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With suppori for rcsearch st111 declining, chemsts at 
ORNL are being converted to other occupations, some 
drawing partly on chemical training and others only on 
the general problem-solving abilities of persons educated 
and experienced in science. The Chemistry Divlsion is, 
of necessity, participaiing in this conversion; i t  has 
supplied members of its staff to the task of evaluating 
the impact of reactors on their environments, to  the 
Environmentdl Information Center, and to the Mathe- 
maltcs Division. A few other instances of conversion 
wdl probably occur by the time this appears. These 
ventures seem to be stimulating to the persons con- 
cerned and may bring new and rewarding careers to 
some. In a less obvious way, other members of the 
Divlsion are turning to problems that require broader 
considerations than do, for example, the discovery and 
characterization of a new radioisotope or a new steroid. 
Members of the Water Research Program, largely drawn 
f rom the Chemistry Division, have been balancing 
chemistry, engineering, economics, and practical soci- 
ology for years, and more and more of the staff are 
being brought into cornniittees, study groups, and other 
part-time exercises that dead wtli rnultidisciplinary 
problerns and the Laboratory’s role in attacking them. 
Again, t h s  broadening of outlook is welcomed by the 
participants and, one hopes, will be valuable to  the 
Laboratory and to society. 

However, not all of the problems of the world will go 
away with thinking about them, no  matter how 
broadly, and not all of the inforrnatiori necessary for 
solving technical aspects of them will be available or 
quickly acquired by obvlous measurements. We need a 
continuing, relatively free search foi understanding of 
natural phenomena if we are going to  continue to  live in 
reasonable comfort and safety III a world of great 
natural complexity. 

This has been an article of’ faith aniong scientists for  
many years, but one that does not now hold so much 
respect elsewhere as it once did. This report is too 
parochial to  be a useful forum for converting noii- 
believers, but perhaps the congregation itself would be 
heartened by a few examples that tend to  support the 
Faith. 

Introduction 

ix 

IC one wishes to be generous, he can admit to three 
kinds of discovery that demonstrate the role of un- 
directed science in the support of practical matters. The 
first and most convincing is the discovery of a new 
phenomenon or substance that can thcn be put to 
practical use like the trmsistot, The second (in a way 
a nondiscovery) is the realization in the course of 
practical work that a necessary understanding of the 
underlying science is deficient. Atid the third is a 
discovery in pure science that demonstrates an error or 
deficiency in sonie part of science. As long as unex- 
pected results keep turning up, orie can hardly say we 
understand the natural world well enough to stop 
poking around i n  it. 

So, where do we stand in this? What have we done for 
us today? 

Witti transistors, this ye:ir’s score (like most years’ foi 
most people) is zero. We do keep busy laking advantage 
of earliei such discoveries like dytiainically fbrnied 
tnembranes for hyperfiltration. 0 1  like last year’s 
realization that a voltage pulse tecliniyue for studying 
electrode kinetics could provide a new, practical 
nie thr~d for measuring elecl roly tic conductivity. 
Neither, of course, ranks with the transistor, but you’ve 
got to do  the best you can with what you’ve got, eilher 
in burlesque or in chemistry. 

As we enter further into more directly practical 
studies, we learn more about deticiencies in our 
fundamental knowledge - the nondiscoveries that need 
to be made so that we can reach an already recognized 
practical objective. An almost continuous exaniple of 
this is those areas of work combining hydrodynamics 
and chemistry. I t  i s  not possible to proceed entirely 
rationally with even so long used an art as Gltration 
(hyper or otherwse) because of deficient under- 
standing, and this year it came once more to our 
attention in proposing a study o f  bacterial production 
of methane. What, in fact, axe the kinetic limits to  such 
a process if it is carried out with soinc control of the 
tnass transfer? Alniost anything useful we try to do  
with packed beds, slurries, porous electrodes, and so or1 

demonstrates that we don’t know enough about the 
fundamentals to do  practical things easily and surely. 
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The fmal kind of discovery, the one which shows our 
fundamental edifice is not yet pcrfcct, is probably the 
easiest to document, since most of our interest is in just 
those experiments that probe the adequacy of theory. 
Regrettably, we have not shattered any conservation 
laws this year, but a couple o f  results are so unexpected 
that they put considerable pressure on current theories 
of the phenomena involved. 

