,8,8- 

W. E. Thiessen I<. M. Metzger’ 

I riterest in the chlorpromazine cation radicd (CPZ ’> 
springs froin speculation2 that i t  might be xesponsible 
for the psychotropic activity of the tranquilizer chlor- 
promazine. Ohnishi arid McConnel13 have carried out 
electron pararnagnetic resonance (e.p.r.) studies of 
CPZ’ in flowing DNA solutions dnd report that “the 
observed spectra are readily interpreted in terms of 
I,erman’s intercalation model4 where the helix axis is 
pexpendicular t o  the aromatic molecular plane of 
CPk’.” The rekrence to the “aromatic rriulecular 
plane” is in analogy to the mutagenic acndine dyes. 
which do in fact possess planar aromatic nng systems 
and are thought to inteicalate into DNA. Jn contrast to 
t t ie wridine systems, the phenothiazine ring system in 

neutral chlorpromxine is known to have a nonplanar 
“bbullerfly” shape 

In order to study the molecular georneiry o f  Cui+, 
one of us 4K.M M.) piepared cry3tals o F  the charge- 
transfer complex between CPZ axid the ubiquitous 
complexing agent ’7,7,8,8-k tracyanoquirioclime thane 
(TCNQ). Acetonitrile solutions of ttie two cornponetits 
were prepared and muted in a nitrogen atniosphere to 
yield a few shiny black needles with d srrong exchange- 
narrowed room-temperalure e.p.r. sigrial (g = 2 00, line 
width <I C).  Crystal data and some details of the 
intensity t h t a  collection ;it Stanford tJniversity6 are 
gwen m Table 7.2. It  should be particdaily rioted that 
there are four cryst~Jlograph~cally independent entities, 
two CPZs and two TCNQs, m the asymmetric unrt 
‘KO begm the structure sulution at Oak Ridge, the 

observed structure factors were corrected for overall 
therrniil motion and placed on ai ;ibsolute scale using 
program ORESTES7 to yield a set of normalized 
\tiucture factors. It was noted immediately that the 
reflections with even values of index h were strong 
((lE12)k,l = 1.30), whle thow with h odd were weak 
((lE12>k = 0 71) After the IBIS were ienornializzd as 
suggestid by fiauptirian and liaile,’ i tie structure 
solution using Mam, Wodfson, and Germam’s 
MULI’AN programg was straightforward. T h e  original 
IRI map based on the MIJL‘TAN signs for 6x8 LEIS 
revealed 61 of the 74 oontiydrogen atoms. ‘The rest of 
these atoms and, eventually, all the hydrogens as well 
were discovered by Fourier methods. At present, R W )  
= 0.078 foi the 7497 reflections with ]F12 > 

A stereoscopic drawing of part of the contents of the 
unit cell viewed nearly along ;I IS displayed in Fig. 7.3. 
The reawn for the disparity in intetisity between even-/z 
arid odd-h reflections is inmedlately clear. for each 

2a(lP12) O 

Table 7.2. Crystal data of the chaxge-transfer 
complex between CPZ and TCNQ 

56,143 intewity data were collected from a crystal of dimen- 
sions 3 X 0.12 X 0.10 mm nsinp monoch~omat~d Mo and Cu 
radiation on a FIilgar-Watts FA-128 computer-controlled four- 
circle diffrnctometer yielding J 1,151 unique data to (sin @)/& = 
0.6337 A-’ I 

_.__I._ _...__I 

a = 13.718(6) A (needle axis) 
b = 19.081(4) A 
c = 19.972(5) A 
f i  = 90.79(3)” 
Space groupY21/c 

p !talc) -- 1.329 g/cm3 
p (meas) = 1.332 g/cn13 

Z = 8 for  CzsHz 3NbSCl 



Fig. 7.3. The two independent CPZs, the two independent TCNQs, and UleH centmsymmetxk mates. The outline of the unit cell 
is given: the view i s  approximately along a. 

atom at x, y ,  z in the stack c f  TCNQs in the center of 
the drawing, there is a corresponding atom at approxi- 
mately (x + ‘h) ,  y ,  z. The TCNQs therefore contribute 
vel-y little to the reflections with h odd. 

It is also apparent that the phenothiazine ring system 
of the CI’Zs is not planar; the angles betwzen the planes 
of the benzene rings in the two independent molecules 
are 143.1 and 147.2”, somewhat larger than the angle 
of 139.4” in neutral CPZ.4 That thcsc entities really are 
cation radicals as indicated by the strong e.p.r. signal is 
borne out  by the fact that the surroundings of the ring 
nitrogen atom are much less pyramidal than they are in 
neutral CfZ:  the ring nitrogen departs from the plane 
of the three carbon atoms surrounding it by only 0.123 
and 0.125 a in the two independent cation radicals as 
opposed to  a distance of 0.206 in neutral CPZ. This i s  
the expected effect of removing an electron from the 
phenothiazine rr-electron system. 

Finally, the details of the TCNQ stacking are of 
interest. The very highly conducting I’CWQ complexes 
which have attracted so much recent attention also 
possess stacks of TCNQ radical anions; in N-methyl- 
phenaziniurn-TCNQ’ and 2,2’-bis-1,3-dithiole- 
‘KNQ,”  for example, there is a single interplanar 
spacing between the best planes through the TCNQs of 
3.26 and 3.17 A respectively. Because there are two 
TCNQs per asyrnrnetric unit in CPZ-TCNQ which lie 
very nearly in parallel planes. there can be (and are) 
three different interplanar spacings. In this crystal the 
‘ICNQs seem to form definite “dimers” with a 3.09-8 
spacing; the two neighboring molecules of each dimer 
are separated from their next nearest neighbors by 
spacings of 3.31 and 3.41 a respectively. The 3 .09-8  
spacing is, as far as we know, the closest yet observed in 
any TCNQ complex at room temperature and is 
considerably shorter than the 3.16-8 ~ p a c i n g ’ ~  found 
in the “dimers” in Rb ‘TCNQ - at - 160”. 
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2. L. 11. Piette, G. Bulow, and 1. Yamazaki, Biochim. 
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3. S. Ohnishi and H. M. McConnell. J. Aiiler. Chern. Soc. 87, 

2293 (1965). 
4. L. S. Lerrnan, J. Mol. Biol. 3, 18 (1961);Proc. Nut. Acnd. 

Sei. U.S. 49, 94 (1963);J. Mot. B i d .  10, 367 (1964). 
5. J. J. H. McDoweU, Acta Crystdog/. ,  Sect. B 25, 2175 
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6. ‘The data werc collected in the Ikpartmsnt of Chemistry, 

Stanford University. We gratefully acknowledge the guidance 
and asistance of P. G. Simpson and T. E. Hopkins to R.M.M. 
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estimates overall scalc and therinal parameters (isotropic or 
anisotropic) from single-crystal x-ray or nentron diffraction 
data, calculates and sorts a set of normalized structure factor 
magnitudes, and computes relevant statistics of the set. This 
program is available from the authors on request. 
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NUMERICAL EXPERIMENTS ‘r0 FACILITATE 

CRYSTALLOGRAPHIC PHASE PROBLEM 
THE mmr SOLUTION OF THE 

W. R. Busing W. E. ‘l’hiessen 

A crystal structure analysis begins with the measure- 
ment of  reflection intensities and their reduction t o  
normalized structure-factor magnitudes. If approxi- 
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mately correct phase angles can be assigned to the’ few 
hundred strongest reflections, then the structure can be 
obtained by Fourier synthesis. 

Direct methods for phase determination make use o f  
the fact that if‘ the indices of three reflections add to 
zero, forming what we will call a triplet relationship, 
then the phase angles of these three reflections will also 
tend to add to zero. If phase angles are known or 
assumed for two reflections of a triplet, an estimate of  
the phase of the third reflection can be deduced. By 
assigning trial phases to several carefully chosen reflec- 
tions (the starting set), the phases of the strong 
reflections can be found, and tlie corresponding Fourier 
map can be examined. Often h e  correct solution can be 
r2cognized among the results of the first few trials. 

Strictly speaking, the phase of a reflection is given by 
ftie average of the phases derived from all the rel. ‘3 t‘ iori- 
ships in which it is involved; the phase determined from 
a single relationship may be grossly in error. Because an 
error in the early stages of phasing will usually cause the 
direct metliod to fail, it i s  important to use the most 
reliable relationships first. 

In most routine crystallographic work tlie triplet 
relationships are of little interest once the correct 
structure solution is recognized. For the improvement 
of structure-.solving techniques, however, it is desirable 
to analyze the triplet relationships for knowri crystal 
structures so that the effectiveness of different phasing 
strategies can be compared. We have prepitred a 
computer program, RECAP, to generate these triplet 
relationships and to rnake this recapitulation. 

Input to RECAP includes either the observed nor- 
r d i z e d  structure factors or the structural information 
needed to compute them. The Irue phase angle for each 
ref?ection is calculated from the known structure. Using 
the few hundred reflections stroiiger ttiari a specified 
minimum, the program generates the several thousand 
triplet relationships. For each of these relationships 
between three reflections the actual sum of the phase 
angles is readily obtained. Many will be nearly zero, but 
some will differ considerably from this value. 

Program RECAP can also compute for each triplet 
relationship the Hauptman c:onditional average D (ref. 
1) or the modified average M(D --- KS) (ref. 2). Large 
values of these quantities are theoretically associated 
with relationships most likely to have zero phase sums. 
The numbers of relationships in various categories of 
phase sum and of Hauprman average are tabulated by 
the program so that this hypothesis can be tested. 

Thiessen and Busing have shown3 94 that the phase 
sums of certain triplet relationships ciin be predicted if 
the orientations of most of the molecules or molecular 

fragments which make up the crystal are known. For 
some rypes of structures, such as those conrairung 
parallel berlzerioid molecules, an appreciable number of 
the relationships will have phase sums near 7~ rather 
ttim near zero. Program RECAP is also designed to 
compare the phase sums piedicted on this structural 
basis with the correct values. For this purpose, iofoima- 
tion on the orientations of the fragments is taken from 
the output o f  program QK’XKAN, which IS described 
below.’ 

An experimental phase extension program, ORPMEX, 
has been prepared to compare various strategies for 
using the triplet relationships to develop the phases of 
the strong reflections. ‘This program makes use o f  the 
Hauptman averages and the predictions based on 
structural information which are obt;uiied fioni pro- 
gram RECAP. For known structures, the phases which 
are produced by ORPHEX are compared with the true 
phases so that difficulties which may arise can be 
diagnosed. These programs in their present form Laii 
also be used to solve unknown structures, and we hope 
that from them we will everitrially develop a very fast 
arid reliable program package fo[ structure solution. 

1.  II. Hauptman, Crystal Structure Determination The Role 
of the Cosine Seminvarknts, Plenum Press, New York, pp. 
15Y --62. 

2. lbid., pp. 192--97. 
3 .  W. E. Tbiessen and W. R. Busing, Chem. Dip. Anriu. Progr. 

Rep. May 20, 1973, ORFII,4891, p. 102. 
4. W. E. Tiriessen and W. R .  Busing, Acta Crystallogr., 

submitted for publication. 
5. W. E. ‘I’hiessen and W. K. Busing, “ O R T U N :  A Computer 

Program for Determining the Orientation of a Known Molecular 
Fragment in an Unknown Crystal Structure,” the following 
contribution, this report. 

URTRAN: A COMPUTER PROGRAM FOR 
DETERMLNING THE ORIENTATION OF A 
KNOWN MOLECULAR FRAGMENT IN AN 

UNKNOWN CRYSTAL STRUCTURE 

W E. Thiessen W. K. Busing 

We have previously pointed out’,’ that if the 
intensity pattern characteristic of the Fourier transform 
of a benzene ring can be recognized in the Ihree- 
dimensional set of diffiactioii data from a crystal 
containing two centrosymmei ncally ielated betvenoid 
molecules per unit cell, it is possible to predict 
phase-angle sums for triplets of strong reflections whose 
indices add to zero. Use of these predictions rendered 
possible the solution of a crystal struclurz for which 
standard mzthods of structure solution had failed.3 We 



now wish to describe a general routine for discovering 
the orientation or orientations of any known molecular 
fragment ii7 a unit cell containing any combination of 
symmetry elements. A similarly general method for 
utilizing this information in the direct solution of 
crystal structures will be given in the following con- 
t r i b ~ t i o n . ~  

The computer program OKTRAN accepts as input the 
indices (h, k, I) and normalized structure-factor magni- 
tudes (1E/) of those reflections with the largest \El 
values, the parameters and symmetry transformations 
of the unit cell. and the Cartesian coordinates of the 
suspected fragment in some standard orientation. The 
program performs a search for optimal orientations of 
the fragment using Lattman'ss rotation angles in the 
way described by Williams.6 The limits of the search are 
established according to the symmetry of the fragment 
and of the crystal using the methods of Hirshfeld.' For 
each orientation of the fragment, a figure of merit 

is computed,' where the sumriiation is over an entire 
hemisphere of the reflection data and 

is the value of the Fourier transform of the oriented 
fragment at the reciprocal lattice point hi. Here xfj i s  
the position of an atom in the fraginent after rotation. 

A specified number of the orientations having the 
highest figure of merit are subjected to a finer rota- 
tional scan and finally refined to maximize S by 
adjusting the three orientation angles and a single scale 
factor that is applied to the atomic coordinates of the 
fragment. The program thexi produces a printer plot of 
the locations of the strong reflections in reciprocal 
space viewed along a specified axis of the oriented 
fragment. Such a plot for two benzenoid molecules 
related by an inversion center was displayed in a 
previous report.' As an illustration of a higher sym- 
metry case, one in which there are two distinct but 
equivalent molecular orientations, a printer plot of 
reflections with E 2 1.5 calculated from th.e positional 
parametersg for naphthalene, space group PZ1/c, with 
two molecul.es per unit cell is shown in Fig. 7.4. The 
view is along the columns corresponding to one of the 
orientations, and the characteristic benzenoid transform 
can be seen even though it i s  overlapped by the columns 
of the transform corresponding to the other orien- 
tation. 

Finally, the program produces an output on punched 
cards or auxiliary storage for use in the phase- 
determination procedure outlined in the following 
contribution4 This output consists of the indices and 
normalized structure-factor magnitude for each strong 
reflection along with the transform values T(hJ for 
each of the symmctry-related orientations of the 
fragment. These are signed real numbers if the fragment 
is centrosymmetric or complcx quantities if it is 
noncentrosymmet ric. 

1. W. E. 'Thiessen and W. R. Busing, Chem. Qiv. AIIIZU. Progr. 
Rep.  May 20, 1973, ORNL-4891, p. 102. 

2. W. E. Thiessen and W. R. Busing, Acta Crystallogr., 
submitted for publication. 

3. W. E. 'T'hiesscn and H. A. Levy, Chem. Diu. Annu. PTO~T. 
Rep. M y  20, 1973, ORNL-1891, p. 100. 
4. W. R. Busing and W .  E. Thiessen, "Utilizing Molecular 

Structure Information in Direct Methods of Crystal Structure 
Determination via a Modified Tangent Formula," the following 
contribution, this report. 

5. E. E. Lattman, Acta Crysfallogr., Sect. B 28, 1065 (1972). 
6 .  D. E. Williams. Acta Crystallog., Sect. A 29, 408 (1973). 
7. F. I,. Hirshfeld, Acta Crystrzlioyr., Sect. A 24, 301 (1968).  
8. E. E. l a t tman and W. E. Love, Acta Crystallogr., Sect. B 

9. D. W. J. Cruickshank, Actu Crystulhyr. 10, 504 (1957). 
26, 1854 (1970). 

UTILIZING MOLECULAR STRUCTURE 
ECT METHODS OF 
ETEKMlNATION VIA 

A MODIFIED TANGENT FQ 

W. R. Busing W .  E .  Thiessen 

Direct meiliods for solving the crystallographic phase 
problem are usually based on the assumption that if the 
indices of three reflections add to zero, then the sum of 
thzir phases will tend to be zero. In a previous report,I 
we showed that for a crystal composed of parallel 
centrosymmetrically related benzenoid molecules, cer- 
tain of these triplet relationships can be predicted to 
have phase sums of 'IT rather than zero. For the 
relationship -h, k ,  h - k (where each vector represents 
the three indices of a reflection), the predicted phase 
sum is the phase of the complex product T(--h) T(k)  
T(h - k). Here T(k) is the Fourier transform of a 
benzene ring in its correct orientation evaluated at the 
reciprocal lattice point k.  Program ORTRAN was 
originally devised to search the set of intensity data to 
establish this orientation and to evaluate the transform 
T(k) for each reflection. We have now generalized this 
treatment to include crystals of higher symmetry. 

In crystals of symmetry other than P1 or Pi, a 
fragment will occur in n 2 2 symmetry-related orienta- 
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Pig. 7.4. A printer plot produced by program ORTRAN of the Bragg reflections fmm naphthalene having El > 1.5. The view IS 
down the coiumns of one of the two overlapping transfurrris, and the hexagonal pattern typical of benzenoid molecule3 can be seen. 
'Ilic columns of thc other transform, mewed from the side, appear approxhnately vertiLal rn the figure. 

tions. For any reflection k, there IS a value of the 
transform Ti(k), i = 1, 2 ,  . . , tz> calculated for each of 
these n onentatroas. These n quantities can be eval- 
uated for each reflection by the program ORTRAN.' 

We have recently shown3 that, for these higher 
symmetries, the phase sum for a triplet relationship 
between three strong reflections is approxlmated by the 
phase of the quantity 

I f  reflection h is involved in  several triplet relation- 
ships, its phase may be taker1 as that of' the weighted 
average of coniplex numbers o f  unit tnagnitude, each 
with a phase calculated from orre relationship. The 
average i s  expressed by the following modified tangent 
formula: 

n 

P(h, k) = 2 Ti(- h) Ti(k) Ti(h - k) . 
i- I 

where w(h, k) i s  the weight which reflects the precision 
with which @[P(h, k)] represents the phase of each 

The estimate of the phase of reflection h as derived 
from one triplet relationship is then 
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relationship. We believe that this revised tangent for- 
mula will prove to be much more reliable than the 
tangent formula in current use: which omits the phase 
of P and uses a different weighting scheme. 

1.  W. E. Thiessen and W. R. Busing, Chern. Div. Annu. Pt’ogr. 
Rep. May 20, 1973, ORNL-4891, p. 102. 

2. W. E. Thiessen and W. R. Busing, “ORTKAN: A Computer 
Program for Determining the Orientation of a Known Molecular 
Fragment in an Unknown Crystal Structure,” the preceding 
contribution, this report. 

3. W. E. ‘Thiessen and W. R. Busing, Acta Crystdogr., 
submitted for publication. 

4. J. Karle and I. L. Karle, Acta CrysraZZogr. 11, 849 (1966). 

CALCULATION OF ELECTROSTATIC c R Y s r A E  
POTENTIALS FOR USE IN THE 

INTERPRETATION OF ESCA MEASUREMENTS 

W. R. Busing 

A computer program for calculating crystal lattice 
energies, which was described previously,’ has been 
modified to provide the electrostatic site potentials 
needed for the interpretation of the results of electron 
spectroscopy for chemical analysis (ESCA). These 
ESCA experiments, which are being performed in the 
Physics Division: have as one of their goals the 
comparison of the observed binding energy shifts for 
the nitrogen atom in morphine and morphine deriva- 
tives with the results of molecular orbital calculations. 
Because the samples are crystalline molecular solids, it 
is necessary to correct the observed electron energy for 
the electrostatic potential at the site from which it was 
emitted3 ,4 The program to be described calculates this 
potential by treating the atoms as point charges with 
fractional values provided by the molecular orbital 
computations. For molecular crystals with large unit 
cells the present program is more efficient and con- 
venient to use than one available previously.’ 

The quantity which is needed i s  

the electrostatic potential at the site xi arising from all 
other point charges .qi in the crystal. It is well known 
that this summation converges veiy slowly unless 
special procedures are adopted. A method pioneered by 
Ewald has been extended by Nijboer and DeWette: 
and using their results we derive the following ex- 
pression: 

where 

u2 = 7rK2rij2 , 
b2 = T K - ~  lhI2 , 

The first term in Eq. (1) is simply a sum over the 
direct lattice vectors which lie in a sphere of radius 
rmax about point xi. Convergence of this sum is 
accelerated by the modification function erfc a ,  an 
error-function complement, which decreases from unity 
to zero as the distance rji (and thus the argument a) in- 
creases. 

The amount lost from the direct lattice sum because 
of the inodjfication function is compensated for exactly 
by a sum over reciprocal lattice points, which makes up 
the remainder of Eq. (1). These points are analogous to 
reflections with indices h = {h, k ,  1 }in x-ray diffraction 
experiments. The quantities A(h) and 801) are anal- 
ogous to the real and imaginary parts of the structure 
factor, but with the charge qk replacing the atomic 
scattering factor in the usual x-ray expressions. For 
noncentrosymmetric crystals 

o n e  
cell 

A(h) = qk cos 2Th-xk , 
k 

one 
cell 

~ ( h )  = E 4.1; sin 27rhexk , 
k 

or for centrosymmetric crystals 

half  
cell 

A(h) = 2 43( cos 2nk-xk , 
k 

B = O .  (3) 

The quantity Ihl is the length of the reciprocal lattice 
vector, and V is the volume of the direct unit cell. 
Convergence of this sum is accelerated by the modifi- 
cation function exp ( -b2 ) ,  wllich decreases from unity 
to zero as Ihl (and therefore the argument b)  increases. 
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Recause the terin for h is the same as that for h, 
only a hemisphere of the reciprocal lattice rieed b e  
included. The multiplicity factor c(h) has a value of Z 
for all lattice points except those shared by the two 
hemispheres, for these i t s  value is 1. The last term in 
Eq. (1) is the conirihution to the reciprocal lattice sum 
fot h = 0. 

The value of +(x,) obtained from expression (1) is 
independent of the quantity K, which is known as the 
Ewald constant. This constant K does determine what 
paits of the result will be obtained from the direct and 
reciprocal lattice sunis because it enters into n and b, 
the arguments of the modification functions. For K = 0, 
only the direct lattice sum contributes, but for larger 
values the reciprocal lattice sum becomes increasingly 
i x n  pur tant. 

1 nput to the program includes the lattice parameters, 
the coordinates of the atoms of one asymmetric unit, 
the symmetry information needed to generate the rest 
of the structure, and the effective atomic charges 
derived from molecular orbital calculations. The Ewald 
constant K and the hmils rlllaX and lhlmnx are also 
provided a.; input. Several values of these limits may be 
specified, and the prwgram will use each set in succes- 
sion so that an estimate of the convergence may be 
made. 

Typical calculations with 42 atoms per molecule and 
four molecules per unit cell require 34 sec of computing 
time on the IBM 360/91 to obtain the electrostatic 
potentials at all the atom sites to four significant 
figures. 

1 W. R. Busing, Chem. Div A m u  Prop. Rep. May 20, 
1971, ORNL4706,  p. 201 

2. T. A. Carlson, Phys Div. Annu. Prop. Rep. Dec. 31, 1973, 
ORNL-4937, p. 239. 

3 .  K. Siegbnhn et al., ESCA Applied io Free Molecules, 
North-Holland Publishing Co , Amsterdam-London, 1969, p. 
107. 

4. L. E. Cox, J. J. Jack, and D. M. Hercules, J.  Amer. Cltem 
Soc. 94,6575 (1972). 

5. W. Van Goo1 and A. C. Piken, J. Mafrr. Sei. 4 ,95  (1969). 
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NEUTRON DIFFRACTION STRUCTURAL 
STUDIES OF TWO TCNQCOMPLEX CRYSTALS, 

A BIFLUORIDE CRYSTAL, AND A 
NORBORNANONE CRYSTAL 

C. K. Johnson €1. L. Reed 11‘ 
R. F. IIa112 

Neutron crystallographic studies related to three 
different research projects are described here. The first 

project concerns the conduction of electricity in or- 
ganic crystals, particularly those containing 7,7,8,8- 
tetracyanoquinodirnetliane (TCNQ). The second project 
is an investigation of the properties of very short 
hydrogen bonds, such as the one in the (F-H-F)- 
bifluoride ion, and the third project involves the 
stereochemical aspects of the d-bicyclo/2.2.1] heptyl 
(norbornyl) cation. 

One of the best known organic conductors is crystal- 
line tetrathiof~ilvalene-TCNQ, and exlensive research on 
this material is being done at OKNL and elsewhere. 
Unfortunately, the available crystals of TTF-TCNQ are 
much too small for neutron diffraction analysis How- 
ever, V. F. Raaen3 succeeded in preparing large crystals 
of TCNQ-benzene (I) and TCNQ-hexarnethylbenzene 
(Ii), and we analyzed these structures to see if the 
formation of n-molecular complexes with TCNQ has 
any pronounced influence on the molecular geometry 
of the hydrogen atoms In the conjugated hydrocarbons. 
The bond distances for I,  as shown m Fig. 7.5, and the 
fact that the benzene molecule is planar within experi- 
mental error show that the induced perturbations of the 
benzene molecules are probably too small to be 
detected crystallographically. Because the best planes 
through the benzene and TCNQ molecules are not quite 
parallel (dihedral angle of 7”), it is impossible to give a 
unique interplmar spacing; however, close packing i s  
indicated by the distance of 3.30 A from the benzene 
plane to atoms Cz and C 3  of TCNQ. The molecular 
packing i s  shown in Fig. 7.6. Our neutron diffraction 
analysis of 11 confirms the generd features of the 
previously reported x-ray structure analysis? however, 
wc find that hexmethylbenzene (HIMR) is disordered 
and must be described by two rotational isomers with 
occuparicies of ’/” and ’4. The packing of TCNQ with 
the two different “rotamers” is shown in Figs. 7.7 and 
7.8. We have no direct evidence h i t  the disorder IS 
dynamic, but the two fIlMB sites may be described as 
related by a 60” rigid-body rotaliori of HMB about an 
axis inclined 1.9’ from the pseudo 3 molecular ax is  or 
by an intramolecular 60’ “cogwheel” rotation of a11 
methyl groups. The disorder complication prevents our 
obtaining high-precision parameters for HMB in 1i. A 
summary of the averaged distances from I and 11 is 
given in Table 7.3. The corrected distances were 
obtained by using segmented-body models5 for thermal 
motion with added corrections for the large internal 
molecular motions of the hydrogen atoms. 