Fission, our favorite phenomenon, is still understood 
largely on the liquid-drop model, somewhat embellished 
since the days of Bohr and Wheeler. However, during 
this year, Coulomb excitation experiments on heavy 
nuclei have revealed that even-even nuclides in the 
ac t in ide  rcgion have measurable hexadecapole 
moments, the largest at 2 3 4 U .  The shape indicated, a 
football that has swallowed a discus the hard way, 
would certainly not have been predicted by the 
liquid-drop model. We had better have better models if 
nuclear reactions continue to be of great practical 
interest. 

Another surprise turned up outside the nucleus. For 
several years, free radicals have been studied here by 
ESR after they were produced photolytically in solu- 
tion, It proved to be a good way to study the structure 
and chemical reactivity of numerous interesting species, 
but no particular surprises emerged from this closer (or 
sometimes first) look at a number of radicals. However, 
with tartaric acid a surprise has indeed appeared. 

Radicals are normally born in approximate equilibrium 
with their environment (except for the big step that 
makes them radicals) and are more than half in the 
lower spin state and hence are detected in absorption. 
The radjcal from tartaric acid is different - it is born 
mostly in the upper spin state and appears in emission 
- a little microwave firefly winking through the 
solution. Theory can explain a rather small polarization, 
but nothing like that observed. 

So, we have two more hints that we’ve not yet gotten 
back to that unhappy state (first reached just before 
Rontgen discovered x rays) in which all natural 
p1ienornen:i were thought to be predictable by existing 
theories. And if they aren’t, we’d better press on, not 
only because it’s fun but because among the remaining 
mysteries may be some unexpected benefits. We can he 
happy that there are new challenges outside of our 
original bounds, but we should not forget that future 
opportunities will be poorer if we cannot continue to  
study Nature for her own sake. 

Finally, a note of regret. On June 22, Quentin Larson, 
a inember of the Laboratory for nearly 29 years, most 
of them in the Chemistry Division, died suddenly at 
work. IIis formal training was as a printer, but he 
became a chemist through self-education and practice 
and was a talented experimentalist. The Laboratory will 
miss h s  abilities, and his associates will miss his 
friendship. 
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THERMAL-NEUTRON CAPTURE CROSS SECTION 
AND RESONANCE INTEGRAL 

FOR 10.7-YEAR 8 5  Kr' 

C. E. Reinis, Jr. 
R. E. Dnischel 

J. Halperiri 
J.  R. Walton2 

The long-term storage and/or disposal of the ra&tr 
dctive noble gas fission products recovered in the 
processing of spent power-reactor luels poses especially 
difficult techriolog~al problems. Perhaps the most 
impurtant raIe gas fission product presenting such 
problems is the 10.7-year ' %r (1 3% cumulative U 
fission yield). We have measured the thermal-neutron 
capture ctoss section and resonance integral of * Kr in 
order to  evaluate the burnup that might be experienced 
111 reactor spectra. By irradiating 99.992% "Kr 111 

catefiilly monitored experiments and nieasuririg the 
increase 111 the "Kr produced, we have found 
uth(85Kr)  1.66 k. 0.20 b and f(*'Kr) = 1.8 5 1.0 b 
respectively. We conclude from our results that ttie 
burnup of radioactive 85Kr in powel ieactois as a 
possible means of disposal IS not feasible. 

1. Published as a technical note, Nucl. Sci. h'ng. 47, 371L72 

2. Analytical Chemistry Division. 
( 19 7 2). 

SEARCH FOR BETA DECAY OF ' Zr 

E. Eichler J .  S .  Eldndgei 
G. D. O'Kelley J .  B. Ball2 

Of the nuclei with masses below A = 150, nine are 
energetically unstable with respect to beta decay but 
possess half-lives long enough to permit them to exist in 
nature in measurable amounts. We note that the 
heaviest isotope of zirconium should be considered a 
member of this group, and we report below a prelimi- 
naiy attempt to detect the radioactive decay of 96Zr. 

The 1971 Atomic Mass Adjustment by Wapstra and 
Gove3 lists the Q value for beta decay of 96%r to 9 6 N b  
as 183 rt- 6 keV. The low-lying levels of "Nb shown in 

Chemistry 

Fig. 1.1 are taken from the study of the reaction 
96Zr(3fie,t)96Nb by Comfort et aL4 Figure 1.1 shows 
schematically that the only energy levels o f  96Nb which 
he within the energy avalable for beta decay are the 
ground state (b+) and the excited states at 45 keV 45') 
and 152 keV (4+). All of the possible beta transitions 
are highly furbidden, namely, Af 2 4 and no parity 
change. The low decay enelgy available and the highly 
forbidden nature of the possible transitions iire consist- 
ent with the long half-life of '"1. The beta transition 
most amenable t o  detection is expected to  be the 
foutth-forbidden, nonunique transition to the 152-keV 
excited state of "Nb. The eneigy of this transition is 
expected to be only about 3 1 keV. 

by the 
presence of its daughter nuclide, 23.4-hr "Nb, whose 
charac teristic gamma-ray spectrum is we1 I known. In 
the ORNL low-liackground panmia spectrometer, the 
pattern of I;oincidcnt gamma transitions from 9 h  Nb 
yields both a high detection sensitivity and an identifi- 
cation of the radionuclide. The sample consisted of' 

We attempled lo detect the beta decay 

0RNI.- D'NG. 7%- 5040 

3+ 19125 o+ >3.6 x 10l7y 

103+G 

5+ 45+5 

'. 3 7 U h  
i 6+ 

Fig. 1.1. Low-lying energy levels in 96Nb shown with respect 
to the ground state of 96Zr. Thc Q value for beta decay of 96Zr 
IS taken from ref. 3. Energies are in keV. 

1 



9.64 g of zirconiirm enriched to 57.4% 96Zr.  The 
zirconium as the chemical compound % r 0 2  was com- 
pressed into a cylinder and loaded into a plastic holder. 

?'he sample was measured in the low-background 
gamma spectrometer for 9573 min and the background 
for 6637 min. A preliminary analysis of the data 
showed that the ZrOz sample contained detectable 
arnoun ts of thorium and uranium. Spectrum libraries 
for calibration of the instrument were prepared from 
Zr02 samples of natural isotopic composition, each 
containing a known arnoi.int of either 96Nb,  Th, or U. 

'l'he data analysis followed the general approach used 
for lunar sample The experimental singles and 
coincidcnce spectra were fitted by use of a least-squares 
computer program developed by S ~ h o n f e l d . ~  The com- 
puter analysis showcd that our ability to detect 96Nb in 
the enriched zirconium sample was seriously impaired 
by the prcscnce of 3.8 ppm Th and 0.8 ppin U. No 
96Nb was detected in this experiment. An upper limit 
of G0.13 dis/min of 96Nb was established by least- 
squares analysis, from which we infer a half-life of at 
least 3.6 X 10l7 years, possibly the longest half-life 
known for a beta-unstable nucleus. 

The energy of 3 1 keV for the 0' + 4' beta transition 
and the lower limit for the half-life lead to a value of 
log ft 221.6. This result is consistent with values8 of 
log ft for two fourth-forbidden, nonunique beta transi- 
tions computed from experimental data, 22.6 for the 
transition 1'In(g/2'> -+ ' l'Sn('h+) and 23.2 for the 
transition 3Cd(1/2+) -> 31n(9/2'). The near agree- 
ment between the measured values of log ft for similar 
cases and tlie lower limit on log ft for the decay of 
96Zr,  together with the uncertainty in the beta transi- 
tion energy, suggest tliat the half-life of 96Zr  may be 
measurable by the method described herc, provided 
that a large source of zirconium of sufficient purity can 
be found. 

1. Analytical Chemistry Division. 
2. Physics Division. 
3. A. 11. Wapstra and N. B. Gove, Nucl. Data Tables 9, 265 

(1971). 
4. J. R. Comfort, J. V. Maher, G. C. Morrison, and J. P. 

Schiffer,Phys. Rev. Lett .  25, 383 (1970). 
5. 1-1. W. Taylor, B.  Singh, R. J .  Cox, and A. H. Kukoc, Z.  

Phys. 239, 42 (1970). 
6. G. D. O'Kelley, J .  S. Eldridge, E. Schonfeld, and P. R. Bell, 

pp. 1407-23 in Proceedings of the Rpollo I 1  Lunar Science 
Conference. Geochim. Cosmochim Acta, suppl. 1, vol. 2, 
Pergamon, 1970. 