The crystal structure of tetrathiourea tellurium 
di(hydrogen difluoride), T e ( T ~ ) 4 ( f l F ~ ) ~  (IIf), is of 
interest because the proton of the (F---H -F)-  bifluoride 
iori is not on a crystallographic symmetry element. All 
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Fig. 7.5. TCNQ-benzene complex projected onto the benzene plane. Both molecules lie on centers of symmetry. 

ORNL- DWG. 73 -9273  structures reported previously, except one, have crystal- 
lographically centrosymmetric bifluoride ions. In the 
lone exception @-toluidinium bifluorideI6 the proton is 
0.20 A closer to one fluorine atom than it is to the 
other in the short 2.27-A hydrogen bond, and this 
asymmetry was quite unexpected. Our bifluoride stmc- 
ture, on the other hand, has a nearly centered bifluoride 
proton, and Fig. 7.9 shows that the two fluorine atoms 
in 111 have very similar hydrogen-bonding environments, 
in contrast to the case in p-toluidiniurn bifluoride. This 
result supports the hypotliesis that the potential func- 
tion in a very short hydrogen bond i s  strongly de- 
pendent on the total hydrogen-bonding environment 
about the two fluorine atoms. The molecular packing of 
I11 is shown jn Fig. 7.10. The crystals of I11 were grown 
by Jack Williams of Argonne National Laboratory. 

The fourth stnicture, 5-exo-1.'henyP-5era~~-hydroxyl- 
2-norbornanone QV), shown in Fig. 7.11, was selected 
for analysis because the [2.2.1] bicycloheptanone skele- 
tal configuration should approximate that of the 
norbomyl carbocation if the carbocation has a classical 
structure. Ideally, we would like to have the actual 

TCNQ-BENZENt 

Fig. 7.6. Packing drawing of TCNQ-benzene. 
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TCNQ-HMB IROTRMER 631 TCNO-HMB ~ROTRMER a1 

Pig. 7.7. '1%NQ-hexamethylbenzene complex projected onto tlie bexanlethyfbemene plane. The disordered structure is  '/' 
rotaner A and '4 rotamer R. 

r m - t m  1 ~ c i ~ n t 1 7  31 

Fig. 7.8. Stereoscopic drawing sliowing how TCNQ packs witli tlie two different rotamem of hexametllylbenxene. 
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153.3’ 2.787 {t::;:] 
2.249 56 

164.7’ (175.0’) 

009) 
779 

1.018 
2 I 168) 

Pig. 7.9. Hydrogen bond distances in tetrathioorea tellurium di(hydrogen difluoride). 

P H E N l l  i T U i O X I L  hOREOSi.rR\OllE PH N I L  H I D - O X I L  NORB3RNRNONF 

F g  7.1 1. Stereoscopic drawing of 5-~~aa-phenyl-5-en~c,-hy~roxyl-2-nor~o~n~none. 

crystal structure of some norbornyl carbocation CWS- 

tallized with a suitable counterion, but the reactivity of 
such materials makes this goal rather unrealistic except 
perhaps at low temperature. Crystals of IV were grown 
by B. M. Benjamin. 

The unit-cell parameters, space group information, 
and statistics on data collection and least-squares 

refinement for the four structures are given in Table 
7.4. The neutron data were collected at the HFIR 
reactor. Structure I was solved by model-building 
techniques, and structures I11 and IV were solved by the 
application of direct methods as implemented in the 
MULTAN program.’ The ease with which the struc- 
tures of III and IV were solved from the neutron data is 
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Table 7.3. Average distanms from ‘TCNQ-benzene and TCNU-h~xamethylbenzene 

The d,,,, values are bastd on the segmented-body model with special features noted in the right-hand column. The 
notation “normal coordinate” signifies that an estimate of internal moleculor motion based on a normal-coordinate 
analysis was used. 

Bond do (Ai d,,,, (A) Segmented-body model 
- .._....._ ~ . - -  .. .... 

TCNQ 

c ~~N 1 .OB9 1.113 Normal coordinate 
c.::c I .353 1.353 
c--cl‘ 1.448 1.450 
c ~ - C  1.383 1.383 
C--C 
C k N  C( C=N)2 segment (torsion 4.5’ and 5.0’, irk-plane 3.0’ m d  3.0’) 1.427 

1.151 

Benzene 

C --c 1.382 1.401 
C.--H 1.082 1.115 Normal coordinate 

Hexamethylbenzene (disotdered) 

c--c 1.400 1.415 

Cm--H 1..042 1 .os0 Methyl segments (torion 15.5O and 19.6”) 
GC, 1.508 1.523 

-- _...__ 

Table 7.4. Crystallographic drta on the foirr structures 

1, 11 I 111, IV, 
?‘ONQ-benzene TCNQWMB Te(Tu)a (€IF:! )z  norbornanone 

132 I I n  
2 
15.82(2)* 
6.170(6) 
7.485(3) 
91.10(4) 
1263 
0.062 

f2 lm 
2 
8.335(4) 
13.574(4) 
9.220(5) 
94.04( 2) 
1734 
0.057 

I2lc 
4 
22.35(1) 
7.9 t4f4) 
10.1 5 l(4) 
90.72(3) 
2123 
0.070 

- 

P2 I I n  
4 
10.33 1(4) 
10 646(7) 
10 099(5) 
106.48(3) 
3421 
0 064 

ralher dnianng sirice the theory of direct nietliods is 
bascd on the principle that all atoms are positive 
sc,itterr:rs, whereas the hydrogen atoms are negative 
scatterers o f  neutrons relative to carbon, oxygen, and 
nitrogen atoms. 
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liori Science Semester, fall 1973, from DePauw University, 
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2 Oak Ridge Associated Universities Summer Student 
Trainee, from Rockhurst College, K a n s . ~  City, Mo. 

3. See V. F. Raaen, Beky  Wentel, and C. R. Watson, Jr., 
“Preparation 01 Charge-Transfer Complexes,” chap. 5, this 
report. 
1. R. €1. Cotton and D. E. Henu, J. Chem ,Toe B 1532 

(1 970). 
5. C. K. Johnson, p. 132 in Thermal i\ierrtrofzDrf%wct~on, B. 

7‘. M. Willis, d., Oxford University Press, London, 1970. 

6 .  I. M. Williams and L. F. Scfineemeyer, J. Amer Chem. 
Soc. 95,5780 (1973). 

7. P. Main, M. M. Woolfson, and 6. Germain, MUL7;iN, N 

Compuzer Pqgratn for the AUt#mQtiC Solution of Crystal 
Stmclims, University of York, York, England (1971). 

THE REPRESENTATION PROBtEM 
IN COMEiNATORlAL CHEMlSTRY 

C. K, Johnson 

Chemistry and combinatorial mathematics are related 
i n  that chemistry is concerned with the arrangement of 
atoms into molecules and combinatorid theory con- 
cerns the arrangement of abstract elements into sets. As 
a coriseyuence, some aspects o f  chemistry are basically 
combinatorial problems, and the term “combinatorial 
chemistry” seems to be a suitable name for the study of 



problems in this domain. One of the classical problems 
in combinatorial chemistry is the enumeration of the 
molecules which satisfy a given empirical chemical 
formula, and work in this field extends back to the 
mathematician A. Cayley’ in 1875. 

The aspect of combinatorial chemistry with which we 
are concerned is the enumeration of permitted uni- 
niolecular rearrangement reactions which can transform 
a specific reactant to a specific product by the “best” 
(most probable) routes. This problem may be formu- 
lated algebraically using combinatorial group theory* 
with the rearrangement mechanisms, represented by 
permutations, serving as group generators. If the re- 
arrangements are degenerate3 ( i ~ e ~ ,  if the gross skeletal 
conformation is maintained but individual atoms and 
groups of atoms are interchanged), a permutation 
representation based on a set of characters with one 
letter for each atomic site niay be used. The algebraic 
m ~ d e l ~ - ~  for the norbornyl system of carbonium ion 
rearrangements is based on such a representation, wilh 
the numbers 1-7 designating skeletal atom sites, the 
letters A-K designating substituent sites, and the 
symbols +, - denoting skeletal handedness. In a more 
general chemical system, such as adamantane,’ the 
rearrangements can interconvert several skeletal con- 
formations; thus the representation used must be 
capable of including the skeletal stereochemical infor- 
mation, and the sites on each different skeleton must be 
numbered by some deterministic scheme. In general, 
this requires an extended character set, but we have not 
found a satisfactory general algorithm which can handle 
aU cases. 

Another complication in representation arises when 
the skeleton has intrinsic three-dimensional symmetry 
such that the site labels may be positioned on the 
skeleton in several equivalent ways. This complication 
may be handled by the method of double 
The basic principle of double cosets is most easily 
illustrated with graphs. For example, in the 4-homo. 
adamantyl cation system of rearrangements’ shown in 
Fig. 7.12, the skeleton has a mirror plane of symmetry. 
This mirror symmetry causes no complication except 
when a racemic mixture is represented, and for that 
case we need to form a union of the regular coset nodes 
for enantiomeric sites to form double-coset nodes as 
illustrated in Fig. 7.13. This situation did not arise in 
the norbornyl case because the norbornyl skeletal 
handedness desipator (+, --~) for right- and left-handed 
skeletons could simply be omitted from the representa- 
tion for racemic mixtures. 

The 4-homoadamantyl coset graphs shown in Fig. 
7.13 may be extended to include carbonium-ion 

counterion complexes which may tend to inhibit 
certain rearrangements.’ The location of the counter- 
ion is denoted by the added character R or S 
designating the right- or left-handed seven-atom face of 
the cation skeleton, and each generator is extended by 
the addition of an (RS) transposition. 

Experimental studies on the 4-homoadmantyl sys- 
tem are currently being carried out by the organic 
chemistiy group to test the chemical validity of the 
rearrangement networks given by the coset graphs.’ ’ 
_ _ _ _ . . . . _ _ ~ - -  

1. A. Cayley, Rer. Deut. Chem. Ges. 8,  1956 (1875). 
2. W. Magnus, A. Karrass, and D. Solitar, Combinatorid 

Group Thcov:  Presentations of Groups in Teemis of Generators 
wid Relations, lnterscicnce, New York, 1966. 
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Fig. 7.12. Wagner-Meerwein (W) and 5,4hyd1ide shift (5) 
rearrangements of the 4-homoralamantyl cation. The pcrmuta- 
tion gcnerators representing the rearrangements are 

W [(AKH)(BQG)(CPF)(nNL)(JOM)(DE)] , 
5 = [ (F,GF)(AK)(BJ)(CI)(DH)(LM)(NQ)(OP)] 

and are derived b y  direct inspection. A set of letters in 
parentheses describes a cyclic periiiiitation; for example, (AKH) 
means that the atom on site A goes to site K, etc. (i.e., 
[A]  + K, [K]  -+ 13, [HI + A). The reaixangements W and W-’ 
are not identical since WW-’ = iv6 = I ;  consequently, W 5  = 
W1. Similarly, = 5-’; thus 5 and 5-’ are distinct 
rearrangements also. 
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OANL - DWG 74-4926 MEAN SPHERICAL MODEL FOR THE 
STRUCTURE OF LENNARD-JONES FLUIDS‘ 

A. H. Narten L, Blum’ 
K. H. Fowler3 

The equdibriurn properties of simple fluids are de- 
scribed by the pair potential v(r) and the pair correla- 
tion function izcr). A third quantity of central impor- 
tance in the theory of liquids is the direct correlation 
function c(r), defined by the Ornstein-Zernike equa- 
tion,“ 

h(r, 2 1 = &I 2 + P Jc(r13 1 h(r2 3)  dr3 3 1) 

with p the bulk number density. Most o f  the successful 
theories of fluids with spherical molecules provide 
closure relations for the Ornstein-Zernike equation.’ 

The mean spherical model (MSM) xwrnes that, 
outside a hard core radius r c ,  the poteiitial is linearly 
related to the direct correlation function 

4 9  = P v(r) , r 2 r c  , ( 2 )  

Fig. 7.13. Monosubstituent coset graphs fox 4-hOmrj- 
adarnantyl cations. The W-’ and 5-l rearrangements are traced 
by inverting the directed edges for W and 5 respectively. The 
coset graphs are derived directly h m  the rearrangement 
generators given by Fig. 7.12. (a) Correspondence of regular- 
coset and double-coset graphs. The double-couet graph with 11 
nodes is derived from the regular coset praph with 17 nodes by 
unitmg the nodes for enanhomers as shown by the dashed lines. 
(b )  Double-coset graph. T h i s  gaph is used in the analysis of 
rearrangements carried out wth racemic reactants. 
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while inside rc the exact relationship 

determines c(r) through Eq. ( 1). 
Substitution of (2) and ( 3 )  into ( 1 )  yields the MSM 

integral equation for the pair correlation function h(r). 
The iterative numerical solution of integral equations 
often leads to difficulties: and convergence of the 
iterated solutions to a final answer can be painfully 
slow. Andersen and Chandler7 have derived a varia- 
tional fortnulation of the MSM equation which greatly 
facilitates its solution and is expressed by the following 
set of equations: 

where 

and Eq. ( 2 )  for r > rc. The function 
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is related to the liquid structure function 

E(k) = 4np Jo’ rz dr h(r) sin (kr)/(kr) 

by the inverse of Eq. (l), namely, 

In the variational formulation of Eqs. (40) and (4b), the 
solirtion for c(r) inside the core rC is the set of functions 
which make the quantity F stationary with respect to 
changes of c(r) inside the core. 

We have solved the MSM for Lennard-Jones fluids in 
four different states, corresponding to those of neon, 
argon, krypton, and xenon at relatively high densities. 
Structure functions calculated for the model are shown 
in Fig. 7.14. The calculated functions h(ko) for neon 

t d  i 

- - k k o - - a  

Fig. 7.14. S h c t ~ r e  fmctions for Xsnnard-Jones f l~i&. Solid 
lines computed from potentials v(r) = 4E[(o/r)’’ - ( ~ / r ) ~ ]  and 
MSM; circles derived from neutron diffraction. For the values of  
the potential parametela, see A. H. Narten, L. Blum, and R. H.  
Fowler, J. Chenz. Phys. 60, 3378 (1974). 

and argon can be compared with results derived from 
recent diffraction experiment? ,9 (Fig. ‘7.14, circles). 
The agreement is good, with root-mean-square deviation 
between experimental and calculated curves of value 
<0.02. 

We conclude that the MSM provides a good descrip- 
tion of the structure of Lennard-Jones fluids of 
relatively high density. The computational convenience 
of the variational formulation of the MSM makes the 
model attractive for a description of multicomponent 
systems of spherical particles, such as molten salts. The 
model can also be extended to molecular fluids with 
only a inoderate increase in computational effort.’ 
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ing contribution, this report. 

ELATIONS IN MOLECULAR LIQUIDS 

I,. Bhrm’ 

The structure of a molecular liquid can be described 
by a pair distribution function g(Xl ,  X2), with Xi = 
(ai, ai), Ri the position of molecule i, and Q, = (ai, fli, 
ri), the three Euler angles that define the orientation of 
molecule i By means of group theoretical arguments, 
we have formulated’ a unique decomposition of the 
pair correlation function h(X1,  X,) zg (X1 ,  X,) - 1 in 
invariant terms, which are equivalent to the possible 
scalar products that can be formed with vectors 
attached to molecules 1 and 2. The expansion of the 
pair correlation function is of the form 

w 1 ,  X’ 1 = z/ hr:?r? @:;tQl, $22 > RI’) . (1) 
PV 

All orientational information is contained in the known 
coefficients @$11(i21, Q2,  R1 ’), which are closely 
related’ to Wigner’s generalized spherical h a ~ m o n i c . ~  
The quantities hp$(r) depend only an the separation 
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distance r and are accessible from scattering exper. 
iments? 

'The expressions for some thermodynamic properties 
in terms of this expanslon have also been obtained. All 
these expansions can be put into their irreducible 
representations, wbtch have some interesting properties. 
In particular, they can be solved exactly in the so-called 
mean spherical approximation (MSA).' 

We have studied numerically the MSA for simple 
liyuid~' and have found remarkably good agreement 
with computer simulations and diffraction experiments. 
We have solved exactly the MSA for systems of charged 
hard spheres,6 for mixtures of charged hard spheres 
with different  diameter^,^ and for mixtures of charged 
hard spheres and hard dipoles, all of equal diameter.' 
The last system simulates a real electrolyte solution 
with the solvent not treated as a continuum. We have 
also made progress toward the explicit solution of the 
M§A for systems of hard spheres with electric multi- 
poles. 

The outlook for these procedures as a viable theory 
for liquids like water has brightened considerably with 
the recent results of Verlet and Weis.' who showed that 
rather simple corrections to the MSA give remarkably 
good agreement with computer experiments in the case 
o f  dipolar liquids. 
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DIFFRACTION BY MOLECULAR LIQUIDS' 

A. H. Narten 

Molecular liquids were among the first to which the 
method of x-ray diffraction was applied, and a number 
of systems have been studied over the years. It was soon 
realized that the assumption of random orientation, 
made in the reduction of early diffraction data, was not 
tenable even for fluids with nearly spherical molecules. 

The expansion method described in the preceding 
contribution' yields equations for the scattering of 
radiation by fluids in a form suitable for the treatment 
of nonspherical as well as spherical molecules. The 
static differential scattering cross section of a molecular 
liquid is of the form3 p4 

with the standard notation5 for Wigner's 3j symbols. 
The quantities a; ( k )  are the molecular form factors, 
discussed in the following contribution." The quantities 
hp:'(k) are the generalized structure functions, closely 
related to the Fourier transforni of the generalized 
correlation functions hLnLi'(r) defined in the preceding 
contribution? We note that for spherical molecules (m, 
p = n ,  v = O), Eq. ( 1 )  reduces to the familiar form for 
the scattering from monatomic fluids. 

The expansion (1) is convergent, and hence useful, 
only for molecules that are not loo aspherical in the 
sense that their scattering density can be represented by 
a rapidly converging multipole expansion. Only in this 
case can there be hope of extracting the structure 
functions L,"v"'(k) from a small number of experiments 
involving different values of the scatteririg factors. 
Knowledge of these functions and their transform is 
sufficient for 1 he construction of the molecular correla- 
tion function h(X,, X2), descriptive of t  tie structure of 
molecular fluids, as discussed in the preceding contribu- 
tioxL2 

The first application of the expansion method has 
been to the case of x-ray scattering from water.7 We 
here discuss a preliminary analysis of results from x-ray 
and neutron scattering from liquid carbon tetrachloride. 

X-ray and neutron scattering cross sections for liquid 
CC14 are shown in Fig. 7.15. The solid (neutron) and 
dashed (x ray) curves (u) represent the computed dilute 
gas scattering. Our first conclusion from the curves of 
Fig. 7.15 is thdt the Scattering for vdues of the variable 
k 5 6 A-' is identical to that from independent 
molecules, and hence contains no information about 
the structure of the liquid. The solid and dashed curves 
(b) in Fig. 7.15 represent the spherical part, la! 1 2 ,  of 
the molecular scattering factors6 for ~ ~ 1 4 .  The large 
differences between curves a and b for values of k 5 2 
A-1 mdicate . that CCl4 is "seen" by both x rays and 
neutrons as a highly nonspherical molecule. Hence, 
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Pig, 7.15. Differential scattering cross sections. Computed gas scattering (0)  and spheiical part of the molecular scattering factors 

( b ) ,  normalized to unity at the origin. The measured data points (circles and crosscs) are scaled to the computed gas scattering at 
values of k 7 6 A -* . 
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k =  ( 4 ~ r / A )  sin 8 [8-’] 
Fig, 7.16. lntermdecular part of the measured cross sections. Points are from experimental data, solid and broken lines 

computed for hard-sphere model. 



165 

nonspherical correlations in the liquid should be detec- 
table by both diffraction methods. The very small 
differences between the sets of ciirves a and b below k - 2 a-’ indicate that this part of the scattering curves, 
not shown in Fig. 7.15, is aimost completely deter- 
mined by the spherical part of the interactions between 
pairs of molecules. 

Fig. 7.16 (points) shows the difference between the 
data points of Fig. 7.15 and the computed gas 
scattering, that is, the sum of the producls of the 
molecular fomi factors and the generalized structure 
functions defined in Eq. (1). In order to test our 
assumption about the nature of the features below k - 
2 A -’ in the curves o f  Fig. 7.16, we have computed the 
spherical part of the scattering, fs = l a g I z ~ o O ( k ) .  
The structure function hoUo(k) ,  descriptive of mo- 
lecular centers, was calculated from a hard-sphere 
potential (o = 5.2 A), as discussed in a preceding 
contribution.8 The result is shown in the solid (neu- 
tron) and dashed (x ray) curves of Fig. 7.16. The 
agreement between the data and the model is rather 
good below k - 2 .&. -I ,  indicating that this part 
of the scattering curves is insensitive to the detailed 
shape uf the potential function (for v a n  der Waals-type 
liquids such as CC14). We conclude that the non- 
spherical part of the correlation between pairs of CC14 
molecules dominates the scattering curves {Fig. 7*16) in 
the region 2 2 k <“ 6 AI ‘ .  

It is instructive to calculate the Fourier transforms of 
the scattering curves of Fig. 7.16. The result is shown in 
Fig. 7.17. The points represent the total weighted sunis 
of modified correlation functions for carbon tetra- 
chloride. The solid lines represent the spherical part, 
mal the dashed curves represent the sum of the 
nonspherical parts of the correlations. 

We note (Fig. 7.17) that the nonspherical part of the 
intermolecular correlations in CCld is of much shorter 
range 1 han the spherical part and that it shows only two 
major maxima around 4 A and around 6 A. We 
therefore believe that the scattering cross section of 
liquid CGI, can be wntten, in good approximation, as 
the sum of only three terms. We are confident that the 
Epherical part caii be computed from a perturbational 
version of the hard-sphere model. The two nonsplierical 
terms in the equation for the cross section can then be 
obmined uniquely from the two sets of diffraction data. 

1___-___. 

I Expanded abstract of paper to be published in the fiocerd- 

2 L. Blum, ‘“Correlations in Molecular Liquids,” the preced- 

3.  i. Blum,J. Coinput. Phys. 7,592 (1971). 

ings of the American C?yrrallographic Association. 

ing contribution, this report. 
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Fig. 7.17. Fourier transforms of the cuwes .&own in Pig. 
7.14. The curves deiived frotn experiment (points) can be 
separated into contnbutions from positional correiation only 
(solid lines) and from nonspherical correlation (broken line?.) in 
the liquid. 

4. t. Blum and A. J .  Torruella, J.  Chem. fYtys. 56, 303 
(1 972). 

5 .  A. R. Edmonds, Angular Momentum in Qiunrum Me- 
chanics, Princeton University Press, Princeton, N.J., 1957. 

6. L. Hum, R. FI. Fowler, and A. 13. Na.rten, “Molecular 
Scattering Factors,” the following contribution, this report. 

7. A H. Narten and H. A. Isvy, J. Chem Yhys. 55 ,  2263 
(1971) 

8. A. H. Narten, L. Blum, and R. H. Fowler, “Mean Spherical 
Model for the Structure of Lennard-Jones Fluids,” a previous 
contnbution in this section, this report. 

MOLECULAR SCATTERING FACTORS 

L. Blum‘ IC. 1-1. Fowler2 A. H. Narten 

Molecular scattering facto13 in x-ray analysis are often 
calculated frorn the isolated atom equation originally 
derived by In this equation a polyatomic 
molecule is mewed as being composed of independent 
atoms located at the ends of interataniic vectors known 
primarily frorn spectroscopic and gas diffraction data. 
This approach ignores distortions in the electronic 
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density due to bonding. We here describe a simple 
method of computing the coefficients of the harmonic 
expansion of the molecular x-ray and neutron scattering 
factor as defined by Steele and Pecora? 

The x-ray scattering factors for free atoms can be 
expressed, in good approximation, by a sum of 
Gausians, 

and extensive tables of the constants a ,  p, and have 
been p r e ~ a i e d . ~  

For rigid molecules, the scattering factor u,”(k) is 
related to the atomic scattering scattering factor f,(k) 
by the expression 

a F ( k )  :: iM(2m f I)-’/’ 

x 2: u j ; ” , ( k d i m ( w J f a ( k S  > 

a 

if Eq. (1) holds for f,(k). The summation 5 over 
atoms cu in the molecule. In Eq. (2) ,  G 0 ( R a )  is 

( 2 )  

the 
the 

generalized Wigner spheri%al harmonic for the angular 
coordinates of atom cu, R ,  (O,, &), j , ( x )  is the 
spherical Bessel function of order m ,  and R ,  is the 
distance of atom cu from the origin. For x rays, the 
atomic form factors are given by Eq. ( l ) ,  while for 
neutrons the quantities f, are constant with respect to 
k .  

We have compared the results obtained from Eq. ( 2 )  
with the more elaborate calculations of Morrison and 
Pings,6 which are based on molecular wave functions. 
The agreement is excellent for N2 and C12 and becomes 
increasingly poorer for compounds such as HF, HLi, 
and H,. We conclude that Eq. (2), exact for neutron 
scattering, yields x-ray scattering factors of good 
accuracy for all molecules not containing hydrogen or 
other very light atoms. Further studies to correct Eq. 
(2) for vibrational effects are in progress. 

. ... .. 
1. Oak Ridge Associated Universities research participant 

2. Mathematics Division. 
3. P. Debye,Phys. Z. 31,419 (1930). 
4 .  W. Steele and R. Pecora, J. Chem. Phys. 42, 1863 (1965). 
5. D. ‘r. Cromer and J. B. Maim, Acra Ctystdlogr., S e c t  A 

6. P. I:. Morrison and C. J .  Pings, X Chem. Phys. 56, 280 

from the University of Puerto Kico, Rio Piedras. 

24, 321 (1968). 

(1972). 

AMORPHOUS WATER 

C. G. Venkatesh’ S .  A. Rice’ 
A. B. Narten 

Axnoiphous water was first reported by Burton and 
Oliver3 in 1935, and a number of studies of this 
material have been reported over the years. In most of 
these studies, water vapor WJS condensed on metal 
surfaces under vacuum, and the temperature range was 
77 to 153°K (immediately above this temperature, 
cubic ice is always the dominant form). Ghormky4 was 
the first to use temperatures of deposition below 77”K, 
and Olander and Rice’ developed a method of prepara- 
tion in the temperature range 20 to 55°K and demon- 
strated the complete absence of crystalline ice. It now 
appears that all deposits obtained at 01 above 77°K may 
have been contaminated with crystalline ice. 

We here report the first x-ray diffraction study of 
pure amorphous water at 10°K. Water vapor was 
condensed at a very  low rate (about 4 mg/hr) on the 
horizontal surface of a copper single crystal attached to 
a liquid helium Dewar and mounted in an x-ray 
diffractoineter designed for the study o f  noncrystalline 
materials. The surface (2 X 2 cm) of the copper crystal 
was carefully aligned to minimize B r a g  scattering, and 
deposition was ended when the sample had reached a 
thickness of about 1 mm. The diffraction pattern was 
measured using a divergent beam of Mo K ,  x rays, with 
a graphite monochromator mounted in the diffracted 
beam. The measurements were carried out over a period 
of 15 days, during which no systematic changes in the 
diffraction pattern weie observed. 

From the x-ray data, structure and correlation func- 
tions descriptive of molecular centers (oxygen atoms) 
have been derived.6 The results are shown in Figs. 7.18 
and 7.19, together with the corresponding curves for 
liquid water’ near the melting point. The structure 
function, &o(k), for amorphous water (Fig. 7.18) 
shows no trace of the sharp B r a g  peaks characteristic 
of crystalline materials. 

Oxygen atom pair correlation functions, hoo(r), for 
amorphous and liquid water are compared in Flg. 7.19. 
Significant features of the curve for amorphous water 
may be sumniar iLed as follows. 

1. Positional correlation between oxygen atoms extends 

2. The first peak in hoo(r) ,  characteristic of nearest 
neighbors, is completely resolved and can be de- 
scribed by a single Gaussian distance distribution 
centered at 2.76 /i with an rms Variation of 0.1 A. 

over only a few molecular radii. 
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The area under this peak corresponds to four 
oxygen atorti pair interactions. 

3. A sharp maximum at 3.3 A, corresponding to about 
one oxygen atom pair interaction, is clearly resolved. 
Since, for tetrahedral coordination, interactions with 
second neighbors are centered around 4.5 A (where 
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Pig. 7.18. Structure functions descriptive of oxygen atom 

pau interactions, derived from x-ray diffraction. 
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Fig. 7.19. Correlation functions for molecular centers (oxy- 

gen atoms). The peak near 3.3 X is a unique feature of 
amr;rpIions water. 

a well-defmed maximum is observed in Fig. 7.19, 
we conclude that this peak is part of a complex first 
coordination sphere. 

i t em 1 and 3 make the amorphous material distinctly 
different from the low-pressure ice phases IH and IC.  
Furthermore, these crystalline phases have densities 
near 0.93 g/cm3, while we estimate [from the initial 
dope of r h(r)] that the microscopic density of the 
amorphous material is about 1.2 g/cni3. 

In the correlation function for liquid water, the upper 
bound of the first maximurn is not well resolved, and it 
is not clear whether the barely resolved shoulder near 
3.6 in the curve 
for the amorphous rnatenal. Otherwise, the correlation 
functions for amorphous and liquid water (Fig. 7.19) 
show many similarities, the maxima in the curve for 
liquid water being shifted to slightly larger distances 
and very much broadened. We have shown‘ that in the 
liquid, as in the amorphous material, the first coordina- 
tion shell of a water molecule i s  complex and cannot be 
described by tetrahedral coordination alone. Addihond 
evidence for similarity between liquid and amorphous 
water has been obtained from current spectroscopic 
studies? 

can be related to the peak of 3.3 

1 .  &Idudte student from the University of Chicago. 
2. Chemistry Department, University oE Cliicago~ 
3. F,. F. Burton and W. F. Oliver, Proc. Roy. Soc. London, 

4 J. A. Ghormley, J. C?wm. Phys. 18,503 (1968). 
5. D. S. Olander and S. A. Rice,Proc. Nat. A d .  Sci. U.S.A. 

6. A. 11. Narten, “Diffraction by Molecular Liquidh,” a 

7.,A. 11 Narten and H. A. Levy, J. Chem Phys. 55, 2263 

8. A. 13. Narten and H. A. ]Levy, Science 165,447 (1969). 
9. C .  6. Venkatesh, S .  A. Rice, and J .  B. Bates, to be 

Ser. A. 153, I66 (1953). 

69,98 (1972). 

previons contribution in this section, this report. 

(1971). 

published. 

DIFFRACTION PATTERN AND STRUCTURE 
OF IONIC SOLUTIONS 

R. Triolo’ A. H. Narten 

The structure of molecular liquids such as water is, 
for many purposes, suffkiently described by proba- 
bility functions of position and orientation: and the 
main purpose of diffraction experiments is to provide a 
sensitive test of models and, eventually, a molecular 
theory of liquid water. The structure of aqueous 
solutions may be described in a similar manner. 
However, the correlation functions predicted by theo- 
reticai models are realistic orily for very dilute solu- 
tions, for which the diffraction method may not be 



sufficiently sensitive for testing, Hence the correlation 
functions obtainable from diffraction experiments at 
intermediate and high ionic concentration represent 
only the beginning of a description of the structure of 
aqueous solutions. The broader problem is to infer from 
the data something of the typical arrangement of ions 
and water molecules, insofar as this is nonrandom. The 
x-ray and neutron diffraction methods are complement- 
ary, and it is valuable that suitably chosen aqueous 
systems be studied by both methods over wide ranges 
of concentration. Such extensive studies reduce greatly 
the nonuniqueness of interpretation usually associated 
with diffraction data from liquids. 

Ionic solutions were among the first liquids to which 
x-ray diffraction was applied. The neutron diffraction 
method has only recently been applied to solutions of 
LiCl in D,O. ' We here descrihi: results obtained but 
not as yet analyzed for aqueous IICl and DCI solutions. 

Fig. 7.20 shows weighted pair correlation functions 
derived from x-ray and neutron data, Gx ( r )  and GN(P.), 
for pure water and for various mole ratios Hz O/IICl and 

ORNL-DWG. 73- 5779 

---l 
........- r 

" 0  1 2  3 4 5 6 5 8 9 10 
- r [ A ] - - -  

DzO/DCl. The scattering factors ensure that inter- 
actions involving 0 dominate the x-ray curves while 
those involving D dominate the neutron curves. The 
curves for pure water have been previously presented 
and a n a l y ~ e d . ~  The variation of G&) and GN(r) with 
concentration yields directly some valuable informa- 
tion. 

With increasing HCl concentration the peak at 2.84 '4, 
characteristic of 0-0 pairs, decreases in magnitude, 
while two new peaks appear. As in LiC1, the maximum 
at about 3.2 8 is ascribed to C1-0 interactions. 'The 
maximum at 2.52 8 is unique to HC1 solutions, and we 
attribute this short 0-0 distance to the presence of 
excess protons. This feature in Cx-(r) is closely cor- 
related with the increasing prominence in e,(~.) of the 
second peak around I .6 8. l'his feature is understood as 
the intermolecular 0 e - -  D distance in increasingly 
strong short hydrogen bonds in the concentrated acid 
solutions. 'The maximum aroiund 2.2 8 in the functions 
GN(r), ascribed to C1 DO hydrogen bonds, shows a 
more cornplex concentration dependence. The maxima 

ORNL- DWG 7 3 - 5 0 3 0  
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Fig. 7.20. Weighted correlation functions C A r )  from x-ray and G N ( ~ )  from neutron diffraction from water and IiCl @c1) 
solutions. In Gx, but not in GN, the intramolecular 0 - H  and HI--H interactions have been removed. 



around 4.5 A *and 7 A in G,(r) show little change with 
concentration. We take this as an indication that the 
general tetrahedral environment, characteristic of waler 
structure, does not undergo drastic qualitative changes 
when IlCl is added to HzO. 

More detailed analysis of the neutron data, as yet 
incomplete, bas clearly demonstrated the existence of 
D30’ ions in the solutions. Analysis of the x-ray data 
has shown that these species are strongly hydrogen 
bonded to four water molecules, forming the “species” 
HS,Os’, with an 0-0 distance of 2.52 A. 

The advantage o f  complementary data from x-ray and 
neutron diffraction is again demonstrated, as is also the 
utility of data covering a wide range of concentration. 

1. Visiting scientist from the University of Palerrno, Palermo, 

2. A. H. Narten, “Diffraction by Molecular Liquids,” a pre- 

3. A. H. Narten, F. Vaslow, and H. A. Levy, J. Chem. Phys. 

Italy, 1972-73. 

vious contribution in this section, this report. 

58,5017 (1973). 

DIBARIUM CHROMATECIV), ISOTYPIC WITH 
RUBlDlUM CHROMATE(V1) AND 

DIBARIUM TITANATE(1V) 

M.  A .  Bredig’ 

I r i  connection with an investigation by C. Bamberger, 
Chemical Technology Division, of chrornates of various 
chromium valencies, several x-ray films by H. Dunn, 
Airalytical Chemistry Division, showing a powder pat- 
tern of unknown identity were submitted to me for 
interpretation. Through familiarity with several high- 
temperature crystal niodifications of dicJcium (ortho) 
silicate, Ca2Si04 ,’ it was quickly possible to identify a 
compound A2U04 of the very common structure type 
of which Kz SO4 is usudly taken as the prototype. ‘The 
x-ray patterns thus confirmed the assumption, origi- 
nally based on more or less indirect chemical considera- 
tions, that one o f  the reaction products obtained was 
one of the little-known chromates(IV), Ba2CrO4, with 
tetravalent chromium. Indexing of  tt ie unknown pat- 
tern in accotdarice with the NBS standard pattern of 
orthorhombic Kb2CrO4 (hexavalent chromium!), 
wl~ich is isotypic with a’Ca2SiO4, or bredigite,3 
yielded the lattice constants of an orthorhombic unit 
cell containing four molecules Ba,,Cr04; a = 7.58 It 
0.03 a, b = 10.35 .t 0.05 A, e = 5.86 5 0.03 .4 
(cdculated densify: 5.65 ? 0.10 g/cm3). 

IJntil single crystals of BazCr04 are available, the 
m k o r  possibility remains that this compound actually 
belongs to the slightly distorted (monoclinic) variety of 

the same general structure type, of  which the other, 
metastable high-temperature form of Ca2 SiO, (ref. 4) 
(P-Ca2Si04 or larnite) and Ba2Ti04 (ref. 5) seem to be 
the only representatives known at pre:;ent. 

1. Consultant. 
2. .M. A. Bredig, J. Phys. Chem. 46, 747 (1942); 49? 537 

3. C. E. Tilley and M. C. G. Vincent, Mineral. Mag. 28, 253 

4. MIS. G. M. Midgley,Actn 0-ystullogr. 5 ,  307 (1952). 
5. J. A. Blard,Acfu Crys tdbg~ .  114,875 (1961). 

(1945);Arner. Ce~um. Soc. J. 33, 188 (1.950). 

(19411); cf. also Atmi: MineruZ. 33, 786 (1948). 

INFRARED AND AMAM SPECT 

MOLECULAR SPECTROSCOPY‘ 

G .  M. Begun 

Molecular spectroscopy i? basic to chemical tsotope 
separation. A detailed knowledge of the vibrational- 
rotational structure of both infrared and visible- 
ultraviolet bands is essetitid to obtain photochemical 
isotopic effects with laser radmtion.’ Observations and 
calculations of the fundamental vibrational frequencies 
of isotoplc molecules enable om to predict the equili- 
brium constants for the chemical exchange systems 
frequently used to separate {he isotopes of rhz light 
elements. Molecular spectroscopy, especially Raman 
spectroscopy, i s  one of the most aclive regions of 
scientific investigation today. For these reasons we 
maintain a research effort in these fields which results 
in collaborative studies with other investigators. 

For some years the technology ol’ molten salts has 
been studied at ORNL, and Raman spectra have proven 
to be a powerful tool in revealing the species present in 
such mixtures. Recently we have obtained the laser 
Raman spectra of a number of halide melts at elevated 
temperatures. The spectra were taken as described 
pre~ious ly .~  Briefly, melted samples were illuminated 
with light from a helimn-neon or an argon-ion laser, and 
spectra were recorded by means of  a Cary model 81  
Raman monochromator coupled with a photon count- 
ing system. Kaman spectra were obtained for several 
group 1-3 halide mixtures with alkali halides. Spectra 
were obtained for CC1-AgCl, RBr-AgBr, KI-AgI, C S l -  
CuCI, and KCI-AuC13 mixtures. These spectra are 
shown in Figs. 7.2 I 7.23, and the data are summarized 
in Tables 7.5-7.7. 

Since, in the case of the AgCI, A@r, A d ,  and CuCl 
melts only one broad polarized line was observed, 
interpretation of the results is not unambiguous. A 
paper is in preparation in which cornpansrms are made 
with solid and solution data for similar systems. The 
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Fig. 7.21. Raman spectra of molten equimolar mktures. A ,  
CsCl-AgCI; E,  KBr-AgBr; C, KI-AgI. 

spectrum of the KC1-AuC13 melt agrees well with that 
of the polycrystalline solid and that of the aqueous 
solution. The Raman pattern is that of a square planar 
AuCI; ion. This ion is clearly present in the KCI-AuC13 
melt. 

In order to examine the spectrum of highly corrosive 
fluoride melts at temperatures up to 9OO0C, a new 
Raman furnace was built consisting of an insulating 
firebrick, an outer quartz tube with small holes for the 
laser beam, an inner quartz tube wrapped with platinum 
heating wire, and finally a graphite “crucible” with four 
small holes at 90” to each other for the laser and 
Raman light. This type of windowless sample cell in 
which the sample is held by surface tension has been 
described e l~ewhere .~  Initial Raman spectra of LiF- 
NaF-A1F3 mixtures are shown in Figs. 7.24---7.26. 
These Raman spectra are by far the best obtained to 
date of these difficult-to-work-with materials. Our 
initial interpretation of these curves is that the peak 
near 626 cm-’ is characteristic of the tetrahedral AlF, 
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Fig. 7.23. Raman spectra of equimolar KCGAuC13 mktures. 
A, polycrystalline mixtures; D, mclt. 
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Table 7.5. Raman Erequendes of moiteten alkali halide-silver halide mixtures 
p = polanzed line 

---__1_ _I 

KI-AgI 
KBr-&:Br, Î _-- 

male 76 mole !% mole % mole % mole Q 

207 an-' (p) 211 cm-' (p) 126 an-' (p) 100 cm-' (p) 100 cm-' (p) 100 cm-' (p) 

-- CsCl-AgCl 
50-50 66.7-33.3 50-50 mole o/o 33.3-66.7 5 0-5 0 66.7-33.3 

-. _I --____ __I 

Table 7.6. Raman frequencies of molten CsClCuGl mixtures 
sh = shoulder, p = polarized tine 

33.3-66.7 mole % 50-50 mole % 66.7-33.3 mole % 

254 cm-' (p) 255 an-' (p) 257 an-' (.th, p), 248 cm-' (p) 

Table 7.7. Raman frequencies of equimolar KCI-AUC~~ Mixtures 
s, strong, m, medium; sh, shoulder; w, weak; b, broad; p, polanzed 

Solid Molten Aqueousa Assignment 

OWL-DWG. 74-2823 
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Fig. 7.24. Raman spectrum, molten Na3AIPs (34.8 mole %) 
plus Li3AIF6 (65.2 mde  %), 790°C. 
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Pig. 7.25. Raman spectrum, molten AIF3 (54.6 mole %f plus 
Li3AIF6 (27.1 mole %) phs Na3AIF6 (18.3 mole %), 815OC. 
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ORNL-DWG. 74-2825 
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RAMAN SPECTRA 
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AIF3(54.6), Li3AIF6(27.1), 

Na3AIF6(18.3 ), (mole%) 
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R - 675°C 
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Fig. 7.26. Ranian spectra, molten AIP3 (54.6 mole %) plus 
Li3AIF6 (27.1 mole %)plus NaSAIFb (18.3 mole % ) . A ,  815OC; 
B, 67SoC. 

ion, while the peak near 550 cm-’ characterizes the 
octahedral AlF2- ion. Especially interesting is the change 
in the relative intensities of the two peaks (Fig. 7.26) 
which takes place with variation of the sample tempera- 
ture and indicates a shift in the equilibrium between 
AIFi- and AlF, with temperature. This work is 
continuing and we hope completely to characterize 
these ions spectroscopically. 

.. . . . . . . . . 
1. B. Gilbert and G .  Mamantov, Department of Chemistry, 
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this work. 

2. G. M. Begun and W. H. Fletcher, “Laser Photochemical 
Isotope Separation.” a contribution in chap. 3,  this report. 

3. G.  M. Begun, Chem Diu. Annu. Progr. Reps. May 20, 
1970, ORNL-4706, p. 92; May 20, 1972, ORNL-4791, p. 56; 
May 20, 1973, OKNL-4891, p. 55. 

4. J. P. Young, Inorg. Chem. 6 ,  1486 (1967). 

INFRARED STUDY OF ADSORPTION SPECIES OF 
WATER ON MONOCLINIC AND TETRAGONAL 

ZIRCONIUM OXIDE AS ,4 FUNCTION OF 
TEMPERATURE 

P. A.  Agron 

The physical and chemical adsorption of several 
gaseous species on high-surface-.area thorium and zirco- 
nium oxides has received extensive study here’ because 
of their ceramic and catalytic properties. The infrared 
spectrum of the adsorption species of water vapor on 
thorium oxide has been reported2 earlier. A double- 
beam Beckman Ill-1 2 filter-grating spectrophotometer, 
modified to encompass high-temperature adsorption 
studies, was described in the latter s t ~ d y . ~  

The fluorite structure observed for thorium oxide is 
modified somewhat in the monoclinic4 and tetragonal’ 
forms of zirconiuin oxide. The pseudo fluorite packing 
of the monoclinic phase shows a packing of seven 
oxygen atoms about each cation, whereas the cation is 
coordinated to eight oxygen atoms in the tetragonal 
structure. A transformation to the fluorite structure 
occurs at elevated temperatures or on introduction of 
trace quantities of a larger cation. The spatial arrange- 
ment of the surface atoms of the zirconium oxides 
affects the observed spectra of adsorbed water mole- 
cules. 

The monoclinic Zr02-G and the tetragonal ZrQ2-C 
samples, selected for the present infrared study, have 
been characterized by gravimetric adsorption studies’ 
and by heat of water immersion The 
BET surface areas for the respective monoclinic and 
tetragonal zirconium oxides are 23.7 and 52.7 m2/g, 
corresponding to an estimated average particle size of 
430 and 190 A. Suitable self-supporting disks for 
transmission spectroscopic study were obtained by 
subjecting 300-mg samples of the oxides to 40,000 psi 
in a ’ -in die. 

The adsorption-desorption cycling studies of water 
vapor at ambient temperatures of 40 to 500°C were 
followed with transmission spectra in the frequency 
region of 2400 to 4000 cm-’ for both polymorphs. 
The bending frequency spectrum of water molecules 
bound on the surface of the monoclinic Zr02-C disk 
was observed as a function of concentration. Repeated 
exposures of these high-surfacc-area oxides to a maxi- 
mum vapor presslure of 4.6 torr of water at the elevated 
temperatures produced a partial resolution of vibra- 
tional frequency bands which may be associated with 
chemisorbed and physisorbed species. 
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Exposure of the oxide to 4.6 ion of N20 at 40°C 
results in a broad unresolved absorption band over the 
region from 2400 to 3800 cni-’. This broad spectral 
b m d  is attributed to the large extinction coefficient’ of 
hydrogen-bonded water molecules adsorbed on the 
oxide surface This absorpf ion band is unresolved at 
400°C and 4.6 torr of water vapor (Fig. 7.27a), however, 
the absorbance in the lower frequency region of this 
broad band is reduced to a large extent compared wrth 
that observed at 40°C. This 1s indicative of the presence 
of a lower concentration of multimeric hydrogen- 
bonded watei molecules. On reducing the Concentration 
of water adsorbed an  the oxide by outgassing at IO-’ 
torr at elevated temperatures, a partial resolulion of 
seveial underlying frequency bands emerges (Fig. 7.27). 

The absorbance spectra of the higher frequency bands 
(Fig. 7.28) $how an improved resolution on reducing 
the tempeialure from 508 to I00”C under vacuum 
conditions. ‘The two higher frequency bands are as- 
signzd to chemisorbed 0 -H groups’ (Table 7.8). Assutn- 
ing that the extiriction coefficient is similar for both 
these bands, the 3760-cm-’ band at 1 tie indicated lower 
concentration is assigned to 0 H groups coordinated to 
a single cation, occupying an oxygen site at the corners 
and edges of  crystallite faces. The 3660-cm-* band i s  
attributed to hydioxyl species on oxygen sites of 

low-index faces, which thus are shared by more lhari a 
single cation. The respective species are designated 
schematically in Table 7.8. The broader spectral sub- 
bands observed at 3580 and 3480 c t C 1  are assigned to 
bound water species (Table 7.8). 

Exchange studies with D28 ;it 40°C are shown in Fig. 
7.29. Corresponding spectral stretch frequency bands 
appear for the light and heavy adsorbed species. The 
correlation of these frequency bands is given in Table 
7.8. 

The bending frequency for the H 2 0  monomer iso- 
lated in low-temperature matrix studies has been 
assigned6 values in the range of 1590 to 1600 crC1 . At 
higher concentrations, the presence of hydrogen- 
bonded molecular water increases this bending Fre- 
quency to 1650 cm-’ . In the present study, the shift of 
the bending frequency band on t tie z,irconiurn oxide as 
a function o f  water conceiitr;ition at 40°C i s  shown in 
Fig. 7.30. 

Tetragonal ZrOz -C 

Analogous adsorption-desorpt~ori studies of water 
sorbed on the tetragonal Zr02-C disk were observed. 
Figure 7.31 sliows the absorbance spectra of the 
outgassed oxide at successive elevated temperatures. 
The relatively nxrow barids at 3725 and 3662 cm-’ are 
assigned to 0 --W species bound to cations al oxygen 

O R N C -  DWG. 73-820SH 

Fig. 7.27. ‘Transmission spectra, 2400- 4000 cm-‘ region, adsorplmn-desorption of H 2 0  on Zr02-G at 400 and 500°C. n, 
Adsorption of HzO at 4.6 torr and 400°C, 6, outgassed Mmple A t  40OoC, b’, w n e  on a fourtold expanded Kale, 3600-4000 cm-’ ; 
c, outgsscd sample at 5OO0C, c‘, sanic, o n  ‘i fourfold exydnded scale, 3600 -4000 crn-l, d’ ,  adsorption ot H 2 0  A t  4 6 torr And 
500°c 
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lattice sites. The 3725-cm-' band, with an estimated 
half-width of 70 cm-' at 300"C, is attributed to 0---H 
anions bound to a single cation at corners and edges of 
the irregularly stepped crystal faces. The 3662-cm-' 
band, with a broader half-width, is assigned to hy- 
droxyls coordinated to more than a single cation on 

low-index faces. These high-frequency bands are desig- 
nated schematically in Table 7.9. The broader bands 
observed at 3595 and 3440 cm-' wave numbers are 
assigned to bound water species (Table 7.9). 

D 2 0  exchange at 300°C produced corresponding 
bands for both D 2 0  and H 2 0  species (Fig. 7.32). The 

Fig. 7.28. Absorbance spectra, 3100-4000 cm-' region, of H 2 0  on ZrO2-6  at 500, 300, and 100°C. a, outgassed sample at 
50OoC; u ' ,  same, on a twofold expanded absorbance scale; b, sample cooled under vacuum to 30OoC; b ' ,  same, on? twofold expanded 
absorbance scale; c, sample cooled under vacuum to 100°C; c: same, on a twofold expanded absorbance scale. 

ORNL-DWG 73-8210R 
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40 36 32 28 24 40 36 32 28 24 

WAVE NUMBER ( c m - ' x  lo-*) 

Fig. 7.29. Transmission spectra of 020 exchange on Zr02-G, 2400-4000 crn-' region, at 4OoC. n, sample reduced to 40°C in 
torr; d, exchange vacuum, following extended desorption of 1120 at 500°C; b, exchange of D 2 0  at 200 p;c ,  outgassed sample at 

at 4 torr of DzO. 
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ORNL-DWG. 73 - 82?5R -, .... 7, r f - . . l  1 .oo 

WAVE NUMBER ( c m - l x  10-2) 

Fig, 7.31. Absorbance spectra, 3000-4000 cm'-' region, of ZrOz-C at 400, 500, and 3M°C (Eirst cycle). a, absorbance spectra 
torr; c, desorption of sample desorbed at 4OO0C at 6 X 10% torr; b, desorption temperature raised to 500°C at 3 X 

temperature rcduced to 300°C at 2.5 X 10% torr. 