7. E. Schonfeld, Nucl. Inshum. Methods52, 177 (1967). 
8. S. Ramdn and N. R. Gove, to be published in the Physical 

Review. 
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GAMMA-RAY STUDIES ON I B E  DECAY 
OF 2.42-MIN 'Ag' 

N. C. Singha12 E. kichler 
N. R. Johnson J .  H. Hamilton3 

Gamma-ray singles and coincidence measurements 
following the decay of 2.42-min l o 8 A g  have been 
performed with 4.C)-cm3 Ge(Li) and 3 X 3 in. Nal(?'l) de- 
tectors. A total of 13 gamma rays have been assigned to 
08Ag decay, and their energies and intensities have 

been measured accurately. From the coincidence meas. 
urements and energy sum relationships, 12 gamma rays 
have been fitted into the level scheme of lo8Pd as 
shown in Fig. 1.2. The levels populated have the 
following energies (and spins): 433.96 ( 2 + ) ,  931.06 
(2+) ,  1052.82 (0+), 1314.22 (O+), 1441.18 ( 2 + ) ,  and 
1539.97 (1,2) keV. The first excited state of "'Cd a t  
632.98 keV (2') i s  also populated by the beta decay of 

The spins of the 1052.82- and 1314.22-keV levels 
were determined uniquely as 0 from tlie Ge(Li)-NaI(T1) 
directional-correlation measurements. The 144 1.18-keV 
level has been assigned a spin of 2, and the niultipo- 
larity of the 1007.22-keV transition is established as E2 
+ <2% M1.  A discussion o f  the 08Pd levels within the 
vibrational framework is included in the account to be 
published' soon. 

108Ag. 

1. Modified abstract of a paper submitted for publication in 
the Physical Review. A preliminary account of the rneasure- 
rnznts appeared previously: N. C. Singhal, N. R. Johnson, E. 
Eichler, and J. II. Hamilton, Chem. Div. Annu. Prop. Rep. May 
20, 1971, ORNL-4706. p. 12. 

2. Graduate student from Vanderbilt University, Nashville, 
Tenn. 

3. Physics Department, Vanderbilt University, Nashville, 
Tenn. 

Nd DECAY 

A. R. Brosi 3. H. Ketelle 

Neodymium- 136 decays with a 50-min half-life, 
largely by- electron capture througli a 109-keV transi- 
tion to 13.1-min 36Pr. One of the puzzling aspects of 

Nd decay has been that it appeared to decay to a 2' 
ground state, whereas the nuclear spin systematics 
suggested that the ground-state spin would be 3 +. 

Another puzzling aspect of 1 3 6 N d  decay has been that 
the total intensity of the Nd radiations appeared to 
be about 20% lower than would be expected from the 
intensities of the 36Pr daughter radiations. 
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46 

Fig. 1.2. Energy levels in losPd and lnsCd populated in the decay of 2.41-min "'Ag. The excitation eneryieb xe giceri in keV 
A dot on the tall of the arrow indicates that the transition wd5 observed m comadence with the 433.96-keV gamma rdy.  

The fiist putzle appears to have been solved when we 
found a new 40-keV gainma ray which follows the 
I09-keV transition. Conversion coefficients indicate 
that the new 40-keV transition has Ml  multipolarity 
and that a 149-keV transition is an essentially pure E2 
transition. Since beta decay from the 0' level of I Nd 
to the 149-keV level i n  1 3 6 P ~  is dlowed, the 149-Lev 
level must have a 1' spin assignment, and the inost 
probable spin for the 

In eailier attempts to measure gamma-gamma coiiici- 
dences rhe rates were extremely low, arid ariy net 
counts were obscured by coincidences which resulted 
from scattering between detectors and by random 
coincidence counts. New coincidence mea5uremenls 
made with a high-efficiency coaxial germanium detector 
wnth excellent energy arid time resolution on one stde 
and d small pldndr germanium detector with good 
energy and time resolution on the other side have given 
statistically valid net coincidence counts. When the 
planar detector was a 1-cm' high-resolution x-ray 
counter, gamma spectra coincident with praseodymium 
x rays and with the 40-keV gamma transition were 
obtained. When a planar detector with a volume of 5 

Pr ground state is 3 +. 

err? was used, net gamma spectra coincident with some 
of the low-energy gamma transitions were obtained. I t  
now appears that the discrepancy between the total 
intensity of the * 3 6 N d  radiations and the riuniber of 

j6Pr  daughter disintegrations can bc accounted for by 
the presence of rnatiy low-intensity gamma transitions 
following 36Nd decay, which were not seen in earlier 
work. Some of the level energies deduced from coinci- 
dence nieasiirenients are give11 in Table 1.1, along with 
level spin assignments which are based on conversion 
coefficien ts. 