ORNL- DWG. 73-8219R 

c VACUUM 

___. 1.- ... L ...... 
34 30 26 38 34 30 26 38 

WAVE NUMBER ( c m - ' r  ! O - 2 )  

Fig. 1.32. Transmission and absorbance specha of DzO exchange on ZrO,C, 2400-4000 cm-' region, at 300°C. a,  transmission 
spectra of sample exposed to 800 p of D 2 0  at 30OoC; b, desorption of above-treated sample, c, absorbance spectral trace of b using a 
twofold reduced scale factor. 
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9. H. E. Hallam, ed., Vibrational Spectroscopy of 7rupped 

10. W. M. Kochkind,Anal. C h m .  40, 762 (1968). 
Species, W i k y ,  New York, 1973. 

MICROWAVE AND RADIO-FREQUENCY 
SPECTROSCOPY 

ELECTRON SPIN RESONANCE STUDIES 
OF LIQUIDS DURING PHOTOLYSIS: PEPTIDES 

Ralph Livingst on David Dol~er-ty~ Henry Zeldes 

During the year a few Bence-Jones proteins obtained 
from Alan Solomon of the University of Tennessee 
Memorial Research Center were photolyzed in aqueous 
mlution. Broad ESR signals were obtained, and even 
though the intensities of the signals were quite different 
for the two proteins studied, which might serve as the 
basis of an enipirical study, it was apparent that very 
little could be said about the nature of the radicals from 

direct analysis of the speccra. This work, however, was 
pari of the impetus to  study simple peptides in the 
hope that the spectra could be analyzed in detail and 
that any systemaiic trends might carry over to more 
complex systems. The study is 3 cooperative venture 
with the Biology Division. 

Glycylglycine was initially studied, but unlike the 
proteins, signals were not obtauied upon photolysis in 
aqueous solution. The addition of a small amount of 
hydrogen peroxide (about I%)), however, did give an 
excellent, well-resolved spectrum from a single radical. 
Under these conditions, photolysis of the peroxide gives 
.OM, and lhe observed radical is the product of -OH 
attack on the peptide, a process of great importance in 
radiation biology. The glycylglycine was present as the 
zwittenon. Upon adding acid the spectrum broadened 
and became weaker. No spectrum was obtained from 
the hydrochloride. In all of the work described here the 
peptides were in nearly neutral aqueous solutions 
containing about 1% hydrogen peroxide. 

The finding of only a single radical from glycylglycine 
was of great interest. The peptide and also the resulting 
radical may exist in cis and trans forms. I t  i s  well known 
lhat there i s  a lack o f  free rotation about the peptide 
bond, and the trans isomer is presumably the more 
stable form. Each of the radicals described here is a 
single isomer. and presumably it is the trans configura- 
tion. There are two likely positions in glycylglycine, 
either CISz group, from which -OH might abstract 
hydrogen, but it was clear from the spectrum that 
attack is selective for only one of these positions. There 
is ambiguity for glycylglycine, but there is no ambiguity 

for assignments of the radicals from 0-alanylglycine, 
L-alanylglycine, and glycyl-l,-alanine (Fig. 7.33), where 
here too only a single radical was formed. The assign- 
ment fur glycylglycine was taken by companson with 
these peptides. ITI each case the hydrogen that is ab- 
stracted comes from the carbon adjacent to the nitrogen 
of the peptide link. There is also ambiguity in the assign- 
ment of the rahcal studied from glycyl-/3-alanine (Fig. 
7.33), the 1 wc) possible choices being abstraction from 
either of the adjacent CH2 groups. (Thus peptide gave 
spectra from more than one radical) The choice 11- 
lustrated wds made by comparison with the ocher 
peptides. 

This sludy is in its initial slages but already illustrates 
systematics in the nature of -OH attack and in the 
values of hyper fioe couplings andg values. It is planned 
to extend the work to other dipeptides and then to 
more complex peptides 

I. Biology L)ivision. 
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0.14 2.83 1.50 0.58 19.33 

0 
It + H~NCH~CNHCH~~K.O;  

Pf  t 2 
3.14 0.37 25.90 20.73 

glycylglycine 
g= 2,00341 

/3 -alanylglycine 
g = 2.00339 

L- alanylglycine 
g = 2.00339 

glycyl -L-alanine 
g = 2.00344 

glycyl- /3 -alanine 
4 = 2.0039 

Fig. 7.33. The formulas B o w  the radical formed by *OH 
attack in aqueous solution of the indicated dipeptide. Hyperfine 
couplings given under each formula are in gauss. 
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Pig. 7.34. Electron 5pin resonance spectra af 1,4-dihy&opyrazine cation in aqueous solution n@m boom terriperaixire. a, recorded 

with low gdin. b, some of the outermost lines rccorded with high gain; c, a simulation of the outermost lines. T h e  stick spectrum 
locates lincs of N (identified by arrows) and of  C. 



179 

ELECTRON SPIN RESONANCE STUDIES 
OF LIQUIDS DURING PHOTOLYSlS: 

HETEROCYCLIC COMPOUNDS 
CONTAINING NITROGEN' 

Henry Zeldes Kalph Livingston 

x-Electron heterocyclic radicals containing nitrogen 
which are present during photolysis of solutions near 
room temperature have been under study by electron 
spin resonance with the aims of identifying the radicals, 
determining the mechanisms of their formation and 
subsequent reactions, and determining improved rela- 
tionships between the hyperfine couplings and r-elec- 
tron spin density. The radicals studied result from the 
reduction of  parerit conjugated heterocyclic corn- 
pounds. In some cases the parent compound is photo- 
lyzed in a solution containing isopropyl alcohol. The 
heterocycle becomes excited, probably to a triplet 
state, and abstracts a hydrogeh atom from the alcohol 
to form a radical. The abstracted hydrogen usually 
attaches to nitrogen. In other cases, acetone as we1 
isopropyl alcohol i s  incorporated in the solutions. An 
excited acetone molecule abstracts a hydrogen atom 
from isopropyl alcohol to form the hydroxyisopropyl 
radical, which in turn donates an electron to ihe 
heterocyclic compound. Electron capture is followed 
by protonation of the ring nitrogen, and in those cases 
where there are two ring nitrogens, both readily 
protonate. 

!ti the case of pyrazine a very intense spectrum (Fig. 
7.34) of the diprotonated radical was produced in 
aqueous solution, making it possible to analyze the "C 
hyperfine struct tire wth normal isotopic abundaaces. 
The spectrum of the monoprotonated radical was 
analyzed in a basic solution containing mostly isopropyl 
alcohol. This yielded the g value and the couplings for 
all of the nitrogen and hydrogen atoms. 

A study has been completed on four radicals present 
during photolysis of solutions of 3,s-pyridinedicarbox- 
yljc acid and its anions. Radicals I, 11, and HI, 
respectively, result from hydrogen atom attachment to 
the nitrogen atom of the dicarboxylic acid, its mono- 
anion, and its dianion. The pK values for the ionization 
of I and of 11 in aqueous solution have been measured. 
The spectrum of 11 strongly suggests that the carboxylic 
acid proton switches between the two equivalent 
positions for this proton is such a way that the radical i s  
nearly always in one of the two equivalent conforma- 
tions; the switching does not occur by way of ioniza- 
tion. A fourth radical has been made by the attachment 
of hydrogen to a carbon adjacent to the nitrogen of the 

excited parent dianion. Hyperfine couplings and g 
values have been deduced for all four radicals. 

1. This is an expanded abstract of a paper appearmg in M O L  
Phys. 27, 261 (1974) and a paper in press with Rndmtion 
Research. 

ELECTRON SPIN RESONANCE STUDY OF THE 
HYDRQXYL RADICAL IN SINGLE CRYSTALS OF 
POTASSIUM HYDROXYLAMINE DISULFQNATE 

R. W. Ilulmberg 

The forrnafion of the hydroxyl radical (-OH) at low 
temperatures with ionizing radiation has been reported 
in ice and in a number of single crystals winch 
contained water of' hydration. I t  has been suggested' 
that the -OH 1s produced by the transfer of it proton 
from HzO+ formed transiently dunng the radiolysis. 
Kinetic studies reported here indicate that .OH may 
also be formed by the transfer of a hydrogen atom from 
a water molecule. 

In a recent ESR i n ~ e s t i g a t i o n ~ , ~  of the free radicals i n  

gamma-irradiated potassium hydroxylamine dlsulfona te 
[Kz(S03)2 N 5 H - 2 t i z 0 ] ,  it was observed that the 
hydroxyl radical is formed and another radical de- 
stroyed when the irradiated crystal is photolyzed with 
incandescent light at 77°K. The destroyed radical, 
exhibiting large hyperfine splittings froin one nitrogen 
and one hydlogen, was tentatively identified2 as 
Hi)N(SO,),. This identification is now open to serious 
q u e ~ t i o n ; ~  it will be desipnated as .AH for Ihe purposes 
of this discussion. 

Studies have been carried out with crystals contaimng 
hydrogen, deuterium, and mixed hydrogen and deute- 
rium. Rates of' growth and decay of the ESK iines from 
.OH and -AH and their deuterated forms have been 
monitored. These cesdts indicate that the reaction in- 
volves the reversible transfer of a hydrogen atom be- 
tween H2 0 and . AH pairs fmed in tlie lattice: 

hv 
.AH --- H20 ;? AH2 --- -OH . 

k 

Hydrogen and deuterium are transferred with roughly 
the same efficiency on photolytic excitation. The decay 
of -OH andl the regrowth of .AH are both first order 
with the same rate and are very strongly isotope 
dependent. The rate constant for the transfer of 
hydrogen from AH2 is 0.046 mm"' at 77°K and 
0.0081 min-' at 63"K, from which an activation energy 
of 1.2 kcal/mole is calculated. In a deuterated crystal, 
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no decay of -OD was observed at 77OK in five days; the 
rate constant for deuterium transfer is estimated to be 
less than that for hydrogen by a factor of at least 1500. 
The transfer of hydrogen from ADH is first order with a 
rate constant about one-half of that from AH2. This 
suggests that hydrogen and deuterium are exchanging 
positions in ADH rapidly at 77°K. 

...... .... . ._. . . . . . . . ..... 

1. M. lwaski et al., J. Chem Phys. 57 ,  3187 (1972). 
2 .  R. W. Holmbcrg and B. .I. Wilson, Chem. Div. Annu. Progr. 

3. R. W. Holmberg and B. J. Wilson, J. Chem. Phyr (in 
Rep. May 20, 1973, ORNL-4891, p. 141. 

press). 

ELECTRON SPECTROSCOPY 

PIIOTOIONIZATION OF NEON BETWEEN 100 
AND 2080 eV; SINGLE AND MUL?'IPI,E 

PKOCESSES, ANGULAR DISTRIBUTIONS, 
ANQ SUBSHELL CROSS SECTIONS' 

F. Wuilleumier' M. 0. Krause 

the conventional theories, which are based on the 
single-particle, frozen-structure model employing the 
Herman-Skillman potential, overestimate the subshell 
cross sections by 15 to 35% even for a relatively simple 
atom such as neon. One might expect larger errors in 
these theoretical predictions for the heavier elements 
when shells with high principal quantum numbers are 
involved for which neither the simple Herman-Skillman 
potential nor the single-particle approximation are 
adequate. However, the results show also that a recent 
calculation of great refinement, the random phase 
approximation with exchange (KPAE), by Amusia and 
co-workers, agrees excellently with experimental data in 
the small range where a coniparison could be made. We 
have reason to believe that the KPAE model, which has 
not been applied extensively so far, is capable of 
predicting partial and total photoionization cross sec- 
tions dependably. By contrast, the simple conventional 
model, used exclusively and extensively up to now, 
provides predictions accurate only within a factor of 
about 2. 

A complete partition of the photoionization cross 
section into its partial cross sections, with differ- 
entiation according to single and multiple processes, is 
much needed if we are to deepen our understanding of 
the photon-atom interaction and improve the reliability 
of total and partial cross-section values, Experimental 
data are especially needed in the ultrasoft x-ray range, 
hv 5 2 keV, where the photon interacts with electrons 
in the outer regions of the atom. In these regions, 
electron-electron correlation may play an important 
role, and subshell cross sections may show irregular 
patterns. Reliable subshell cross sections are essential to 
quantitative chemical analysis by photoelectron spec- 
trometry, whether applied in its conventional ESCA 
mode or the new x-ray (PAX) mode, and by fluores- 
cence x-ray and Auger-electron spectrometry. Further- 
more, the fate and the effects of radiation in matter can 
be predicted wit11 greater confidence and accuracy if 
cross sections and interaction processes are well known. 
'To the present time a partition of the total photoioni- 
zation cross section, which is obtained from standard 
absorption and ionization-chamber measurements, has 
not been realized. 

In this study, we used the technique of photoelectron 
spectrometry to delineate all aspects of photoionization 
in the soft x-ray region and obtain accurate absolute 
cross sections for the various single- and multiple- 
electron processes in the subshells of a free atom. We 
selected the neon atom for this investigation, covering 
the range 100 L hv 2 2000 eV. The results show that 

1. Expanded abstract of paper accepted for publication in 
Physical Review A.  

2. Visiting scientist from Laboratoire de Chimie Physique de 
la Facultd des Sciences de Paris. Present address: L.U.R.E., 
Orsay, France. 

TOTAL AND PARTIAL ATOMIC LEVEL WIDTHS' 

0. Keski-Kahkonen2 M. 0. Krause 

Total natural level widths are directly related to the 
lifetime of a hole in that level against decay by radiative 
and nonradiative processes, and paatial widths are 
proportional to the emission rates of these processes, 
namely, the radiative, Auger, and Coster-Kronig transi- 
tions. These quantities are of special interest in photo- 
electron, .4uger-electron, and x-ray specctrornetry, and 
of general interest in diverse areas of applied and 
fundamental research. Except for the K and I, shells, 
experimental data of level widths are virtually non- 
existent. However, a number of theoretical calculations, 
covering the K ,  L ,  M, and N shells throughout the 
periodic table, have been made since 1970. These 
calculations, with a few exceptions, utilize the IHerman- 
Skillman atomic potential, relativistic and nonrelativis- 
tic, and in several instances refer only to one or the 
other of the partial widths or related quantities, as, for 
example, the radiative rates. 

In this contribution we present in a unified manner 
the data that we have extracted from some 20 
theoretical papers, The graphs, Figs. 7.3.5 and 7.36, 



&splay the total level width I', the radiative width TK , 
the Auger width F A ,  arid the Cosler-Kronig width I'c 
for the K ,  L ,  M, and N shells throughout the periodic 
table and, in several cases, for the region 102 G Z < 
120. These graphs are intended to provide a qurck 
survey of rnagni tude and trends of the level widths and 
related quantities. Besides the total width I', a measura- 
ble quantity, the following quantities can be readily 
obtained from the graphs: 

I .  lifetime or a single hole: T = fi/r; 

2. toed rates S of radiative, Auger, and Coster-Kronig 
transititms, SK = l?R /h, etc.; 

3. yields o f  radiative (fluorescence), Auger, and Coster- 
Kronig transitions: w = rR/P, u = rA/I', and f -- 
I?& with the condition o + a t f =  1 since I' = I'R 
f f A  1-c:; 

ORNI. - DWG. 74-lfi65A 

Z, ATOMIC NUMBER 

Fig. 7.35. Total and partial atomic level widths in eV, full 
width at half maximum @WHIM), for K ,  L, and M subshalls of 
the elernmnts. I' = total width; 1 ' ~  = radiative, 1 7 ~  Auger, and 

= Coster-Krunig widths. 
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Fig. 7.36. Total and partial atomic level widths for the N 
shell of the elements. Notations ~aiiie as in Pig. 7.35. 

4. widths of x-ray lines: FyX + l') -I r(X) + PO'), 
where X and Y are the levels involved in the 
transition; and 

5. widths of Auger and Coster-Kronig lines: r(.X - U Z )  
N r(X> + r(Y) + r(a, where X, Y, and Z are the 
levels involved. 

1. Expanded ilbstract of paper whniitted to Atomic nata sild 

2. Graduate student from Helsinki Utuversity of Technology, 
Nuclear Data rsbles. 

Finland, and the University of Tennessee, Knoxnlle. 

MOLECULAR COLLISIONS 

Hg(@P,) WITH CHLORINE AND 
~ ~ L ~ R I ~ A ~ ~ ~  METHANE MOLECULES 

H. F. Krause S. Datz 
s. C. Johnson1 F. K. Schmidt-Bleek2 

Numerous experimental methods have been employed 
to study neutral-neutral chcnucal reactions pioduced by 
metastable atoms,3 but there I-iave been few reports of 
single-collision molecular-beam experiments in which 
the chemical product is detected directly. We have 
investigated chertulurninescent reactions of metastable 
mercury atoms with halogenated molecdes using 
molecular-be.un techniques, and we report results for 
the reactant species C12, CCla, CFKCl,, CXizClz I and 

The metastable states of pnmary interest in these 
studies were the b3P2 (5.400 eV) and 63Y0 (4.667 eV) 
states. Tlie excited-atom beam was formed by passing 
an Hg(6' so) beam (120°C) through an intersecting 
electron beam (current regulated) whose energy was 
variable (Ab 7 0.25 eV FWHM for E 4.0 eV). The. 
fractionally excited beam was cleansed of secondary 
electrons and excited states having lifetimes shorter 
than sec before i t  collided with the crossed heearn 
(room temperature). Photons emitted from the beam 
intersection volume were dispersed by a grating niono- 
chromator and detected as pulses by a phoromultiplier. 
The optical system operated in  the region from 2400 to 
6500 a and was optimized for single-photon ~o i in l ing .~  

The major results of these studies are suinmarized 
below. 

1. IIg(63P2 ,J produces chemiluminescence with C12, 
CCl,,, arid CHCl3 via reaction (I): 

CHa Cl. 
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where A =: C1, CCI,, CHC1,. The same reaction 
volving Hg(631'0) is exoergic only with CI,, and 
cross- section for it is less than 0.5 times that 
H g ( ~ ~ p , )  + C1,. 

in- 
the 
for 

2. No chemiluminescence is observed with either 
CII,CI, or CH3C1 on IIg(S3Y2). 

3. Cross sections for the production of 2537-8 
emission via intermultiplet relaxation, reaction (2). are 
much smaller for reactant species that show 
chemiluminescence than they are for species that do 
not chemiluminesce: 

Ilg(63P,) f M +. Hg(631',) t Mi 

I--> Hg(6'So)  I 2537 a ,  ( 2 )  

M = N, , C1, , CC&, CHCI,, CH, CI, , CI13Cl . 

4. More highly excited states of mercury having 
electronic configuration 5d9 6s' 6p undergo inelastic 

collisions of the type noted in reaction (3), yielding 
mercury atomic radiation, but these states do not 
appear to produce any chemiluminescence with any of 
the molecular reactants investigated, even though addi- 
tional final states of NgCl are eneigetically accessible 
(i.e-, C2II1I2, D2r13/2): 

Hg**(5d9 6s26p)  t Cl, + EIg*(5d' 6s' nl) + C12 * , (3) 

where n l =  GJ, 7s, or 6p. 
The measured radiation arising from the reactive and 

inelastic phenomena, reactions (1) and (2) respectively, 
are shown in Fig. 7.37. For each reactant gas, signal 
plus noise and noise counts were accumulated at each 
wavelength, A, for electron energy fixed a t  6.0 eV 
(where thc 63P, state is optimized). The spectra in Fig. 
7.37 were obtained by dividing the accumulated signal 
counts at each wavelength by the measured mono- 
chromator-detector efficiency factors. An optical beam 

:I 
2 -  

Hxg ( 6p3P,0 ) +  CCI, 
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Fig. 7.37. Emission spectra produced by collisions of metastable Hg(fi3P2) atoms with chlorine and chlorinated methane 
molecules. ( A )  Chlorine molecules (AA = 10 A FWHM), ( B )  carbon tetrachloride (AX = 35 A), and (C.? chloroform (Ax = 35 A). 
Radiation in the region from 3000 t o  5900 A corrcsponds to emission spectra of HgC1(B2L:++f12:+). 'Ihe 2537-A radiation 
corresponds to decaying Hg(63P1 ) atoms produced in inelastic collisions. 
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moinitor set to record the intensity at 5460 ensured 
that i he intensity of both beams was constant through- 
out the entire wavelength scan of the monochromator. 
The radiating reaction product was identified using 
known emissioii spectra for excited states of the 
reactant niolecules and all possible reaciion proc lu~ts .~  
'The simiiarity of the main spectral features displayed in 
Fig. 7.37 verifies the IIgC1(B2 Z '> identification. The 
possibility of interfering radiation from excited states 
of the reactant molecule can only arise in the case of 
C'I2. The tnos t intense emission from this source wodd 
be expected in the range from 4403 to 5200 8. 

Comparison of the chemiluniinescent spectra in- 
dicates general patterns of  energy disposal in reaction 
( I ) .  Similarity of the spectra in the region from 5400 to 
5700 8 demonstrates tliat HgC1(B2 X + >  Y' = 0 + 5) 
occurs for C12, CCIQ, and @HCl3. A major differetice in 
1 he spectra 1s the location of the short-wavelength 
emission edge, which depends on the highest 
vibrational state of the product created in the reactive 
collision. The reaction exoergidty, A&, for formation 
of HgC1(B2 Z + j  is lkted in Table 7.10 for each reactatit 
moIt:cule with 1 ~ g ( 6 ' ~ , ) .  If all of this energy excess 
weie transferied Into vibronic excitation of 
It-i(gCl(B2 Z*), the highest vlbrational state excited would 
be vmax. The shortest-wavelength emission possible for 
illat degree of excitation IS compared with ihe observed 
emssion edge in Table 7.10. 

'l'abk 7.10. l'lae reactroa exwrgicity, AEB, 
tor formation of II~CI(B~ z+) for each 

reactant molecule with Hg(63P,) 

If d l  of this energy excess were transfersed into vibromc 
t %citation of HgCI(R2Z'), the highest vibrational state excited 
would be vfndX The shortest-wavelength emission posible for 
that depree of excitation, X,,,, IS L O ~ P ~ I C ~  wtth the observed 
eniimon edge. 

Wgrh31',) + ACl +I%gCl(B) i A t aEi, 
AElp E(Hs3P2)  Ilo'(AC1) + Do'HgLW') 

- I1 v(j&IgcI(B --.f x)) 

Cl, 1.08 60 3100 3100 
cc14 0.Gl 26 3550 3550 

CI 1c1, 0.68 30 3420 -4000 
CII,Ul, 0.38 11 -4000 

CII~CI 0.07 4 -4700 

'For 3Po subtract 0.8 eV. 

For C12 and CCI4, the calculated and observed 
emission edges coincide using available C1 bond energies 
(2.475 eV and 2.949 eV respectivelyS~'j. T h e  emission 
edge for  CHCI, differs frorn that obtaned with CC14 
even Ihough the Cl borid strengths foi these species are 
almost identicaL7 Foi CEIC13, a maxiinurn of about 
50% of the reaction energy is observed in HgCI(U) 
vibronic excitation, implying a lower effective vibra- 
tiond temperature uf HgCI(R2 E+) fui the reaction with 
C1IC:l3 than for the reaction with CCly. Structural 
differences in the range from 5200 lo 5800 A are 
consistent with this suggestion. 

As noted in Table 7.10, the reaction kfg(63Po) -t. C12 
-+ XJgcII*'(B2X') + c'1 is exoergic by 0.28 eV, and 
photon emission from this reaction i s  possible in the 
iange from 4000 to 5900 A. Since Hg(6'PPo) pro- 
duction is also large at an electron energy of 6.0 eV, it 
became necessary to establish whether the spectra 
obtained from C12 shown in Fig. 7.37 could be partially 
attributed to chemiliminescence produced by 
~ g f 6 ~ ~ ~ ) .  A test for evaluating the reactivity of 
flgl4'P2) vs that of Hg(63P0) is to observe crossed- 
beam photon emission BS a function of the electron 
energy at wavelengths (1) where chemiluminescence can 
be due only to Wg(6'P2) (Le., 3000 -+ 4000 A) and ( 2 )  
where chemiluminescence ciln be due to both the G3P2 
and 63Y0 states (Le., 4000 -+ 5900 '4)). Since the 
excitation functions for electron-impact excitation of 
Hg(63P2 j and Hg(63P0) are different: ~ '~ '  the excita- 
tion function for chemilumiriescence sliould also differ 
in wavelength regions IL and 2 above if reactions 
involving the G3P0 arc significant compared with those 

Sludies of crossed-beam photon ernission vs electron 
energy were performed in the case of C12 not only 
tbrougtiout the range 3000 -+ 5900 K but also at 2537 
A [reaction (2)]. Typical results for chemiluminescent 
ennssion are shown i n  Fig. 7.38A. The electron energy 
was calibrated absolulely by extrapoliiting the data of 
Fig. 7.38B to 5.46 eV assuming a linear threshold law 
for the S3PZ excitation function. Excitxtion functions 
identical to Fig. 7.38A were measured throughout the 
entire wavelength range 3000 -+ 5900 8 .  Reiween 5.4 
and 8.5 eV, the d a b  are in close agreement with 
previous measurenieiits* of the electron excitation 
function for the b31', state. The spectrum shown in 
Fig. 7.37'4 is, therefore, predominantly due to  reactions 
involving the 63P2 state. 

The observed predominance of the chemiluminscent 
reaction involvtng the C3P2 state over that due to B3Yo 
implies either (I)  that the eleciron excitation cross 
section for 63Po production is much sndler  ttian that 

of 63P2.  
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Fig. 7.38. PIioton intensity (Ah= 80 A F7VIlM) produced by 
collisions of metastable niercury atoms with chlorine molecules 
vs electron energy of the Ng exciter. ( A )  HgC1(B2C+ -f X 2 C + )  
emission, (B) Hg(63P1 --f 6'So) emission. Somc excited states 
of Hg that contribute to these electron excitation functions are 
known from their appearance potential and resonant structure. 

for 631'2 and/or (2) that the Cla reaction cross section 
for 63P0 is much smaller than that for the 63Pa state. 
By measuring the ratio of the electron-impact excita- 
tion functions for the 631' metastable states using an 
optical-excitation-fluorescence technique4 we were 
able to establish that the ratio of reactive cross sections, 
U , . ( ~ ~ P , ) / U ~ ( ~ ~ Y , ) ,  is less than 0.5. 

Two comments about the structure above 8.5 eV in 
Fig. 7.38 are appropriate. First, the structure in Fig. 
7.388 indicates that several states of the 5d96s26p 
electronic configuration are being excited at the higher 
electron energies. These states, which must have life- 
times 5 sec, undergo inelastic collisions [reaction 
(3)]. These collisions occur with species other than C1, 
and will be discussed in detail elsewhere! Second, the 
structure that appears above 8.5 eV in Fig. 7.38A is not 
due to reaction (1) produced by these more highly 
excited states. This was proved by showing that the 
electron-impact excitation function for 63P2 is identi- 
cal to that shown in Fig. 7.38A (presumed due to 
cascade contributions from higher-lying states). Also, 
no additional chemiluminescent reactions were ob- 
served. 
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CROSSED-I\.IOEECULAR-BEAM STUDY OF 
ELECTRON TRANSFER REACTIONS AT 

THERMAL COLLISION ENERGIES 

B. K. Annis H. F. Krause 
S. Datz 

Study of the interactions of alkali atoms with 
halogenated molecules at thermal energies has been 
extensive for a wide range of reaction energetics.' 
Reactions have not been investigated for cases where 
the electron affinity of the reactant molecule exceeds 
the ionization potential of the atom. We have initiated a 
program to explore this situation. 

'The thermal-energy reaction 

M + U F ~ + M ' - t U F , - ,  

where M is Li, Na, K, Kb, or Cs, is now under 
investigation. A lower limit for the electron affinity of 
UF, has been predicted to be 5.5 eV;, therefore the 
reaction is exoergic for all alkali species (maximum 
ionization potential for M is 5.4 v>. We have 
established that the reaction occurs on surfaces of the 
vacuum system with potassium and cesium. If the 
gas-phase reaction occurs for either of these species, the 
total cross section is smaller than lo-' * cm2 . 

Crossed-beam geometry was used, and a Channeltron 
detector, which rotated about the scattering center, was 
employed to detect either positive or negative ions. The 
possibility of gas-phase ionization with other alkali 
species and the detailed nature of the surface-catalyzed 
reaction will be investigated in the near future. 

1. D. R. Herschbach,Advan. Ciletir Phys. 10, 319 (1966). 
2. R. N. Cornpton, Health Physics Division, private communi- 

cation. 
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INFLUENCE OF IONIC CHARGE STATE ON THE 

OXYGEN IONS IN THE [ O l  1 ] 
CHANNEL OF SILVER' 

s. Datz M. D. Brown4 
B. K. Appleton2 
J. A. Biggerstaff3 

STOPPING POWER OF 27.8- AND 40-MeV 

H. F. Krause 
C .  D. Moak3 

T. S. Noggle2 
In many cases, it has been assumed that the stopping 

power of an ion is not stlongly influenced by its ionic 
charge because screening electrons would largely mask 
the effect of charge-state differences. llsually it is 
difficult to tell whether an ion moving though a solid IS 
higllly stripped but highly screened or less highly 
stripped and screened. Earlier experiments had demon- 
strated that fast prestripped oxygen ions are able to 
survive passage through crystal channels of about 1 ym 
length and niore without electron capture or loss. An 
experiment to detect slight differences in screening 
which would cause small differences in the stopping 
powers of OR'+, 07", and Ow ions has been performed 
with 27.8- and 40-MeV oxygen ions in the [ O l l ]  
channel of a silver crystal with 0.8 ym path length. The 
diffeiences are not snlall. The stopping powers follow 
the simple relation S = kq2.  where 4 is the ion charge. 
The result in this case indicates that dynamic screening 
by conduction electrons plays no significant role in 
equalizing stopping powers. The results appear to 
contradict the conclusion of Brandt et  al.' that 
dynamic screening by conduction electrons occurs 
within a very short distance (0.04 pin) compared with 
our crystal thickness. 

The experimental airangelnent is shown in Fig. 7.39. 
Input ion charge states were selected by means of a 

6+ out 
- 

- 

I I '  
I I Id1 1 I 

MTECTCR -, 

Fig. 7.39. Experimental arrangement. 

deflecting magnet, arid emerging ion charge s~ d e s  were 
selected by tneans of an electrostatic andyzer. Stopping 
powers were measured for various combinations of 
input and output charge. Part of the data is shown in 
Fig. 7.40. Clearly the stopping powers are different, and 
thus it can be said that conduction electrons do riot 
dynamically screen out the differences in charge and 
stopping power. As diown in Fig. 7.41, the stopping 
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Fig. 7.41. Stopping powers of 4CbMeV oxygen ions, [011] 
axis in silver, for various chargsxtabe combinations, qin and 
qout. 

powers of those ions which did not change charge are 
proportional to the square of the ion charge. A 
complete analysis of all the data is being prepared for 
publication. 

1 .  A similar report appeared in Phys. Div. Annu. &OF. Rep. 

2. Solid State Division. 
3. Physics Division. 
4. Visiting scientist, Kansas State University, Manhattan. 
5 .  W. Rrandt et al., Phys. Rev. I,ett. 30,358 (1973). 

Uec. 31, 1973, ORNL-4937, p. 152. 

VELOCI'I'Y DEPENDENCE OF THE STOPPING 
POWER OF CHANNELED IODINE 1 

Sheldon Datz J .  A. Biggerstaff3 
3. R. Appleton' 

T. S. N o d e '  
C. D. Moak3 

Recent measurements of some uraniuni ion stopping 
powers in the energy range 30 to 30 MeV in polycrys- 
talline targets: together with earlier data for berylliuni 
and iodine ions, have shown that S, = a f bE'la in the 
energy region where the theoiies of Cindhard, Scharff, 
and Schibtt' and of Firsov' predict that electronic 
stopping should obey the relation S,  = KB'1'. The 
heavier the ion, the larger the value of a. The important 

point is that the data cannot be reconciled with theory 
by a simple change of the value of K .  

It was expected that ions moving in crystal channels 
and having no close collisions with atoms might show 
the Se = KE1I2 behavior. Some data taken by Eriksson, 
Davies, and Jespersgaard7 with very-low-energy xenon 
ions in tungsten crystals do appear to follow this 
relationship. At higher energy, 21.6 to 32.5 MeV, 
iodine ion stopping powers have been measured for 
particles hyperchanneled* in the (100) axis of a crystal 
of silver. The results are shown in Fig. 7.42. Polycrystal- 
line stopping powers measured by Moak and Brown' 
are shown as measured and, slightly below, after they 
were adjusted to remove the estimated contribution of 
nuclear stopping.' Channeling data generally have not 
been adjusted to remove the estimated contribution of 
nuclear stopping,' because there is strong evidence for 
the conclusion that nuclear stopping is negligible for 
channeled ions. The energy loss pattern for iodine ions 
hyperchanneled in the [IO01 axis in silver is shown 
schematically in Fig. 7.42. Beginning with particles 
showing the least energy loss (and running nearest the 
center of the channel), including particles which fall in 
the class of ordinary axially channeled particles, and 
finally including particles which run in the (100) planar 
channels, the behavior of the stopping power does not 
obey the relation S=Kf? ' / ' .  The data given by 
Eriksson, Davies, and Jespersgaard7 have been inchided 
in the figure, even though both the ion and the stopping 
medium are different. At higher energies, where the 
iodine measurements were made, the stopping powers 
do follow the relation S, = a t bE1I2 .  The data suggest 

Fig. 7.42. Meawed energy loss vs vebciQ (m) for 
iodine ions in silver. Data include energy loss for polycrystaltine 
silver, fur iodine ions randomly directed in a silver single crystal, 
best channeled dong the (1W) and (111) planar chmnels, and 
hyperchanneled along the [aOl]. 
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that below 21.6 MeV (or = 0.41 in Fig. 7.42) 
there is ii velocity region where the stopping-power 
curve is more complicated and that some additions 
must be made to the theory for this velocity range. The 
itnportance of these conclusions extends beyond im- 
provement of the stopping-power theory in this region. 
Ex~ensive use is made of lhese theories in radiation 
damage calculations, for example, in calculating the 
damage distributions resulting from knock-on atoms; in 
cases where large amounts of damage are expected, such 
as a controlled thermonuclear reactor, these differences 
can be important. 

I .  A similar report appeared in Solid State Dzv. Annu. Progr. 

2. Solid State Division. 
3. Yhysics Division. 
4. hi. D. Brown and C. D. Moak, f‘hys. Rev. R 6,90 (1972). 
5 .  J. hiidhard, M. Scharff, and €1. F,. Schidtt, Kgl. Dan. 

6. 0. B. Fusov, &I. EkTp. Tear. Fir. 36, 1517 (1959) [Sov. 

7 L. hriksson, J. A. Ddvies, and P Jespersgaard, Plzys. Rdv. 

8. B. K. Appleton, C. I) Moak, T. S .  No.ggle, And J. B. 

9. C. D. Moak and M. D. Browm,Phys. Rev. 149,224 (1966). 
10. J. Lindhard, V. Nielson, and M. Scharff, Kgl. Dan. 

Rep. Dec. 31, 1973, ORNL-4952, p. SO. 

Vidensk. Selsk., h’at.-F’ys, Medd. 33, No. 14 (1963). 

Phve J E W  9,1076 (1959)J. 

161,219 (1967). 

Harrelt,Phys. Rev. Lett. 28, 1307 (1972). 

Vidensk. Selsk., Mat.-Fys. Medd 36, No. 10 (1969). 

HYPERCHANNEUNG: JNVESTIGATIONS 
FOR HIGH-ENERGY HEAVY IONS IN SILVER1 

R.  R. Appleton’ 
J. H. Barrett’ S .  Datz 
J. A. Biggerstaff3 

C. D. Moak3 

T. S. Noggle2 

When a beam of energetic ions enters a single crystal 
parallel to an axial direction, those which enter most 
nearly the center of the channel receive the smallest 
deflections. Some small fraction will acquire trajectories 
which remain within the confines of one particular axis 
(i.e., the open region surrounded by nearest neighbor 
rows), while a larger fraction will be axially channeled, 
but wander from one particular axis to mother. Those 
ions confined to a particular axial channel will have two 
distinguishing characteristics: (1) they will be populated 
over a much smaller range of angles than regular axial 
channeling and (2) they will have a much lower rate of 
energy loss. It is this particular axial channeling 
phenomenon which we call hyperchanneling. Although 
this effect was recognized to exist in the 1963 paper by 
Robinson and Oen4 which initiated present-day chan- 
neling studies, it was not until 1966 that the first 
experimental observation was reported by Eisen.s He 

attributed a highenergy tail for 375-keV protons 
tramnutted through 2.2-pm silicon crystals along the 
{ I l O ]  direction lo protons which renlained within a 
single axial channel (hyperchanneling) in traversing the 
cryslals. The effect was not, however, sufficiently 
prominent to investigate in detail. No further investi- 
gations of tlus phenomenon were reported until 1972, 
when Appleton, Moak, Noggle, and B a r ~ e t t ~ ? ~  observed 
hyperchanneling for high-energy heavy ions. For 
21 6 M e V  iodine ions transmitted through thin silver 
single crystals near the [011) axis, they observed a 
distinct hyperchanneled group of ions with much lower 
energy loss rates than regular axial chatmeling and with 
a characteristic critical angle well within the axial 
critical angle. Because of the prominence of this effect 
for high-energy heavy ions, it was possible tu study the 
details of hyperchanneling phenomena. 

Recently the investigations for high-energy heavy ions 
were extended to include measurements for lhe COO1 J 
directions as well as 1 he [ O l l ]  , and these results were 
compared with model calculations. Although the main 
features of the hyperchanneling measumnerits could be 
understood in ternls of the model, several new and 
unexpected features appeared. Perhaps the most in- 
teresting of these can be understood with the aid of Fig. 
7.43. The two sets of data showii in this figure were 
obtained by measuring the transnlitted energy spectra 
of 2 1.6-MeV iodine ions incident at various angles, All,, 
relative to the [OOl] (left-hand figure) and [011 J 
(right-hand figure). The spectra were measured by an 
energy-sensitive detector in line with the incident 
beams, but with an acceptance angle of only t0.012”. 
Consider first the data for the [ O l l ]  a i s .  The features 
in these spectra are well mderstood in terms of the 
hyperchanneling tnodel. The intense peak at lowest 
energy loss, near All, = 0, results from hyperchanneled 
ions; the smaller peak ai. lower dE/& which grows as 
IA+I increases can be identified as axially channeled 
ions which are wandering from one particular axis to 
:mother. These same two peaks can be identified In the 
spectra for the EO011 axis, but in addition, group 
structure which cannot be understood in ternis of the 
model calculations at all appears at intermediate energy 
loss values. Although more work is required to identify 
the nature of this structure, it appears likely that it 
results frotn discrete oscillations supported within a 
[00 11 hyperchannel. ft clearly is a fine-structure effect 
which will be valuable in studying the ion-solid inter- 
action potential. 

1. A similar report appeared in Phys. Div. Annu. Prop. Rcp. 
Dec. 31, 1973, OKNL-4937, p. 155. 
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3.  Physics Division. 
4. M.  T. Kobinson and 0. S. Oen, Phys. Rev. 132, 2385 

5 .  F. H. Eisen, Phy~ L e f f .  23,401 (1966). 
6. B. R. Appleton, C. D. Moak, T. S. Nogglc, and J. H. 

7. R. R. Appleton, J. H .  Rarrett, T. S. Nogle, and C .  D. 

(1963). 

Barrett,Phys. Rev. Lett. 28, 1307 (1972). 

Moak, Rndiat. EfJ 13, 171 (1972). 

CHARACTERIZATION OF CHARGE STATES 
OF ENERGETIC IONS IN SOLIDS' 

ions in g a s e ~ . ~ , ~  Two solutions to this disparity have 
been proposed. 'The first suggested that dynamical 
screening by electrons in the solid tends to neutralize 
the excess charge on the ions moving in the solid.738 
However, at velocities v 3 vo the effect of screening 
should be small, and recent experiments with channeled 
oxygen ions indicate that screening electrons are in- 
effective in altering the stopping power of an ion in a 
given charge state. An alternative explanation was 
proposed by Betz and Grodzins,' who suggested that 
the actual charge state in the solid is essentially the 
same as that in the gas but that many of the bound 
electrons are present in highly excited states which are 
lost by autoionizing and/or Auger events after emer- 
gence from the solid. Hence, comparison of effective 
charge states inside the solid with charge states mea- 

Sheldon Datz Roman Lauhert3 
B. R. Appleton' 
J .  R. Mowat3 

R. S. Peterson3 
R. S. Thoe3 

I. A. Sellin3 

The states of energetic ions penetrating solids have 
been a subject of considerable study in the past few 
years. The matter goes back to the observations of 
Lassen4 in 1951 that the charge states of heavy ions 
emerging from solids were considerably higher than 
those emerging from gaseous targets. However, it is also 
found that the electronic stopping powers in solid 
media are essentially the same as those measured in 
gaseous media, and the "effective charge" derived from 
stopping powers in solids i s  that which is observed for 

sured aftcr emergence provides an experimental test of 
these the 01 ies . 

In this work, we utilize the observation that x-ray 
production cross sections for high-velocity (1 to 4 MeV 
per nucleon) ions are highly sensitive to the charge state 
of the projectile ion. For example, Mowat et al." 
found that the cross section for neon K x-ray pro- 
duction by bombardment with 80-MeV argon ions 
varied by a factor of 60 depending on the argon charge 
state (6+ to 17t ) .  We reasoned that comparing the x-ray 



production cross sections in solid ,and gaseous targets 
containing the Same target element would provide a 
measure of the charge state of the penetrating ion. The 
results of these experiments are also critical to inter- 
pretation of measured heavy-ion-induced x-ray cross 
sections in which solid targets are used. 

Beanls of 86-MeV Ar6+ from the Oak Ridge 
Isochronous Cyclotron and 40-MeV 06+ from the Oak 
Ridge Tandem Van de Graaff were passed through a 
thin carbon foil for further charge stripping. A beam of 
a given charge stare was then selected by magnetic 
detlection and entered a differentially pumped window- 
less gas cell. The cell could be filled with SiH4 gas at 
pressures of about 20 millitorr, and x rays generated by 
ion-beani collision were counted by ;I Si(Li) detector 
which viewed the collision region at 90" from the bearn 
direction. At this low pressure, maximum estimated 
charge exchange in the gas was always &% so that 
single-collision conditions with ions of a known charge 
state were obtained. The solid targets consisted of thin 
silicon films (7 to 50 pg/cni2) deposited on a 
1 50+g/cm2 plastic backing which could be positioned 
at the center of the evacuated gas cell. The silicon 
surface faced the bearn and was tilted at an angle of 36" 
to the beam direction so that the Si(Li) detector could 
view the silicon surface directly. In the argon experi- 
ments an additional silicon foil could be inserted about 
3 0  cm upstream of the cell. In this way an entrant 
charge-state distribution characteristic of that emerging 
from solid silicon could be prepared. The particle 
current was monitored in the case of the oxygen 
experiment by counting protons which were Ruther- 
ford-scattered from a gold foil placed behind the cell. 
For the argon expet iments a separately pumped, electri- 
cally arid magnetically guarded Faraday cup was used as 
a beam monitor. 

Charge-state distributions for the oxygen ions 
emerging from silicon were measured using eleclrostal ic 
analysis and ;i position-sensitive surface-barrier detector. 
The charge fractions 17, were 0.2, 0.7, and 0.1 for 6+, 
7-t , m d  8+ respectively. The charge-state distributions 
for argon ions emerging from a silicon target were 
obtained by nieasuring the current at the focus of a 
magnetic analyzer following a silicon stripper foil. The 
principal charge fractions Pi found were 0.1 I (13+), 
0.27 ( I4+), 0.34 ( 15+), and 0.20 (1 6+). In no case did 
the estiinated error in charge-state fraction exceed 0.03. 

The x-ray results for oxygen ions are shown in  fig^ 
7.44. With the gas (SiH4) target the cross section for 
silicon K x-ray production is seen to vary by a factor of 
about 2.5 as the incident ion charge is changed from 6+ 
to 8+. The origin of this strong charge-state effect is still 

inconipletely known. A smaller variation (about 60%) is 
observed when a solid target is used. This effect of 
mcident charge state in thin solid targets has been 
recently reported by Rrandt et al.' for oxygen ions in 
aluminum. They found that the effect diminished as the 
foil thickness was increased, and they attributed this 
charge-state affect i o  dynamic screening, that is, the 
time required for the plasma to respond to the 
disturbance introduced by the penetrating ion. An 
alternative explanation could lie in the nonequilibrium 
of the ion charge state. Cilpttlre and loss cross sections 
for 40-MeV oxygen ions in argon, for example, are on 
the order of 2 X lo-' cm2. Thus the silicon target 
thickness (about 2 X IO" atomslcm') should be 
insuffkient to attain equilibrium. 

The observed charge-state dependence is expected 
to evolve gradually with increasing target thickness 
from the rising straight line observed for thin (gaseous) 
t ag& to a horizontal straight line at equilibrium 
thickness. The two lines representing the extremes in 
density stiould intersect at the projectile charge corre- 
sponding to the effective equilibrium charge in the 
solid. The equilibriuni charge-state distribution of 
40-MeV oxygen emerging from silicon is strongly 
peaked at 7+. At equilibrium, the input charge depend- 
ence of the x-ray cross section would be a horizontal 
line intersecting the SiH4 line at charge 7+, if the 
effective charge in the solid were equal to the most 

* SOLID (s i ) ,  7 pLg/cm2 

40 MeV Oq" ON SILICON 

A GAS (SiH.I.1 
I_ 

9 

Pig. 7.44. Silicon K x-ray production ctosq section in mega- 
barns (Mb) produced by 40-MeV oxygen ion bombardment of 
S a 4  and solid silicon as a function of incident ion charge state. 
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probable emergent charge. Moreover, since the cross 
sections for leaving charge state 7+ ( c J ~ , ~  and u ~ , ~ )  
should be lower at this energy than those for attaining 
charge 7+ ( u ~ , ~  and o,,,), one would expect near 
coincidence with the 7+ value of the gas target for 
incident 7+ ions even before charge-state equilibrium is 
obtained. Arguments based on dynamic screening in 
which the bound electrons are not considered lead to 
almost the same expected effective charge state. Here 

for 40-MeV oxygen ions.’ 
For relatively low-Z ions such as oxygen, only slight 

dependence of emergent charge state on medium (solid 
or gas) is expected. l‘he semiempirical calculations of 
Omitriev and Nikolaev” give 7.4 and 7.6 for the 
expected charge (Table 7.1 1). From our charge distii- 
bution measurements we obtain 4= 6.9, and the ef- 
fective charge state (4eff) indicated by the measured 
x-ray cross section is 7 f 0.2.5. Hence the oxygen results 
are satisfyingly consistent with all expectations and 
tend to demonstrate the validity of our method. 

‘The situation for argon ions, where the theoretical 
predictions differ, are shown in Fig. 7.45. ‘The cross 
sections for silicon K x-ray emission vary by a factor of 
about 7 for argon charges ranging from 6+ to 16+. The 
cross section for silicon K x-ray emission from solid 
silicon was found to be 0.095 * 0.005 Mb and was 
essentially independent of input charge and target 
thickness. This cross section corresponds to an effective 
charge state of 11.5 -I- 1 and i s  to be compared with our 
measured emergent mean charge of 14.8. The corre- 
sponding predictions o f  Dmitriev and Nikolaev’ ’ are 
13.7 for solids and 12.5 for gases. 

A useful check on the validity of these procedures 
was made by preparing an equilibrium-distribution 

beam in the upstream silicon foil referred to above. This 
equilibrated beam yielded a mean cross section om in 
SiI-I, approximately equal to that anticipated on the 
basis of a combination of the fractional single-charge- 
state cross sections q, that is, 

When the equilibrated beam was passed through a solid 
silicon target, no difference was observed in the cross 
section derived from the single-charge-component beam 
results. From this prefoil experiment alone it can be 
seen that the cross section in a solid target is a factor o f  

a6 MeV A ~ ~ + O N  SILICON 
A GAS (SiH4) 
A GAS (Siti,), WITH PREFOIL ;- 
o SOLID (SI) .  52 pg/cm‘  

SOLID (SI), 52 ,uq /c rn2 ,  WITH 

e SOLID ( S I ) ,  10 p q / c r n 2  
1 1 -1 1 , PREFO, , 

L A  0 01 
6 a io 12 14 16 

a 

Fig. 7.45. Silicon K x-ray produclion cross section produced 
by 86-MeV argon ion bombardment of SiH4 and solid silicon as 
a function of incident ion charge state. The “prcfoil” points 
denote experiments in which the beam passed through a silicon 
foil before entering the target. 

Table 7.11. Summary of the data 
Bracketed values are for 40-MeV oxygen; unbracketed values are for 86-MeV argon 

-__ __ .... 
Measured Semiempirical X-ray data 

distribution theorv‘ 

Mean charge emerging from solid 14 f 0.5 14.8 
~5 .91  

13.7 
[7.61 

Mean charge emerging from gas 12.5 
l7.41 

Effective charge state in solid 11.5 * 1 
[7.0 f 0.251 

.............................. ___ 
‘1. S. Drnitriev and V. S. Nikolaev, SOY. Phys. JETP 20,409 (1965). 
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about 2 lowei than that anticipated on the basis o f  the 
nieasured emergent charge. 

"fie results for oxygen ions, being in agreement with 
all expectations, indica1 e that other possible solid-state 
effects on the silicon K x-ray yield are miall. Hence the 
results for argon at the s m e  MeV per nucleon clearly 
indicate a lower effective charge for the ion while in the 
solid than is observed in the emergent beam. The effects 
of screening at this velocity (about 10 vo) are expected 
to he small. Hence the argon data are in accord with 
arguments of Bztz and Grodzins' and strongly inclicate 
lhdt the ion passes thiough the solid with a t  least three 
more electrons accompanying it tbati remain bound to it 
shortly after emergence. These additional electrons 
must be 111 close enough proximity (i.e., L-shell radius) 
to act in reducing the silicon atom's K ionization CTOSS 

section. Moreover, in ordel to liberate these electrons 
by aul oionizing or Auger processes, additional electrons 
in excited states must also be present and associated 
with the emerging ion. 
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B. Yeatts,42 1’. M. L a n t ~ : ~  and W. L. Marshall, “Solubilities of Calcium Sulfate Dihydrate at 25°C in Brackish 
Waters and Their Concentrates; Effect of Calgon Additive and Predictions for Reverse Osmosis Proce~ses,”~ 3 4 4  

ORNL-4914 (September 1973). 
G. Seeley” and W. H. Baldwin, “’Extraction of Lithium from Neutral Brines Using a Beta Diketone and 
Trioctylphosphine Oxide,” U S .  Pat. 3,793,433 (Feb. 19, 1974). 
E. Higgins4’ and W. H. Baldwin, “Interactions of Poly(Iiydroxypropy1 Acrylate-co-Tetraethylene Glycol 
Dimethacrylate) with Aqueous EIectrolytes,”J. Appl.  Folym Sci. 17,3815 (1973). 