Table 1.1. Energy IeveLs populated by 36Nd decay 
-__- 

Approximate level energy (keV) Probable spin assign ~ n e  nt 

Ground state 
40 

149 
183 
415 
515 
794 
942 

3" 
2 +  
I +  
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DISCOVERY OF NEW ISOTOPES 
FAR FROM STABILITY' 

K. S. Toth2 
R. L. Hahn 

M. A. Ijaz3 
C. K. Ringhani" 

R. F. Walker, Jr.' 

We have continued our search at ORIC for new 
isotopes far from stability by conibiiiing the helium 
gas-jet technique and alpha-particle spectroscopy. Over 
the past few years the effort6- l o  has been directed 
toward tlie production of previously unknown rare- 
earth isotopes with neutron numbers of 86 and 8'7. In 
that time a total of ten such alpha-emitting nuclear 
species have been discovered ranging in atomic number 
from 67  (h01rniui-n)~~~ to 70 (ytterbium).8 Last year 
we began the search for the lutetium ( Z  = 71) and 
hafnium (L  :I '72) nuclides. In a scrics of bombardments 
of ' 4 4 S m  with 160-MeV "Ne ioiis, the alpha decay of ' 

:I: 5.09 f 0.01 MeV 
and i I l 2  5.6 * 0.5 sec. More work is being done t o  
confirm this assignment. The data indicated that at least 
one of the lutetium isotopes was also seen; a more 
definitive experiment is now being planned t o  make 
IS7Lu  and 1s81,u by bombarding I4"Sm with I 9 F  
ions. 

9Hf was indeed observed, with 

We have also extended our studies t o  a new region of 
the periodic table by  bombarding 6Dy with the Ne 
beam to produce I Os and ' 7 0 0 s ,  located 19 and 20 
mass units away from the line of beta stability. In tlie 
experiments, alpha spectra were measured at various 
*'Ne bombarding energies, covering tlie range from 152 
to  101 MeV. In addition to the 1Psec 5.105-MeV alpha 
group that had previously been assigned' ' to I7'Os, 
two new alpha emitters were observed. 'Their half-lives 
and alpha-decay energies were as follows: (1) Ti,* = 
7.1 sec, E, = 5.40 t 0.01 MeV and (2) Tl12  = 8.2 sec. 
E, = 5.24 a 0.01 MeV. The three alpha groups can be 
seen in Fig. 1.3, which shows spectra measured at 
141.5, 130.6, and 119.2 MeV. 'The intensities of the 
alpha peaks relative to one another vary with bombard- 
ing energy in a manner that indicates that the mass 
numbers of 1he iiew alpha emitters are less than 172. 

Figure l.4 shows yields measured as a function of 
bombarding energy for the three alpha groups. The 
yields were corrected for differences in beam intensity 
and half-lives; the ordinate scale in Fig. 1.4, however, is 
in relative units because the alpha/total branching ratios 
for the alpha emitters are not known. Curves shown in 
the figure represent excitation functions for various 

ORNL-DIG 7 2 - 2 0 7 2  
120 i-- 1 

'56Dy + 141 5 MeV "Ne 1 
T 

'56Dy + 130 6 MeV "Ne 1 
i 
I 

I 

110 

100 

90 

80 

70 

m - 5 60 
0 " 

50 

40 

0 10 20 30 40 0 10 20 30 40 
CHANNEL NUMBER 

0 (0 20 30 40 

Fig. 1.3. Alpha spectra measured at "Ne bonibarding energies of 141.5, 130.6, and 119.2 MeV. 
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Fig. 1.4. Yields measuted as a function of bombarding energy 
fur Os and the two new alpha groups observed in this study. 
Curves reyrescnt excitation functions calculated from the 
statistical model for various s61)y(20Ne,xn) reactions 