Dresner, V. R. Cain: and W. Davis, Jr.,’ ’ “INTAKE: A Numerical Program to Calculate Fluid Velocity Profiles 
Near a Rectangular Inlet in a Stream with Cross Flow,”46 OWL-TM-4185 (July 1973). 
A .  Kraus and 11. A. Mahlman, “Cross-Flow Filtration Process for Removal of Total Organic Carbon and 
Phosphates from Aqueous Sewage Effluents.” IJ.S. Pat. 3,733,265 (May 15, 1973). 

A. Kraus, “Process for Treatment of Aqueous Suspensions,” U S .  Pat. 3,778,366 (Dec. 11, 1973). 

P. Wedig,g7 A. D. Schwope,”’ and P. H. D h ~ g a l k a r ? ~  “Adsorption and Filtration of ‘Trace Contaminants in 
Aqueous Effluents,” ORNL-MIT-147 (document date April 26, 1972; issued November 1973). 

J .  Rai - id~n‘“~  and G. E. Moorz, compilers, “Water Research Program Biennial Progress Report for Period March 
15, 1968 to March 15, 1970, Properties of Solutions,”44 ORNL-TM-4212 (August 1973). 

E. Minturn, compiler, “Water Research Program Fjnal Report for Period March 15, 1970 to October 3 1, 1972, 
Separations P r o c e ~ s e s , ” ~ ~  ORNL-TM-4236 (1973); identical with OSW R&D Report 903. 
E. Minturn, “Calcium Sulfate Scaling in Reverse Osmosis (Hyperfiltration) of Brackish Watcrs by Msllow-Fiber 
and Spiral-Wonnd Modules,”44 Final Report to the Office of Saline Water, ORNL-TM-4330 (July 1973); 
identical with OSW K&D Report 897. 

S. Johnson, “Dual-Layer Hyperfiltration Membrane and Process for Using Same,” U.S. Pat. 3,743,595 (July 3, 
1973). 

W. Bush,“ E. M. Suuberg,4 J.  J. ‘Toman: and M. Yonezawa: “Performance Characteristics of Dynamically 
Formed Hydrous Zr(IVj Oxide-Polyacrylic Acid Membranes in Treating Textile Dyeing Effluents,” ORNL- 
MIT-182 (1973). 

40. Now of the Computer Sciences Division. 
41. International Atomic Energy Agency Fellow (1971), Bhabha Atomic Research Ccntre, Trombay, Bombay, India. 
42. Now of the Analytical Chemistry Division. 
43. A member of the Chemistry Division when work was peIforined; now of the Health Physics Division. 
44. Research sponsored by the Office of Saline Water, U S .  Departmcnt of the Interior, under Union Carbide Corporation’s 

45. Reactor Division. 
46. Work performed in the Reactor Division. 
47. Graduate student, Massachusetts Institute of Technology, School of Chemical Engineering Practice, Oak Ridge Station, J. T. 

48. Now of the Mathematics Division. 
49. Graduate student, Mas3acbusetts Institute of Technology, School of Chemical. Engineering Practice, Oak Ridge Station, 

contract with the 1J.S. Atomic Energy Commission. 

Day, DheCtCJr; Fred Nelson and €f. 0. Phillips, consiltants to project. 

J .  W. Tester, Director; J .  S. Johnson, Jr., and R.  E. Mintuin, consultants to project. 
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C. A. Brandon,’” J. S. Johnson, R. E. Minturn, and J. J. Porter,” “Complete Reuse of Textile Dyeing Wastes 

J. S. Johnson, Jr., R. E. Minturn, and C. E. Moore, “Filtration Techniques for Purification of Kraft Pulp Mill and 
Processed with Dynamic Membrane Hyperfil trati~n,”~ ‘ Text. C%em. Color. 5, 35 { 1973). 

Bleach Plant Wastes,”s l’uppi 57, 134 (1974). 

6. H. Gartledge,53 “Twenty-Year Inhibition of Corrosion by the Pertechnetate Ion,” Corrosion 29, 361 (1973). 
M. C. Bai~ ta , ‘~  R. E. Mcyer, and F. A. Posey, “Chroriopotentiometry of the Silver-Silver Sulfide System,”s5 J. 

K. E. Meyet and F. A. Posey, “Separation and Analysis of Iodide, Bromide, and Chloride Ions with the Packed-Red 

A. L. Bacarella and J. C. Griess, Jr. ,56 “The Anodic Dissolution of Copper in Flowing $odium Chloride Solutions 

L. D. I-llulett,’“ A. L. Bacarella,ss L. LiDoniiici,s9 and J. C. G r i e s ~ , ~ ~ ~ ~ ’  “Analysis of Protective Oxide Films on 
J. Electron Spectmsr KeEat. Phenotnenu 1 ,  1 6V 

9. C. Gitess, Jr.,56 A. L. Bacarelb, and E. G. Bohlmann, “Water Research Program Fuidl Report for Period hlarch 

Elecfwunal. G e m .  Infer-fucial Electrorhiwi. 47, 223 (1973). 

Silver Electrode,’’ J. Elee~rounul. Chern. Intrr-fuciul Electrockmn. 49, 377 (1974). 

Between 25” and 175”C,”38’57 J Electrochem. Soc. 120,459 (1973) 

Copper-Nickel Alloys by Photoelectron Spectroscopy,”s 
(1972173). 

IS, 1966 to October 31, 1972, Corrosiori S t u d ~ e s , ” ~  * 344 ORNL-‘TM-4340 (October 1973). 

A. Y. Herrell,” ‘“The Enthalpies of Formation o f T c z 0 7  (c) and ’I‘cO4- (as) by Solution Caloriinetry,” Ph.D. thesis, 
Wayne State University, Detroit, Mich. (1973). 

H. F. Holmes, E. L. Fuller, Sr., and R. B. Gain~nage,~‘ “Alteration of an Apollo 12 Sample by Adsorption of Water 
Vapor,”38 Earth Planet. Sci. Lett. 19, 90 (1973). 

H. F. Holmes, E. L. Fuller, Jr., and R. B. Garnmage,36 “Interaction of Gases with Lunar Materials: Apollo 12, 14, 
and 16 Sa~nples,”~’ p. 2413 in hoc. Fourth Lunar Sci Cant, Geochivz. Gosmochim. Acta, Suppl. 4, vo1. 3, 
Pergamon, New York, 1973. 

13. F. Holmes, E. L. Fuller, Jr., and R. B. Cammage,36 “Some Surface Properties of Apollu 17 S O ~ ~ S , ) ” ~  11. 347 in 
Lunar Science V, The Lunar Science Institute, Houston, Tex., 1974. 

50. Clemson IJniveTsity, Clemson, S.C. 
SI.. Work at ORNL supported by the ORNL-NSF Environmental Program under Union Carbide Corporation’s contract with the 

52. Kesearch sponsored by the National Science Fonridation/RANN under Union Carbide Corporation’s contract with the U.S. 

53. Consultant. 
54. Departnient of Chemistry, Sam Houston State University, WuntsviJlc, Tex. 
55. Research jointly sponsored by the Office of Saline tVatm, U.S. Department of the Interior, and the US.  Atomic Energy 

Conimission under contract with the Union Carbide Corporation and by the Office of Research and Grants of Sam Houston State 
University. 

US. Atomic Energy Commission. 

Atomic Energy Commission. 

56. Now of the Metals and Ceramics Division. 
57. Resenrch jointly sponsored by the Office of SaIine Water, U S .  I3eparlment o f  the Interior, and the U S .  Atomic Energy 

58 .  Work performed while a niernber of the Reactor Chemistry Division. 
59. Oak Ridge Associated Universities Slimmer Student Trainee from Barnard College, New York. 
GO. National Science Foundation Science Faculty Fellow, Wayne State University, Detroit, Mich. 

Commission under contract with the Union Carbide Corporation. 
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H, Braunstein, J. Braunstein, and P. T. Hardesty,6 “Hydration and Association Equilibria in Molten Salts 
Containing Water. 111. The Association of Cadmium Ion with Bromide in the Solvent Calcium Nitrate-Water,”3s 
J.-Phys. L’henz. 77(15), 1907 (1973). 

H. Braunstein, J. Braunstein, A. S. Minano? “Association of Cadmium (11) and Bromide in 
Anhydrous Molten Mixtures of Calcium Nitrate with Sodium Nitrate or Potassium Nitrate and the Effect of 
Water,”38 Inorg. Chem. 12, 1407 (1973). 

J. Braunstein, H. R. Bronstein, and J. ‘Truitt,’ “Chronopotentiometry Based on Diffusion of Mobile 
Nonelectroactive  specie^,"^ J.  Electroanal. Chem. Inter-facial Electtwchem. 44,463 (1 973). 

J. Braunstein, Gleb Marnantov,8 and G.  P. Smith: eds., Advances in Molten Salt Chemistry, vol. 2 ,  Plenum Press, 
New York, 1973. 

C. E. Vallet64 and J. Braunstein, “Application of the Quasilattice Model to Association in Dilute Reciprocal Molten 
Salt Mixtures. The System Silver Sulfate--Potassium Nitrate,”3 J.  Phys. Chein. 77,  2672 (1973). 

D. D. Sood6 ’ and J. Braunstein, “Lithium-Bismuth Alloy Electrodes for Thermodynamic Investigation of Molten 
LiF-BeF2 Mixtures,”38 J. Ehxtrochem. Soc. 121, 247 (1974). 

L. M.  Toths6 and L. 0. Gilpatrick, “Temperature and Solvent Effects on the Equilibrium of Dilute Uranium 
Trifluoride Solutions Contained in G r a ~ h i t e , ” ~ ’  J. Phys. Chem. 77, 2799 (1973). 

R. E. Mesmer, K. M. Palen, and C. I;. Baes, Jr., “Fluoroborate Equilibria in Aqueous Sol~itions,”~ Znorg. C/zem. 12, 
89 (1 973). 

and K. E. Hagman,6 

R. C. Ross,” C. E, Bamberger,20 and C. F. Baes, Jr., T h e  Oxide Chemistry of Protactinium in Molten 
Fluor~des,”~ ’ J. Iiiorg Nucl. Chern. 35,433 (1 973). 

C. F. Baes, Jr., C. E. Bamberger,” and R. G. Ross,2o “Recovery of Protactinium from Molten Fluoride Nuclear 
Fuel  composition^,"^^ U.S. Pat. 3,781,403 (Dec, 25, 1973). 

C. E. Barnberger,20 B. F. Hitch,20 and C. F. Baes, Jr., “Determination of the Free Energies of Formation of NaNiF, 
and NaFeF, ,”3 * J.  Inorg. Nucl. Chem. 36, 543 (1 974). 

CIIEMICAL PHYSICS 

G. M. Brown and H. A .  Levy, “Further Refinement of the Structure ofSiicrose Sased on Neutron-Diffraction Data,” 

G. M. Brown and R. Chidambaram,‘ “Dinuclear Copper(I1) Acetate Monohydrate: A Redetermination of the 

K. Chidambaram6’ and G.  M. Brown, “A Model for a Torsional Oscillator in Crystallographic Least-Squares 

G. M .  Brown and 0. A. W. Strydom,66 “Hexachlorobenzene, C6C16 : The Crystal and Molecular Structure from 

J. B. Bates‘ ’ and W. M. Busing, “Intermolecular Potential Function Model for Crystalline Hexachlorobenzene,” J. 

Acta Crystallogr., Sect. B 29, 790 (1973). 

Structure by Neutron-Diffraction Analysis,” Acta Crystallop., Sect. B 29, 2393 (1973). 

Refinements, Acta Crystullogr., Sect. B 29, 2388 (1973). 

Least-Squares Refinement with New X-Ray Data,” Acta Oystdogr., Sect. B 30, 801 (1974). 

Chem. Phys. 60,2414 (1974). 

61. Oak Ridge Associated Universities Summer Student Trainee from Brescia College, Owensboro, Ky. 
62. Graduate student, University of Maine at Orono. 
63. Metals and Ceramics Division. 
64. Visiting scientist from University of Provence, Marseille, France; French Foreign Office Postdoctoral Fellow 1972-1973; 

65. Visiting scientist from Llliabha Atomic Research Centre, Trombay, Bombay India. 
66. Visiting scientist (1972 --73) from Atomic Energy Board, Pretoria, South Africa. 
67. Solid State Division. 

Foreign Assignment from C.N.R.S., 1973-1974. 
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V a s l ~ w ~ ~  and A. H. Narlen, “Diffraction Pattern and Structure of Molten BeF2 -UF Solutions,” .l Chcm. Phys. 
59,4949 (1973). 
H. Narten, F. Vaslow,68 and H. A. Levy, “Diffraction Pattern and Structure o f  Aqueous Lithium Chloride 
Solutions,” J.  Chem. Phys. 58,501 7 ( 1973). 

“Invariant Expansion 111: The General Solution of the Mean Spherical Model for Neutxal Spheres with 
Electrostatic Interactions,” J. Chem. Phys. 58, 3295 (1973). 

Zeldes and R. Livingston, “Electron Spin Resonance Study of Liquids during Photolysis. XY. Substituted 
Pyridines,” J. Phys. C’hem. 77, 2076 (1973). 
Livingston and H. Zeldes, “Electron Spin Resonance Study of Liquids during Photolysis. XVI. Kirietics of 
Radicals Showing Emission from Tartaric Acid,” J. Chem. Phys. 59,489 1 (1973). 

Zeldes and K. Livingstun, “Electron Spin Resonance of Photolytically Reduced Pyxazine,” Mol. Phys. 27, 26 1 
(1974). 

__.__.I__- 

S. Datz, B. R. Appleton,”7 and C. D. M ~ a k , ~  “Detailed Studies of Ton Trajectories and Associated Channeling 

S .  Datz, J. L. D ~ g g a n , ~ ’  L. C .  Feldmar~,~’  E. L a e g ~ g a a r d , ~ ~  and 1.  U. Andersen:2 “Cross Sections forLSubshel1 
Potentials and Stopping Powers,” p. 153 it1 Channeling, D. V. Morgan, ed., Wiley, New York, 1973. 

Ionization in ALI by the Collision of Protons and Helium Ions,”Phys. Rev. A 9, 132 (1974). 

68. Present address: Argonne National Laboratory, Argonne,  ill^ 
59. Oak Ridge Associated Universities Research Participant from the University of Puerto Rico, Rio hedras, summer 1970. 
70. Oak Ridge Associated Universities. 
7 1. Hell Telephone Laboratories and Physics Institute, University of Aarhus, Denmark. 
72. Physics Institute, University of Awhus, Denmark. 



Papers Presented at Scientific and Technical Meetings 

NUCLEAR CHEMISTRY 

F.  Plasil,”’ R. L. Ferguson, and F .  Pleasonton,’ “Heavy-Ion-Induced Fission of Nuclei in the Region of Silver,” 
Third Symposium on the Physics and Chemistry of Fission, Rochester, N.Y., Aug. 13-17, 1973. 

R. L. Ferguson,” F. Plasil,’ and F. Pleasonton,’ “Angular Momentum Effects in the Fission of the I s3Tb  
Compound Nucleus,” 1974 Spring Meeting, American Physical Society, Washington, D.C., Apr. 22-25, 1971; 
Bull. Amer. Phys. SOC. 19,428 (1974). 

J .  H.  Hamilton“’ et al. (including N. R. Johnson), “Properties of K n  = 2+ and 0’ Bands in 1s6,1’8Gd and 
’ 7 6 i 1  78,180Hf,” International Nuclear Physics Conference, Munich, Germany, Aug. 25, 19‘73. 

N. R. Johnson,* R. J. S t u r q 3  M.  W. Guidry? E. Eichler, R. 0. Sayer,’ N. C. Singhal,’ G. D. O’Kelley and Q. C. 
Bensley,’ “Lifetimes of Rotational States in ’ 32Th,” 1973 Fall Meeting, American Physical Society, 
Rloominglon, Ind., Nov. 1-3, 1973;Bull. Amer. Phys. SOC. 18, 1405 (1973). 

M. 1‘4. G ~ i d r y , ” ~  K. J. S t ~ r r n , ~  N. R. Johnson, E. Eichler, G .  D. O’Kelley, 6. B. Haganann,6 and B. C. Hensley,’ 
“Multiple Coulomb Excitation of * 6U,” 1973 Fall Meeting, American Physical Society, Bloomington, I n d l  
Nov. 1-3, 1973;BuZZ. Amer. Phys. SOC. 18, 1405 (1973). 

R. 3. S t ~ r m , ” ~  N. K. Johnson, M. W. Guidly? R. 0. Sayer,’ E. Eichler, N. C.  Singhal,’ and D. C .  Mensley,’ 
“Lifetimes of the 10+ State in ’ 54Sm,” 1973 Fall Meeting, American Fhysical Society, Bloornington, Ind., Nov. 
1 -3, 1973: Buff. Arner. Phys. Soc. 18, 1405 (1973). 

K. S. R. S a ~ t r y , * ~  A. V. Ramayya,’ R.  S. Lee,’ J. H. Hamilton,’ R. Mlekodaj,’ and N. R.  Johnson, “Precession of 
Gamma-Gamma Correlation in ’ Xe,” 1973 Fall Meeting, American Physical Society, Bloomington, Ind. Nov. 
1-3, 1973:Bull. Amer. Phys. SOC. 18, 1425 (1973). 

N. R. Johnson, “Lifetime Measurements of Rotational States by the Doppler-Shift Recoil-Distance Technique,” 
Southeastern Section, American Physical Society, Winston-Salem, N.C., Nov. 8-10, 1973 (invited). 

E. H. Spejewski*8 and the UNISOM Consortium (including N. R. Johnson), “Initial UNISOR Research: New 
Isotopes ls6‘f l ,  ‘“T1, ”61;Decaysof’s9~’90T1, “‘Xe and 1’71;and0ff-LineAtomic andNuclearStudies,” 
XXIV Annual National Conference of the Academy of Sciences, USSR, Nuclear Spectroscopy and Structure of 
the Atomic Nucleus, Kharkov, Russia, Januaiy 1974 (invited). 

... . . . . .. . . .- ..... 

*Speaker. 
1 .  Physics Division. 
2. Vanderbilt University, Nashville, Tenn. 
3.  Max Kade Foundation Fellow from University of Marbug,  Germany. 
4. Oak Ridge Graduate Fellow from University of Tennessee, Knoxville, under appointment with Oak Ridge Associatcd 

5. Postdoctoral Fellow, Vanderbilt University, Nashville, Tenn., assigned to ORNL. 
6. Physics Division. Permanent address: Niels Bohr Institute, Copenhagen, Denmark. 
7 .  University of Massachusetts, Amherst. 
8. UNISOR Consortium. 

Universities. 
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L. L. R~edinger,”~ P. H. Stelson,’ G. B. Hagemann? D. C. Hensley,’ N. R. Johnson, R. I,. Robinson,‘ and K. 0. 
Sayer,’ “Decoupled Rotational Bands in  ” 6 5  Yb,” 1974 Spring Meeting, American Physrcal Society, 
Washington, D.C., Apr. 22-25, 1974;BuU. Amer. Phys. Soc. 19,524 (1974). 

K. 0. Sayer,”’ R. J. S t u r ~ n , ~  N. R. Johnson, E. Eichler, N. C. Si~lghal,~ M. W. Guidry? and G. U. Q’Kelley, 
“Recoil-Distance Lifetimes of Levels in 6 4  Dy,” 1974 Spring Meeting, American Physical Socle1 y, Washington, 
D.C., Apr 22 -25, 1974,BulI. Amer. Phys. SOC. 19,524 (1974). 

P 11. Stelson.*’ L. L. Riedinger,’ E. Eichler, D. C. Hensley,’ N. K. Johnson, R. L. Robinson,‘ R. 0. Sayer,’ arid 6. 
J. Smith,’ “GroundState Rotational Bands in ’OW and I ‘‘Os,” 1974 Spring Meeting, Anierican Physical 
Society, Washington, D.C., Apr. 22-25, 1974;Bull. Amer. Phys. SOC. 19, 525 (1974). 

M. W. G ~ i d r y , * ~  K. S t ~ r n i , ~  C. D. OKelley, N,  R. Johnson, E. Eichler, R. 0. Sayer,’ and N. G .  Singhal? 
“Doppler-Plunger Lifetimes in 3 6  U,” 1974 Spring Meeting, American Physical Society, Washington, D.C., Apr. 
22 25, 1974;Bzill. Anzer. Phys. SOC. 19,599 (1974). 

R. Bmibot,*’o D. Gardes,” K. L. Hahn, Y. de Moras,*’ m d  M. F. Rivet,’o "'incomplete Fusion of Ar and 
Rare-Earth Nuclei,” XI1 International Meeting on Nuclear Physics, Villars, France, 1974. 

G. D. OKelley,” J .  S. Eldridge,’ ’ and K. J. Northcutt,’ “Concentrations of Cosinogenic Radionuclides in Apollo 
17 Samples: Effects of the Solar Flare of August, 1972,” Fifth Lunar Science Conference, Houston, Tex., Mar. 
18 -22, 1974; p. 577 in Lunar Science V,  Lunar Science Institute, Houston, Tex., 1974. 

CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS 

R. P,. Hahn,* P. F. Dittner, K. S. Toth,’ and 0. L. Keller, Jr., “‘Transfer and Compound-Nucleus Reactions in the 
Interactions of I 2 C  with 39Pu and 238U,’’  1974 Spring Meeting, American Physical Society, Washington, D.C., 
Apr. 22---25, 1974;Bull. ilmer. Phys. Sac. 19,428 (1974). 

and A. N. Ellis,I4 “Neutron Fission 
Cross Sections of 249Cf,” 1974 Spring Meeting, American Physical Society, Washington, D.C., Apr. 22---25, 
1974;Bull. Amerr. Phys. Soc. 19, 596 (19’74). 

0. L. Keller, Jr.,” and J. K. Tarrant, “Nobelium: Comparative Chemistry to Other 
Divdent Elements,” 2Sth Southeastern Regional Meeting, American Chemical Society, Charleston, S.C., Nov. 
‘7--9, 1973. 

0. I,. Keller, Jr., “Predictions of Chemical and Physical Properties of Superheavy Elements,” 140th Meeting, 
American Association for the Advancement of Science, San Francisco, Calif., Feb. 25---Mar. 1, 1974 (invited). 

J .  R. Petersou*’ and J. IT. Burns, “SingleCiystal X-Ray Diffraction Studies of Compounds of the Transuranium 
Elements,” XXlVth International Union of Pure arid Applied Chemistry Congress, Hamburg, Germany, Sept. 

J. H. Burns,” W. €1. Baldwin, and P. C. Laubereau,I7 “The Crystal and Molecular Structure of the 
Cyclohexylisonitrile Adduct of Praseodymium Tricyclopentadienide,” American Crystallographic Associa tion, 
University of California, Berkeley, Mar. 24--28, 1974. 

5. W. T .  Dabbs,”’ C. E. Bemis, G. D. N. W. Hill,’ M. S. Moore,’ 

K. J. Silva, W. J. McDowell,‘ 

2--8, 1973. 

9. Department of Physics, University of Tennessee, Knoxville. 
I O .  Institut de Physique NuclCaite, Orsay, France. 
11 .  Analytical Chemistry Division. 
12. Present address: Atomic Energy Research Establishment, Hanvell, England. 
13. Instrumentation and Controls Division. 
14. Los Alamos Scientific Laboratory, Los Alamos, N.M. 
15. Chemical Technology Division. 
16. Consultant, Department of Chemistry, University of Tennessee, Knoxville. 
17. Visiting scientist from Federal Republic of Germany, Bonn. 
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J. R. Peterson*’ and J .  N. Stevenson,’ “Microchemical Techniques Used in Solid-state Studies of Transplutonium 
Elements and Compounds,” International Symposium on Microchcmical Techniques - 1973, Pennsylvania State 
University-, 1Jniversity Park, Aug. 19-24, 1973. 

J. R. Peterson,’ J.  N. Stevenson,’ R. G. Haire,’ and J. Fuger,’ “The Preparation of Berkelium Metal for 
Determination of Its Heat of Solution,” 167th National Meeting, American Chemical Society, Los Angeles, 
Calif., Mar. 31-Apr. 5 ,  1974; abstract NUCL-60. 

PHYSICAL CHEMIS‘TRY 

J. S.  Johnson, Jr., “Dynamically Formed Membranes in Aqueous Separations,” Gordon Research Conference on 
Separation and Purification, Colby College, New London, N.M., Airg. 20-24, 1973 (invited). 

R. E. Minium, “Dynamic, Membranes in Ultrafiltration and Byperfiltration of Industrial Effluents,” Symposium on 
Chemistry and the Environment, 25th Southeastern Regional Meeting, American Chemical Society, Charleston, 
S.C., Nov. 7 4, 1973 (invited). 

W. I.. Marshall* and J.  S. Gill:’ “Effect of Pressure on Liquid-Liquid Immiscibility of High Temperature Aqueous 
Solution Mixtures of IJranyl Sulfate and Sulfuric Acid, 285-450”C. 75- 1800 Bars,”’ 167th National Meeting, 
American Chemical Society, Los Angeles, Calif., Mar. 30-Apr. 5 ,  1974; abstract PHYS-49. 

K. A. Kraus, “Cross-How Filtraiion and Axial Filtration,” 29th Annual Purdue Industrial Waste Conference, 
Lafayette, Ind., May 7-9, 1974 (invited). 

Industrial Waste Conference, Lafayette, Ind., May 7-9, 1974 (invited). 
F. Nelson* and K. A .  Kram, “Adsorption of Inorganic Matesials by Activated Carboil,” 29th Annual Purdue 

E. J.  Kelly, “Anodic Dissolution of Titanium in Acidic Sulfate Solutions,” Symposium on Kinetics and Mechanisms 

A. I,. Bacarella* and A .  L. Sutton?* “The Effect of Solvent on thc Electrochernistv of 144th Meeting, 
of Metallic Dissolution, 144th Meeting, Electrochemical Society, Boston, Mass., Oct. 7-13, 1913 (invited). 

Electrochemical Society, Boston, Mass., Oct. 1 1 ,  1973. 

H. F. Holmes, “The Heat of Immersion of Thorium Oxide at Eievated Temperatures,”’ ’ 167th National Meeting, 
American Cheinical Society, Los Angeles, Calif., Mar. 31 Api. 5, 1974; abstract C0~.1,-103. 

H. F. Holmes,* E. L. Fuller, Jr., and R. A. Bzh,23 “Adsorption of Argon, Nitrogen, and Water Yapor on Zirconium 
Oxide,”’ 47th National Colloid Symposium, Carleton University, Ottawa, Ontaiio, Canada, June 18-20, 1973. 

R. €3. Gam~-nagt?,’~ H. I;. Holmes,” E. L. Fuller, Jr., and D. K. Glasson,’ “Pore Structures Induced by Water Vapor 
Adsorbed on Non-Porous Lunar Fines and Ground Calcite,”’ ’ 47th National Colloid Symposium, Carleton 
University, Ottawa, Ontario, Canada, June 18--20, 1973. 

..... ~.._......___II___. 

18. Graduate student and postdoctoral resoarch associate, University of Tennessee, Knoxville. Przseni address: Nuclear Power 

19. Institute of Radiochemistry, University of Likge, Lilge, Belgium. 
20. Present address: Department of Public Health, State o f  Tennessee, Nashville. 
21. Work performed in the Reactor Chanistry Division. 
22. Now of the Chemical ‘Technology Division. 
23. Oak Ridge Assnckited Univcrsities Summer Student Trainee from S t .  Ambrose College, Davenport, Iowa. 
24. Health Physics Division. 
25. John Graymore Chemistry Laboratories, Plymouth Polytechnk, Plymouth, England. 

School, US. Navy, Bainbridge, Md. 
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L. Fuller, Jr.,* and H. F. Holmes, “Adsorptioti on Sol-Gel Thorium Oxide,”’ 47th National Colloid Syniposium, 
Carleton University, Ottawa, Ontario, Canada, June 18-20, 1973. 
L. Fuller, Jr.,* H. F. Holmes, and K. B. Gammage,24 “Interaction of Gases with Lunar Materials: Textural 
Changes Induced by Sorbed Water,”2 166th National Meeting, American Cheniical Society, Chicago, ill., Aug. 
26-3 I ,  1973; abstract COLL-12. 
B. Gammage,*24 H. F. Holmes, and E. L. Fuller, Jr., “Pore Structures Induced in Lunar Fines by Adsorbed 
Water,”’ MLEM/IUPAC International Symposium on Pore Structure and Properties of Materials, Prague, 
Czechoslovakia, Sept. 18-21, 1973. 
F. Holmes,” E. L. Fuller, Jr., and R. B. Garnmt~ge,’~ “Some Surface Properlies of Apollo 17 Soils,”” Fifth 
Lunar Science Conference, Houston, Tex., Mar. 18-22, 1974. 

Braunstein,* 1-1. Braunstein, and P. T. Hardesty,” “Competitive Hydration and Association Equilibria in Hydrous 
 melt^,"^ I 15th Internatiorid Conference on Coordination Clieinistry, Moscow, June 25-30, 1973. 

Brauiisteiu,* H. K. Bronstein, and C. E. Valle t,’ “Chronopotentiometry Bxed on Diff~iuon of Mobile 
Non-Electroactive Species,”’ Gordon Research Conference on Molten Salts, Brewster Academy, Wolfeboro, 
N.H., hug. 27 -3 1, 1973 (invited). 
E. Vallet*2 and J. Brdunstein, “Application of the Quasilattice Model to Association in Dilute Reciprocal 
Molten Salt Mixtures The System Silver Sulfate-Potassium Nitrate,”2 Gordon Research Conference on Molten 
Salts, Brewster Academy, Wolfeboro, N.H., Aug. 27-31, 1973. 

F. Baes, Ji-., “The Clieinistry and Thermodynamics of Molten-Salt Reactor  fuel^,"^ ‘ US.-Japanese Seminar on 
Thermodynamics and Phase Relations of Nuclear Materials, Ames, Iowa, July 9- 12, 1973 (invited). 

CHEMICAL PHYSICS 

B. Bates”” and W. K. Busing, “Intermolecular Poterrtial Function Models of Crystalline Hexachlorobenzene and 
Solid Chlorine," Paper M2, Symposium on Molecular Striicture and Spectroscopy, Ohio State University, 
Columbus, June 12, 1973. 
M Brown* and 0. A. W. S t r y d ~ r n ? ~  “‘l’iexachlorobenzene, C6CI6: Crystal and Molecular Structure from 
Refinement on New Three-Dimensional X-ray Data,” American Crystallographic Association, Storrs, Conn., June 
17-22, 1973. 
H. Hall*3 and 6. M. Brown, “Crystal Structure of Ferrocenylmethylpyridiniuin Iodide, (C, H,)Fe(C5 H4)- 
CH2(NC5 H5)+I-,” American Crystallographic Association, Storrs, Gonn., June I7 22, 1973. 
M. Metzger,*” W. E. Thiessen, T. E. Hopkins,3’ and P. G .  S i r n p ~ o n ? ~  “The Crystal Structure of the (1:l) 
Adduct Between Chlorpromazine and 7,7,8,8-Te tracyanuquinodimethane,” American Crystallographic Associ- 
ation, University of California, Berkeley, Mar. 24  28, 1974. 
K. Johnson,” H. L. Reed K. F. Ha11,3’ and V. F. Raaen, “Physical and Molecular Properties of 
TCNQ-Benzene and TCNQ-Hexamethylbenzene Crystals,” American Crystallograptiic Association, University of 
California, Berkeley, Mar. 24-28, 1974. 

26. Oak Ridge Associated Universities Summer Student Trainee from Brescia College, Owensboro, Ky. 
27. Visiting scientist from University of Provence, Marseille, France; French Foreign Office Postdoctoral fellow, 1972-73; 

28. Solid State Division. 
29. Visiting scientist (1972 - 73) from Atomic Energy Board, Pretoria, South Africa. 
30. Deputment of Chemistry, Eastern Nazarene College, Wollaston, Mass. 
31. Department of Chemistry, University of Mississippi, University. 
32. Department of Chemistry, Oregon State University, Corvallis. 
33. Monsanto Corporation, Pensacola, Fla. 
34. Student participant in the Great Lakes Colleges Assodation Science Semester, fall 1973, from DePauw University, 

Greencastle, Ind. 
35. Oak Ridge Associated Universities Summer Student Trainee from Rockhurst College, Kansas City, Mo. 

Foreign Assignment from C.N.R.S., 1973-74. 
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C. 
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W. 

A. 

A. 

R 

F 

S. 

J. 

J. 

C. 

N. 

S. 

B. 

B. 

K. Johnson, “Critical Evaluation of Protein Crystallographic Results,” NAS Conference on Critical Evaluation of 
Chemical and Physical Structural Information, Darttnouth College, Hanover, N.H., June 24--29, 19’73 (invited). 
E. Thiessen* and W. R. Busing, “Identification of Systematically Aberrant Phase Relationships Arising from 
StructuraJ Regularity,” American Crystallographic As%ociation, Storrs, Conn., June 17-22, 1973. 
R. Busing* and W. E. Thiessen, “ORTRAN, A Computer Program to Search a Data Set for the Transform of a 
Molecular Fragment ,” American Crystallographic Association, University of California, Berkeley, Mar, 24-28, 
1974. 
II. Narten, “X-Kay and Neutron Diffraction from Water and Aqueous Solutions,” International Symposium on 
the Structure of Water and Aqueous Solutions, Marburg, Germany, July 19--28: 1973 (invited). 

€1. Narten, “Diffraction by Molecular Liquids,” American Crystallographic Association, University of California, 
Berkeley, Mar. 24-28, 1974 (invited). 

Livingston” and H. Zeldes, “ESR Studies of Radicals in Photolyzed Liquids,” Fourth Tiitemational Conference 
on Atomic Spectroscopy and the Twentieth Canadian Spectroscopy Symposium, Toronto, Canada, Nov. 2, 1973 
(invited) . 
W~illeurnier*~ ‘ and M. 0. Krause, “Experimental Determination of Absolute Subshell Photoicnization Cross 
Sections in Neon,” 8th International Conference on the Physics of Electronic and Atomic Collisions, Beograd, 
Yugoslavia, July 16--24, 1973. 

Datz.,* 5. R. Appleton,28 J. A. Biggerstaff,’ M. D. H. F .  Krause, C. D. Moak,’ and T. S. Noggle,28 
“Charge State Dependence of Stopping Power for Oxygen Ions Channeled in Silver,” Fifth International 
Conference on Atomic Collisions in Solids, Gatlinburg, Tenn., Sept. 24-29, 1973. 

R. Mowat,*’ B .  K. Appleton,Z8 J. A. Biggerstaff,’ S. Datz, C. D. Moak,’ and I. A. Sellin: “Charge State 
Dependence of Si K X-Ray Production in Solid and Gaseous Targets by 40 MeV Oxygen Ion Impact,’’ Fifth 
International Conference on Atomic Collisions in Solids, Gatlinburg, ‘Tenn., Sept. 24 ---29, 1973. 

H. Earrett,28 B.  K. Appleton,Y28 J. A. Biggerstaff,’ S. Datz, C. D. Moak,’ and T. S. NogrJe,28 
“Myperchanneling,” Fifth International Conference on Atomic Collisions in Solids, Gatlinburg, Tenn., Sept. 

D. Moak,*’ B. R. Appleton,28 J. ,4. Wiggerstaff,’ S. Datz, and T. S. Noggle,’* ‘Velocity Dependence of the 
Stopping Power of Chanrieled Iodine Ions,” Fifth International Conference on L4tornic Collisions in Solids, 
Gatlinburg, Tenn., Sept. 24-29, 1973. 

R. Appleton,*28 S. Datz, J. Biggerstaff,’ T. S. N ~ g g l e , ~ *  C. D. Moak,’ M. D. 131own,~’ H. F. Krause, R. H. 
Ritchie,’ and V. N. Neela~athi,’~ ‘‘Radiative Electron Captiire by Channeled Oxygen Ions,” Fifth 
International Conference on Atomic Collisions in Solids, Gatlinburg, Tenn., Sept. 24-29, 1973. 

Datz,* J. R. Mowat,’ I .  A. Sellin: B. K. Appleton:’ J. A. Biggerstaff,’ and C. I). Moak,’ “Effective Charge 
Slate of Heavy Ions Penetrating Solids Deduced from Comparing X-Ray Yields in Gases and Solids,” Bull. Arne?-. 
Phys. Soc. 18, 1508 (1973). 
R. .4ppletoii,*28 J. I.I. Barrett,28 T. S. Noggle:’ C. D. Moak,’ S .  Datz, H. F. Krause, and J. A. Biggerstaff,’ 
“Group Structure of Myperchanneled Heavy Ions,” Bull. A m m  Phys. Soc. 19, 209 (1974). 
R. Appleton,*28 J.  A.  Biggerstaff,’ T. S. Noggle,“ S. Datz, C. 1). Moak,’ M. D. Brown,37 and H. F.  Krause, 
“Radiative Electron Capture by Chaneled Oxygen Ions,” Bull. Amer. Phys. Soc. 19,210 (1974). 

24-29, 1973. 

36. Visiting scientist from Lahoratoire de Chimie Physique de la FacultC des Sciences de Paris 
37. Department of Physics, Kana? State University, Manhattan. 



Lectures 

NUCLEAR CHEMISTRY 

N. R.  Johnson, “Lifetimes of High-Spin States in Actinide Nuclei by the DopplerStiift Recoll-Distance ‘Technique,” 
Seminar, Physics I)eparttnent,Vanderbilt University, Nashville, Tenri., Nov. IS, 1973 (ORAU Traveling Lecture). 

N. R. Johnson, “Lifetimes of Rotational States in Deformed Nuclei by the Doppler-Shift KeCoil-l)lSkdnCe 
Technique,” Chemistry Department, Texas A & M University, College Station, Dec. L 1, 1973 (OKAU Traveling 
Lecture). 

G D. O’Kelley, “Radioactivity Measurements oti Returned Lunar Samples,’’ Chemistry Department, Brookhaven 
National Laboratory, Upton, N.Y., May 30, 1973. 

6. D. O’Kelley, “The New Moon - Scientific Results from the Apollo and Luna Sampling Missions,” Chemistry 
Department, University of Tennessee, Knoxville, Feb. 26, 1974, 

G. D. O’Kelley, “Radioactivity of Lunar Samples,” Seminar, ORNL Chemistry Division, May 3 ,  1974. 

CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS 

R. L Hahn, “Recoil Nuclei from Heavy-lon Reactions at  Oak Ridge and Orsay,” Seminar, Institut fur Kernchemie, 
Johannes Cutenberg Universitat, Mainz, Germany, March 1973, Seminar, Instihit des Sciences Nuclthire, 
Grenoble, April 1973. 

E. H .  Taylor, “Research Genesis,” 1973 -74 Lectureship Program, The Robert A. Welch Foundation, Texas 
Wesleyan College, Ft. Worth, Jan. 28, 1974; Austin College, Sherman, Tex.. Jan. 29, 1974; Midwestern 
University, Wichita Falls, Tex., Jan. 30, 1974. 

R. t. Hahn, “Les Noyaux de Recul Produits avec les Ions Lvurds en Amdrique et en France,” Seminar, Institut de 
Physique NuclCaire, Orsay, May 1973, Seminar, Centre d’Etudes Nuclkaire, Bordeaux, June 1973. 

K. L. Hahn, “The Last Tango. Experiences with ALICE in Orsay,” Seminar, ORNL Chemistry Division, January 
1974, Joint Physics-Chemistry Colloquium, Virginia Polytechnic Institute and State University, Blacksburg, 
March 1974. 

P F. Dittner, “Heavy Lon Experiments at ORNL,” Colloquiuni of the Laboratoire RenC Ber im du Centre de 
Spectromdtrie Nucldaire et de Spectrometne de Masse, Orsay, France, June 6 ,  1973. 

An Unequivocal ldentification Using Chatacteristic X Rays,” Physics 
Department, Indiana University, Bloomtngton, Oct. 5, 1973; Physics Department Colloquium, University of 
Tennessee, Knoxvdle, Oct. 17, 1973; Physics Department Colloquium, University of Pennsylvania, Philadelphia, 
Nov. 7, 1973. 

J. R. Peterson,’ “Recent Progress in the Characterization of Curium, Berkelium, and Californium Metals and Their 
Compounds,” Seminar, Institute of Radiochemistry, Kernforschungszeritrum, Karlsruhe, Gemany, July 13, 
1973. 

C. E. Bemis, Jr., “Element 104 and Beyond 

1. Consultant, Department of Chemistry, University of Tennessee, Knoxville. 
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J.  R. Peterson,’ “Preparation and Characterization of Curium, Berkelium, and Californium Metals and Some of 
Their Compounds,” Seminar, Materials Science Division, Argonne National Laboratoly, Argonne, Ill., Feb. 13, 
1974. 

R. L. Fellows,2 “The Influence of Ligand Coordination on the Hypersensitive Electronic Transitions of Rare Earth 
Ions,” Seminar, ORNL Chemistry Division, Feb. 15, 1974. 

ORGANIC CHEMISTRY 

C. J.  Collins, “Memory Effects, Coset Graphs and Combinatorial Games in Organic Chemistry,” E. I .  Dupont de 
Nemouis, Experirnental Station, Wilmington, Del., Mar. 22, 1974. 

PHYSICAL CHEMISTRY 

R. E. Mesmer, “The Hydrolysis Behavior of Toxic Metal Ions,” Southeast Environmental Research Laboratory, 

J .  

K 

J.  

J .  

J. 

C. 

C. 

Environmental Protection Agency, Athens, Ga., May 29, 1973. 
S. Johnson, Jr., ‘“l’he Future of Dynamic Membranes,” Union Carbide Corporation, South Charleston, W.Va., 
Feb. 26. 1974. 
E. Minturn, “Hyperfiltration and Cross-Flow Filtration in Desalination and Pollution Control,” Vanderbilt 
TJriiversity, Nashville, Tenn., Apr. 15, 1974. 

Braunstein, “Thermodynamics of Electrolyte Solutions with Water as a Solute,” State University College of New 
York at Fredonia: University of Maine at 0rono;University of Maine at Presque Isle, May 1973. 
Braunstein, “Electrochemical Studies of Transport and l’hermodynamics in Molten Fluorides Containing 
Beryllium Fluoride,” Colloquium, Institute of Physical Chemistry and Electrochemistiy, University of Karlsruhe, 
Germany, June 1973. 

Braunstein, “Ionic Solution Chemistry. Bridging the Gap from Dilute Solutions to Molten Salts,” Western 
Michigan University, Kalamazoo, November 1973 ; University of Mississippi, University. March 15, 1974 (OR4U 
Traveling Lecture). 
E. Vallet,3 “Electrornigrational Depletion Chronopotentiometry, “Seminar, Chemical 
Argonne National Laboratory, Argonne, Ill., Feb. 18, 1974. 

F. Baes, Jr., “Thc IIydrolysis of Cations,” seminar, Department of Analytical Chemistiy, 
Gainesville, March 1973. 

Engineering Division, 

University of Florida, 

CHEMICAL PHYSICS 

A.  H. Narten, “lonic Hydration in Lithium Chloride and Hydrogen Chloride Solutions,” Swiss Fcderal Institute of 

A. H. Narten, “Structure and Orientation of Water Molecules from Neutron Diffraction,” KFA, Jiilich, Germany, 

C. K. Johnson, “Algebraic and Crysiallographic Analyses of Norboriiyl Cation Rearrangementr;,” Brookhaven 

‘l’echnology, Zurich, Switzerland, July 7, 1973. 

July 17, 1973. 

National Laboratory, Upton, Long Island, N.Y., July 11, 1973. 

2.  Postdoctoral research associate from the Univenity of Tennersec, Knoxville. 
3.  Visiting scientist from University of Provence, Mamilla, France; French Foreign Office Postdoctmal Fellow, 1972-73; 

Foreign Assignment fiom C.N.R.S., 1973- 74. 
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R. Livingston, “ESR Studies of Radicals in Photolyzed Liquids,” Seminars, Chemistry Departmenf , University of 
Waterloo, Waterloo, Canada, Nov. 1, 1973; Chemistry Department, Bryn Mawr College, Bryn Mawr, Pa., Feb. 1, 
1974; Chemistry Department, Washington University, St. Louis, Mo., Feb. 14, 1974; School of Pharmacy, 
University of Southern California, Los Angeles, Apr.  25 ,  1974. 

M. 0. Krause, “PAX, the X-Ray Mode o f  Photoelectron Spectrometry,” Physical Science Colloquium, Thomas J. 
Watson Research Center, IBM, Yorktown Heights, N.Y., Nav. 15, 1973. 

S. F);itz, “On the States of Ions Penetrating Solids,” Lecture Series, NATO Summer School On Radiation Damage in 
Materials, Porto, Vecchio, Corsica, France, Aug. 28-Sept. 7, 1973, Department of Physics, University of North 
Carolina, Chapel Hill, Apr. 17, 1974. 

S. Datz, “Collisions of Fast Heavy Ions in Dense Media,” Physics Institute, University of Munich, Munich, Germany, 
Aug. 23, 1973. 

S. Datz, “hielastic and Reactive Scattering of Metastable Mercury,” Department of Chemistry, University of Texas, 
Austin, Feb. 27, 1974; Texas Academy of Science, Denton, Mar. 1, 1974. 



Supplementary Activities 
STAFF 

PROFESSIONAL AND EDUCATIONAL ACTIVI’I‘IES 

C. F. Baes, Jr. 
C. E. Bemis. Jr 

J .  Braunstein 

w. K. Busing 

C. J. Collins 

S .  Datz 

L. Dresner 

E. Eichler 

J. A. Ghormley 

R. L. Hahn 

C. K. Johnson 

J. S. Johnson, Jr 

0. L. Keller, Tr 

K. A. Kraun 

H. A. Levy 

Visiting Professor of Chemistry, College of William and Mary, Williamsburg, Va., September 1972-June 1973. 
Member, Organizing Committee, International Conference on Reactions bctwecn Complex Nuclei, Nashville, 

Editor, Advances in Molten Salt C/zemistry, 1970-present. 

Secretary-Treasurer, U.S.A. National Committee for Crystallography, National Academy of Sciences -National 

Professor of Chemistry, part time, University of Tennessee, Knoxville, January 1964-present. 
Membcr, Executive Coinmittcc, Organic Division, Anieiican Chemical Society, Jan. 1 ,  1973 -Dec. 3 1, 1974. 
Member, Editorial Board, Isotopes in Orgariic Chemistry, Elsevier Publishing Co., Amsterdam, 1972-present. 
President, Committee for the Southeastern Regional Mecting, American Chemical Society, tiatlinburg, 

Chairman, V International Conference on Atomic Collisions in Solids, 1972-73 
Member, National Academy of Sciences --National Research CounLil Committee on Atomic and Molccular 

Associate Editor, Atomic .nata and Nuclear Data Yabks,  1969--prescnt. 
Advisory Editor, Case Studies in Atomic Physics, 1970-present. 

Lecturer in Chemical Engineering, University of Tennessce, Knoxville, 1963.- present 

Chairman, Gordon Research Conference on Nuclear Chemistry, 1973. 
Membership Committee, Division of Nuclear Chemistry and Technology, American Chemical Society, 1972 -73. 

Editorial Board, Radiation Research, 1972-75. 

Member, Pn.D. thesis cxamining juries, University of Paris and University of Bordeaux, June 1973 

Mernber, U.S.A. National Committee for Crystallography, National Acadsiny of Sciences  national Research 

Member, National Research Couiicil Committee on Chemical Crystallography, to  June 30, 1976. 
Cochairman, Organizing Committee for NAS Conference on Critical Evaluation of Chemical and Physical 

Syrnposium organizer, “Cheinistry and the Environment,” 25 th Southeastern Regional Meeting, American 

Member, USAEG Transplutonium Progam Committee, 1966 przseni. 
Alternate Councilor and Member of Executive Committee, Division of Nuclear Chemistry and Technology, 

‘Tenn., June 1974. 

Research Council, Jan. 1 ,  1974---Dec. 31, 1976. 

Tenn., 1976. 

Physics. 

Council, Jan. 1, 1972--Dec. 31, 1974. 

Structurd Information, Dartmouth College, Ilanover, N.H., June 21  -29, 1973. 

Cherriical Society, Charleston, S.C., Nov. 8, 1973. 

Amcrican Chemical Society, 1971 present. 

ditorial Board, Journal of Chromatography, 1958- present. 
ditorial Advisory Board, .Journal of Inorgunic andNuclem Chemistry, 1958---prcsent. 

Editorial Board, Desalinntion, 1966-prescnt. 
Member, University of Tennessee Water Resources Research Center Advisory Council. 
Judge, Southern Appalachian Science and Engineering Fair, Knoxville, Tenn., Apr. 4, 1974. 
Session Chairman, “Chemistry arid the Environment,” 25th Southeastern Regional Meeting, American Chemical 

Society, Charleston, S.C., November 1973. 

and Physical StiUctMrd Information, Dartmouth College, Hanover, N.H., June 24-29, 1373. 
bditoi and rcportcr, Discussions on ‘lheoretical Chemistry, NAS Conference on Ciitical Evaluation of Chemical 
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M. 13. Lietzke 

Ralph Livingston 

W. L. I\rIarshall 

G. D. O’KelIey 

K. W. Stoughton 

E. 13. ‘Taylor 

PTofessor of Chemistry, part time, University of 7’ennesee, Knoxville, January t 964 --present. 

Professor of Chemistry, part tune, University of Tennessee, Knoxville, January 1964-present. 
ORNL liaison officer for ORNL ---University of Tennessee part-time teachjng progtams, 1968-present. 
Editorial Roard, The Journal ofMagizetic Resonarzce, January 1971 --present. 
Editorial Hoard, Maeet ic  Kesonunce Review, September 1971-present. 
Judge, Southern Appalachian Science and Engineering Fair, Knoxville, Tenn., Apr. 4, 1974. 

Member, National Council, American Chemical Society, 1969---present; Committee on Chemic:iI Educ:ition, 
1970-present; Chairman, Subcommittee on High School Chemistry, 1971 --.present; Subcommittee on 

Member, PhB. examination committee (oceanography), Dalhousie llniversity, Halifax, Nova Scotia, Canada, 

Vicc-President, Oak Ridge Chapter of Sigma Xi - - -  The Research Society of America, 1974 -75. 

Professor of Ckemistry, part time, University of Tennessee, Knoxville, January 1964-present. 
Member, Nominating Committee, Division of Nuclear Chemistry and Technology, American Chemical Society, 

Member, Subcommittee on Radiochemistry, Committee on Nuclear Science, National Research Council, 

Associate Editor, Proceedings of the Fifth Lunar Science Conference, Ceochimicn et Costnochimica Acta. 

Editorial Advisory Roard, .lotma1 of Inorganic and Nuclear Chemistry, 1958-present. 
Consulting Editor, Inorganic and Nuclear Chemistry Letters, 1965 --present. 

Hoard of Directors, Institute of Catalysis. 
Advisory Board, American Cliemical Society and 1J.S. Atomic Energy Commission Monographs on Chemistry 

Organizational Structure, I 972-present. 

1973. 

1973.- 74. 

1962-73. 

and Chemical Engineering in Nuclear Technology. 

FOREIGN MEETINGS AND ACTNITIES 

Meeting and/or Activity Location 

Visiting scientist, Institut de Physique NuclBaire, July 1972 --Aug. 1973, Orsay, France 
and Nov. 1973 

Alexander von Humboldt, Awardee for Senior U.S. Scientists, 

J*iilbriyht-IIays Grant, July 1973 July 1974 
Sept. 1972-Sept. 1973 

Darmstadt and MdnA, Federal 

Weizrriann institute of Science, 

Republic of C~ermany 

Rehovot, lsrael 

Inteniational Symposium on tlrz Structure of Water and Aqueous Marburg, Germany 
Solutions, July I9 -28, 1Y73 

Guest professor, Sept. 1973 --Sept. 1974 Johannes Gutenbeg-Uni~niversitat 
Maim, Germany 

XXIVth International. Union of Pure and Applied Chemistry Conge%, Hamburg, Gerniany 
S q t .  2-8,1973 

Institution 

Argonne National laboratory 

COLLABORATIVE RESEARCH 
CoUaborator(s) Subject 

R. Sjobloom 
J. P. Unik targets 
K. L. Wolf 

S. Fried 

Search for superheavy elements in accelerator 

Search for superheavy elements in nature 

Ari7ona State University, (‘enter 
for Meteorite Studies 

Atomic Energy Research 
Establishn~en t, Harwell 

C. B. Moore Search for superheavy elements in nature 

Analysis of neutron fission cross sections 6. D. James 
for 2 4 9 ~ ~ f  

Staff Member($ 

R. C. Hahn 

I?. P. Dittner 

A. N. Narten 

R.. 4. Silva 

J. R. Peterson1 

Staff Membeds) 

J. Wdperin 
R. W. Stoughton 

J.  Halperin 
R. W. Stoughton 

J. Halperin 
R. W. Stoughton 
C. E. Bemis. Jr. 

1. Consultant, Department of tkrnistry,  University of Tennessee, Knoxville. 
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Institution 

Canton Textile Mills, Inc 

The Catholic University of America, 

Central College, Pella, Iowa 
Washington, D.C. 

CoUaboratods) 

J. C. Gray 

C. T. Moynihan 

Subject 

Hyperfiltration of indigo dye wastes 

Transport and thermodynamics in vitreous 

Absorption spectrum and reaction kinetics 

electrolytes 

of rnethylpcroxy radical 

Staff Member(@ 

R. E. Minturn 

J. Braunstcin 

P. J. Ogren C. J .  Hochanadel 
J. A. Chormley 
J. W. Boyle 

A. H. Narten 

J. S. Johnson, Jr. 
R. E. Minturn 

5. Iialperin 
R. W. Stoughton 

N. R. Johnson 

N. R. Johnson 

N. R. Johnson 

University of Chicago 

Clemson Univcrsity and InFrance 
Jndustries 

Cornell University 

S. A. Rice 

C. A. Brandon 
J. J. Porter 

J. M. Bird 

Structure of water 

Textile dye wastes 

Search for superheavy elements in nature 

Decay properties of 84Y 
Level structure of 5 9 ~ 0  

Gamma-gamma angular correlation 
measurements in 71 

X-ray diffraction 

Cross-flow fdtration of herbicide wash 
waters 

Levels in 
and by decay of 3.7-min I6'Gd 

Coulomb excitation of rare-earth and 
actinide nuclei 

Tb excited by (3 Me,d) reaction 

University of Delft, Netherlands 

University of Delhi, India 

B. van Nooijen 

S. C. Pancholi 

Eastern Nazarene College 

Environmental Protection Agency, 

Florida State University 

Southeast Water Laboratory 

L. H. Hall 
R. R. Swank 
T. Culbertson 

R. K. Sheline 

G. M. Brown 

A. J. Shor 
J. S. Johnson, Jr. 

N. R. Johnson 
G. D. O'Kelley 

E. Eichler 
N. R. Johnson 
G. D. O'Kelley 

G.  I). O'Kelley 

Furman University R. 0. Sayer 

Decay of 136Cs R. 0. Sayer 
D. 1,. Vassy 

J. E. Noakcs UniverTity of Georgia, 
Geochronology Laboratory 

Chellschaft fur Schwerionen- 
forschung, Darmstadt, Germany 

Search for superheavy elements in nature J. IIalperin 
R. W. Stoughton 

R. L. Ferguson H. H. Gutbrod Heavy-ion fission and fusion expeiiments at 
the Lawrence Berkeley Laboratory 
Super-Hilac 

Prediction of properties of element 11 5 

necay properties o f 8 4 ~  
Burkhard Fricke 

J. Konijn 
0. L. Kellcr, Jr. 

N. R. Johnson Institute of Nuclear Research, 
Amsterdam, Netherlands 

Orsay, France 
Institut de Physique NuclCaire, M. 1.efort Study of nuclear reactions and products 

formed with AI- and Kr-ion beams 

Search for superheavy elements in nature 
and in accelerator tagets 

R. L IIahn 

J. Mal9 J. Halperin 
R. J .  Silva 
K. W. Stoughton 

J. S. Johnson, Jr. 
R. E. Minturn 

G .  M .  Begun 

International Paper 430. L. J. Rreithaupt Kraft pulp and paper wastes 

Knoxville College D. D. Gibler Low temperature matiix isolation Raman 

Lifetime measurements of high-spin states in 

spectroscopy 

2 3 2 ~  following Coulomb excitation 
with 84Kr 

Search for superheavy elements in nature 

Lawrence Berkeley Laboratory R. M. Diamond 
F. S. Stephens 

N. K. Johnson 
E. Eichler 

E. Cheifetz 
R. C. Jared 
E. R. Guisti 
S. G. Thompson 
R. E. Eppley 
A. Ghiorso 

J. S. Drury 
J. Halperin 
R. J .  Silva 
R. W. Stoughton 

J. Ilalperin 
R. W. Stoughton 

Search for superheavy elements in accelerator 
targets 



211 

Institution Collaborator($ Subject 

Levels in ’ “‘Tb excited by (311e,d) reaction 

bxpermental determmatioti of the heat of 

and by decay of 3.7-niin 61Gd 

solution ot Bk metal 

for 2 4 9 ~ f  
Analys~s of neutron fission cross secsiorrb 

Heavy-ion fission and fusion everinients at 
the Lawrence Berkeley Laboratory Super- 
Hilac 

Thermodynamics of concentrdted aqueous 

Hyperfiltration of textile dye waste3 

electrolytes 

Staff Member(s) 

N. R. Johnson 
6. D. O’Kelley 
J. R. Peterson’ 
R. G. t1aire2 
C. E. Hemis, JT. 

Lawrence Radiation Laboratory, 

University of Lidge, Belgium 
Livermore 

R. G. Lanier 
R. A. Meyer 
J .  Fuger 

hl. S. Moore 
A. N. Ellis 

H. C. Britt 
R. 11. Stokes 
B. 13. Erkkila 

?‘. H. Tripp 

Lo3 Alamos Scientific Laboratory 

R. L. Ferguson 

University of Maine at Presque Isle J .  Braunstein 

J. S. Johnson, Jr. 
R. E. Minturn 

hbssdchusetts Institute of Tech- 
nology, School of Chemical 
Engineering Practice, Oak Ridge 
Station 

J. W. Tester 
R. M. &layer 
T. W. Bush 
E. M. Suuberg 
J. J. Toman 
M. Yonezawa 

I. W. Tester 
R .  M. Mayer 
S. A. Murtha 
R. Filiba 
J. S. Newman 
R. D. Orlandi 
R. M. Metzger 

F. Katoh 

Cross-tlow filtration of sanitary sewage J .  S .  Johnson, Jr. 

Chlorpromazine-TCNQ complex 

Determination of monopole matrix elements 

Search for superheavy elements In accelerator 

Diffraction studies of electrolyte solutions 

Theory o f  liquid structure 
Fragment kinetic energy in ‘0-induced fission 

of 232Th and 246Cm 

Search for superheavy elements in nature 

in 56Gd 

tarpe ts 

W. E. Thiessen 
N. R. Johnson 

University of Mississippi 

Nagoya University, Japan 

National Accelerator Laboratory 

University of Palermo, Italy 

CJniversity of Puerto Rico 
University of Rochester 

Scripps Institute of Oceanography 

Stanford Linear Accelerator Center 

University of Tennessee, Knoxville 

D. Theriot J .  Halperin 
It. W. Stoughton 
A. H. Narten 

A. H ,  Narten 
R. L. Ferguson 
C. E. Bemis, JT. 

J .  Ilalperin 
K. W. Stoughton 

I. Halperin 
R. W. Stoughton 

G. hf. Begun 

R. Triolo 

L. Blnm 
11. Freiesleben 

T .  R. Folsom 

D. Busick 
D. Walz 
B. Gilbert 
6. Mamantov 

F. K. Schmidt-Bleek 

Search for superheavy elements in accelerator 

Raman spectral studies of fused salt systerus 

targets 

Collision chemistry S. Datz 
H. F. Krause 
E. Eichler 
N. R.  Johnson 
G .  D. O’Ketley 
N. R. Johnson 
E. Eichler 

J. Halperin 
R. W. Stoughton 

N. R. Johnson 

L. L. Kiedinger Coulomb excitation of raroearth and 
actinide nuclei 

I-. L. Riedinger High-spin states in imclei from compouitd- 
nucleus reactions 

Search for superheavy elements in nature Union Carbide Corp., Linde 

UNISOR Consortium 
Laboratories 

G.  J .  Nihart 

K. S. K. Sastry et al. Precession of gamma-gamma correlation in 
’2% 

__I.___ 

2. Chemical Technology Division. 
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Institution 

UNISOR Project 

U.S. Geological Survey 

Vanderbilt University 

Collaborator(s) Subject 

A. C. Rester 
R. Mlekadaj 

Development of data-acquisition system 

J. H. McCaTthy Search for superheavy elements in nature 

J. H. Hamilton 
N. C. Singhal 

Studies of high-spin states in 232Th by the 
Doppler-shift recoildistance tcchniqine 

G. D. Benson 
R. G. Abridge 
A. V. Ramayya 

Uecay of 1 9 2 ~ U  to levels in *'*R 

E. Eichler 
N. R. Johnson 
G. I). C)'Kelley 

J .  Halpeiin 
R. W. Stoughton 

N. R. Johnson 
E. Eichler 
G. D. O'Kelley 

G. D. O'Kelley 

ANNUAL INFORMATION MEETING AND ADVISORY COMMITTEE 

The Annual Information Meeting of the Chemistry Division was held September 10 and 1 1 ,  1973, in the Central 
Auditorium, Building 4500N. Reports presented at the Meeting were: 

Monday, September 10, 1973 
E. H. Taylor Introduction 

C. E. Hemis, Jr. Element 104: An X-Ray Identification Using the Isotope "104 

0. L. Keller, Jr. Nobelium: Comparative Cheiiiistry to Other Divalent Elements 
N. R. Johnson Lifetimes of Rotational States in Deformed Nuclei by the Doppler-Shift Recoil-Distance Method 

R. L. Ferguson Heavy-Ion Induced Fission of Medium-Weight Elements 
G. D. O'Kelley A Look Back at Apollo: Studies of Returned Lunar Samples by Gamma-Ray Spectzometry 

H. F. Holmes Adsorption of Gases on Lunar Soils 

Tuesday, September 11,1973 
W. H. Baldwin 

V. F. Raaen 

G. M. Brown 

11. F. Krausc 

R. E. Mesmer 
R. E. Meyer 

K. A. Kraus 

Organic Scintillators and Heat Exchangers 

Synthesis of Organic Conductors 
Intramural and Extramural Cooperative Crystallography 

Chemical Reactions of Metastable Mercury 

The Dissociation of Weak Acids and Bases in Aqueous Solutions to 30OoC 

Separation and Analysis with Porous Electrodes 

Activated Carbon in Inorganic Systems 

Members of the Advisory Committee were: 

PIof. George S. Hammond 
Vice Chancellor - Sciences 
University of California, Santa Cruz 
Santa Cruz, California 95060 

Ilr. Joseph J. Katz 
Argonne National Laboratory 
9700 South C a s  Avenue 
Argonne, Illinois 50493 

Dr. Edward A. Mason 
Cliamistry Department 
Brown University 
Providence, Rhode Island 02912 
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Dr. John 0. Rasmussen 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

Prof. Henry Taube 
Department of Chemistry 
Stanford University 
Stanford, California 94305 

On March 19, 1974, the Chemistry Division programs in Molecular Sciences were discussed with members of the 
Division of Physical Kesearch, U.S. Atotnic Energy Commission. Reports presented at this meeting were: 

63. J. Collins 
D. A. Lee 

C. F. Baes 

W. L. Marshall 

M. H. Lietzke 

K. A. Kraus 
E. H. Taylor 
T. J. Sworski 

C. J. Hochanadel 

R. Livingston 
S. Datz 

Name 

K. L. Fellows 

W. H. Fletcher 

K. V. Gentry 

J. F. Gomes Ferreira 

M. C .  Nod 

J .  R. Peterson 

F. K. Schmidt-Meek 

N. C. Singhal 

R. Sturm 

C. E. Vallet 

Name 

L. L. Collins. Jr. 

Combinatorial Chemistry: A New Aid in Understandtng Molecular Rearrangements 

Chromatographic Separation of Cobalt and Calcium Isotope? 
EMF Studies of Hydrolytic and Other Ionic Equilibria in Aqueous Solutions to 300°C 

High-Temperature Electrical Conductance and Solubility Studies of Aqueous Electrolytes 

Predictions of Thermodynamic Properties of Aqueous F,lcctrolyte Mixtures over Wide Ranges of 
Temperature and Composition 

Activated Carbon 

Miscellaneous Topics 
Photooxidation and Fluorescence of Cerium(II1) in Aqueous Sulfuric Acid Solutions 
Pulse Radiolysis and Flash Photolysis of SrnalJ Molecules in the Gas Phase 

ESR Studies of Radicals in Photolyzed Liquids 
Reactrve and Inelastic Scattermg o f  Metastable Mercury 

VISITING SCIENTISTS 

Affiliation ORNL Research Program 

University of Tennessee Transuranium Research Laboratory 

University o f  Tennessee Isotope Chemistry 

Colunibia Union College 

University of Lisbon, Portugal 

Transuranium Research Laboratory 

Transuranium Research Laboratory 

University of Tennessee Transuranium Research Laboratory 

University of Tennessee 
University of Tennessee Molecular Beam 

Vanderbilt University Nuclear Chemistry 

University of Marburg, Marburg, Nuclear Chemistry 

University of Provonce, Marseilles, Molten Salts 

Transuranium Research Laboratory 

Germany 

France 

Major Professor 
and/or Institution 

STUDENTS 

GRADUATE 

Staff Advisor Field of Research 

G. D. O’Keliey, G. D. O’Kellcy Nuclear decay scheme 
University of Tennessee E. Eichler spectroscopy 

Sponsor 

University of Tennessee 

Consultant 

COhnbbd Union College 

NATO and Portuguese 

University of Tennessee 

Research Grant 

Government 

Research Grant 
Consulran t 

Consultant 

Vanderbilt University 

Max Kade Foundation 
Senior Fellowship 

French Foreign Office 
Postdoctoral Fellow 
and C. N. R. S. 

Sponsor 

University of 
Tennessee 
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Name 

M. W-Giiihy 

A. Y. Herrell 

F. D. Hwang 

S. G. Johnson 

Olavi Keski-Rahkanc 

T. J. Lemmonds 

M.-R. NoB-Spirlet 

G. Ostrom 

W. W. Schmidt 

J. N. Stevenson 

C. G. Vcnkatesh 

Name 

J. S. Bernstein 

D. H. Brown 

J. C. Foster 
R. F. Hall 

D. L. Hefting 

H. L. Reed I1 

B. J. Wenzel 

M. S. Wolfe 
J. M. Zeigler 

Major Professor 
and/or Institution 

G. D. O'Kelley, 
University of Tennessee 

Karl 1%. Gayer, 
Wayne State University 

F. K. Schmidt-Bleek, 

F. K. Schmidt-Hleek, 

University of Tennessee 

University of Tennessee 

University of Tennessee 
:II J. R. Peterson, 

M. H. Lietzke, 
University of Tennessee 

H. Brasseur, IJniversity 
of Lihge, Belgium 

F. K. Schmidt-Bleek, 
University of Tennessee 

C. J. Collins, University 
of rennessee 

J. R. Peterson, 
University of Tennessee 

S. A. Rice, University 
of Chicago 

lnstitu tion 

Centenary College 

Kenyon College 
University of the South 

Rockhurst College 

University of South Dakota 

DePauw IJniversity 

University of Northern Iowa 

Earlharn College 
Wahash College 

Staff Advisor Field of Research Sponsor 

G. D. O'Kelley Heavy-ion Coulomb excitation Oak Ridge Graduate 
E. Eichler of actinide nuclei Fellowship Program 
N. R. Johnson 
R. H. Busey Enthalpies of Formation of National Science 

TczO7(c) and Tc04-(aq) by Foundation 
Solution Calorimetry Science Faculty 
(Ph.D. thesis, 1973) Fellowship 

S. Datz 
H. F. Krause ular beams 

S. Datz Excited atom-molecule reactions Oak Ridge Graduate 
H. F. Krause Fellowship Program 

M. 0. Krause Photoelectron and x-ray spectrom- .4SLA/Fulbright- 
etry of actinide elements and 
compounds versity of Tennessee 

Hot-atom collisions using molec- 

Hays and Univer- 

Research Grant 

M. H. Lietzke The Standard Potential of the Ag, 
AgBr Electrode in DBr Solutions 
(M.S thesis, Marrh 1974) 

G. M. Brown Structure of heteropoly acids University of Libge 
H. A. Levy 

S. Datz Low energy electron-induced 
sputtering of alkali halides 

C. J. Collins Organic cations and trace analysis University of 

0. L. KeUer, Jr. Solid-state Studies of Some University of 
L. J. Nugent Actinide Elements and Com- Tennessee 

Tennessee 

Research Grant pounds (P1i.D. thesis, August 
1973) 

A. €I. Narten Amorphous water University of Chicago 

UNDERGRADUATE 

O W L  Research P r q p m  Sponsor 

Microwave and Radio-Frequency 
Spectroscopy 

Physical Chemistry 
Organic Chernistiy 

Neutron and X-Ray Diffraction 

Physical Chemistry 

Neutron and X-Ray Diffraction 

Organic Chemistry 

Radiation Chemistry 
Organic Chemistry 

Southern College University T.Jnion 

ORAU Summer Student Trainee Program 

Southern College University Union 

ORAU Summer Student Trainee Program 

ORAU Summer Student Trainee Program 

Great Lakes Colleges Association 

ORAU Summer Student Trainee Program 
Great Lakes Colleges Association 
Great Lakes Colleges Association 
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INTERNAL DISTRIBUTION 

1. Biology Library 

5. Laboratory Shift Supervisor 
6. MIT Practice School 
7. OWL--Y-12 Technical Library Document 

Reference Section 

2-4. Central Research Library 

8-22. Laboratory Records Department 
23. Laboratory Records, ORNL R.C. 
24. H. 1. Adler 
25. P. A. Agron 
26. B. K. Annis 
27. S. I. Auerbacli 
28. J. A. Auxier 
29. A. L. Bacarella 
30. C. F. Baes 
31. W. H. Baldwin 
32. S. E. Beall 
33. C. M. Begun 
34. C. E. Bemis, Jr. 
35. D.S.Bil1ington . 
36. E. G. Bvhlmann 
37. C. J. Borkowski 
38. J. Braunstein 
39. M. A. Bredig 
40. H. R. Bronstein 
41. A.  R. Brosi 
42. G. M. Brown 
43. J. H. Burns 
44. R.H.Busey 
45. W. R. Busing 
46. T. A. Carlson 
47. H. P. Carter 
48. G. H. Cartledge 
49. C .  J .  Collins 
50. F. L. Culler 
51. S.  Datz 
52. L. Dresner 
53. J. S. Drury 
54. A. S. Dworkin 
55. E. Eiclder 
56. G. G. Fee 
57. D. E. Ferguson 
58. R. L. Fergusori 
59. J. L. C. Ford 
60. W. Fulkerson 
61. E. L. Fuller 
62. R. V. Gentry 

63. J. A. Ghormley 
64. J. H. Gillette 
65. L. 0. Gilpatrick 
66.. C. D. Goodman 
67. W. R. Grimes 
68. R.L.Hahn 
69. J. Halperin 
70. R. F. Hibbs 
71. C.  J. Hochanadel 
72. H. F. Holmes 
73. C. K. Johnson 
74. J. S. Johnson, Jr. 
75. N. R. Johnson 
76. 0. L. Keller, Jr. 
77. E.$.Kelly 
78. B. H. Ketelle 
79. K. A. Kraus 
80. M. 0. Krause 
8 1. W. C. Kuykendall 
82. E.Lamb 
83. H.A.Levy 
84. M. H. Lietzke 
85. K. Livingston 
86. R. 5. Livingston 
87. B.K.Lyon 
88. R. N. Lyon 
89. W. L. Marshall. 
90. Peter Mazur 
91. H. F. McDuffie 
92. J. K. McNally, Jr. 
93. L. E. McNeese 
94. R. E. Mesmer 
95. R. E. Meyer 
96. R. E. Minturn 

97-100. G .  E. Moore 
101. A. H. Narten 
102. L. J .  Nugent 
103. G. D. O’Kelley 

104 105. R. 8. Parker 
106. F . Plasil 
107. J. J. Pinajian 
108. F. A. Posey 
109. H. Postma 
110. A. S. Quist 
11 1. R. J. Raridon 
112. S .  A. Reynolds 
113. C. R. Richmond 
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114. M. W. Rosenthal 
115. R. M. Rush 
116. H. W. Schmitt 
117. W. D. Shults 
118. S. Siege1 
119. M. J. Skinner 
120. W. G. Smith 
121. A. H. Snell 
122. P. H. Stelson 
123. J. N. Stevenson 
124. R. W. Stoughton 
125. D. A. Sundberg 
126. T. J. Sworski 

127-186, E. H. Taylor 

187. W. E. Thiessen 
188. R. E.  thom ma 
189. J. R. Totter 
190. K. S .  Toth 
191. L. M. Toth 
192. D. B. Trauger 
193. J. R. Weir, Jr. 
194. J. C. White 
195. M. K. Wilkinson 
194. A. Zucker 
197. George S. Hammond (Advisory Committee) 
198. Edward A. Mason (Advisory Committee) 
199. John 0. Rasmussen (Advisory Committee) 
200. Stuart A. Rice (Advisory Committee) 

EXTERNAL DISTRIBUTION 

201. D. A. Rromley, Department of Physics, Yale University, New Haven, Conn. 06520 
202. Prof. Georges Duyckaerts, Institut de Chimie, Universite de LiZge, Sart T h a n ,  4000 Li6ge Belgium 
203. M. Fronient, President Section 05, Centre Nationale de la Recherche Scientifique, 15 Quai Anatole 

204. J .  H. Hamilton, Physics Department, Vanderbilt University, Nashville, Tenn. 37203 
205. Prof. G. I-Ierrmann, Institut fiir Anorganische Chemie und Kernchemie, Universitat Mainz, 6500 Mainz, 

204. 6. W. Johnson, Director, Division of Applied Technology, USAEC, Washington, D. C. 20545 
207. Prof. M. Lefort, Institut de Physique Nuclkaire, B. P. No. 1,91406 Orsay, France. 
208. J. L. Livennan, Director, Biomedical & Environmental Research, IJSAEC, Washington, D.C. 20545 
209. H. G. MacIJherson, Institute for Energy Analysis, P.O. Box 117, Oak Ridge, Tenn. 37830 
210. L. G. Mayfield, Deputy Director, Division of Advanced Technology Application, National Science 

21 1. D. R. Miller, Division of Physical Research, USAEC, Washington, D.C. 20545 
21 2. J. R. Peterson, Department of Chemistry, University of Tennessee, Knoxville, Tenn. 37916 
213. E. S. Pierce, Assistant Director for Molecular Sciences 9r Energy Research, Division of Physical Research, 

214. P. L. Johnson, Executive Director, Oak Ridge Associated Universities, P.O. Box 117, Oak Ridge, Tenn. 

21 5. Robert Rabin, Division of Environmental Systems and Resources, National Science Foundation, 1800 G 

216. G .  L. Rogosa, Acting Assistant Director for Nuclear Sciences, Division of Physical Research, USAEC, 

217. R. H. Schder, Radiation Research Laboratories, Mellon Institute of Science, Carnegie-Mellon University, 

218. D. K. Stevens, Assistant Director for Materials Sciences, Division of Physical Research, USAEC, 

219. J. M. Teem, Director, Division of Physical Research, USAEC, Washington, D.C. 20545 
220. A. M. Weinberg, Director, New Energy R & D Office (FEO), Office of Energy R 2%. D, 145 Old Executive 

221. Research and Technical Support Division, AEC-OR0 
222. Technion, Israel Institute of Technology, Department of Nuclear Science, Haifa, lsrael 
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