1-72 

(2 "Ne,xxn) reactions obtained by statisticalmodel calcu- 
latiuns. The magnitudes of the tlieoretical excitation 
functions were tiormali~ed separately to each set of 
data points by assuming that the three alpha emitters 
were produced by the emission oE four, five, and siu 
neutrons from the compound nucleus Os. It is seen 
that not only do our results support the assigninent' ' 
of the 5.105-MeV alpha group to 3 7 2 0 s  but the 
(20Ne,5n) and (20Ne,6n)  c~irves reproduce the data 
poi11 ts for the new alpha activities reasonably well. The 
indication, then, IS that the 5.23- and 5.40-MeV alpha 
groups are due to  ttie decay of ' 7 1  Os and 7 0 0 s  
respectively. Confirmatory evidence for these assign- 
ments conies fioni the agreement of the observed 
nlpha-particle energies with those expected from alpha- 
decay systematics 

1. Portions of this work appcared in Pkys. Div. Annu. Progr. 

2. Physics Division. 
3 .  Virginia Polytechnic Institute and State University, Hlacks- 

burg. 
4. University of Tennessee, Knoxville. 
5 .  Centenary College, Shreveport, La. 

Rep.  L k .  31, 1971, ORNL-4743, p. 77. 

6 .  R. L. Haiin, K. S .  'Totti, and T. H. Handley, Phys. Rev. 

7. K. S. Totli, R. I>. Hahn, bf. F. Roche, and D. S. Brenner, 

8. K. S. Toth, R. L. Hahn, M. A. Ijaz, and W. M. Sample, 

9. R. S. "0th and R. L. Hahn, Phyx Rev. C 3, 854 (1971). 
10. K. S .  Toth, R. L. Hahn, and hl. A. Ijaz, Phys. Rev. C 4, 

11. J .  Horggreen and E. K. Hydc, iVucl. Phys. A 162, 407 

163, 1291 (1967). 

Pkys. Rev. 183, 1004 (1969). 

Pkys. Rev. C 2 ,  1480 (1970). 
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BRANCHING RATIOS OF 
'SODy, IslDy,AND 149WZTbl 

D. U O'Kain' 
C K. Bingharn3 

K. S. Toth4 
R L, Hatin 

Many of the neutron-deficient rare-eartli nuclides 
have been characterized only by their alpha-decay 
branches In an initial attempt to study the electroii- 
capture (hC) decay of such nuclei, we trave determined 
nlpha/x-ray ratios for I5ODy, 

The radioactivities were produced at ORIC by bom- 
barding l 4  'Pr with I 4 N  and "C ions. Recoil nuclei 
were collected in a gas-jet system and deposited upon 
aluminum foils for assay. 7 o obtairi tltc alpha/x-ray 
ratios, the alpha particles were detected with an Si(Au) 
detector and the Y rays with a Ge(L1) detector. 
Corrections to the data were made for detzctor effici- 
encies, iadioactive decay, and fluorescence yields. 

I f  we assume, as ha been done pieviously for these 
nuclides,' that the observed x rays arise primarily from 
orbital electron capture, then we can obtain good 
estimates of the alpha/EC ratios 'I his assumption will 
be valid if the O"-decay mode that competes with 
electron capture is energetically unfavored and if few 
low-eoer~y, highly internally converted gamma-ray 
transitions occur in the decay scheme. The resulting 
alpha/EC ratios are given in Table 1 2. Agreemerit 
between the present work and previously published 
results' for " Dy and 14'"Tb is good, although our 
results are slightly highei than those of ref. 5. For 
I Dy our value IS not only higher than pi evious results 
but significantly outside the estimated Irirut of error. 

Dy, and '49mTb. 

Table 1.2. Alpha/EC ratios 

Alpha/JX 
This work From ref. 5 

TJY 0.32 3- 0.06 0.1 E -ir 0.02 
DY 

--_-. 

___I_ Nuchde 
- 

1 5 0  

1 5 1  

149171Tb 
0.068 * 0.015 

0.01)041 3- 0.00008 
0.06 k 0.006 

0.00025 k 0.00005 



This discrepancy may indicate a systematic error in one 
of the values and suggests some of the difficulties 
inherent in measurements of alpha/EC. 

............................. 

1. A discussion of  this work has appearcd in the M.S. thesis 

2. University of Tennessee, Knoxville, and ORGUP. 
3.  University of rennessee, Knoxville. 
4. Physics Division. 
5 .  R .  D. Macfarlane and D. Mi. Seegmiller, Nucl. Phys. 53, 

of D. U. O'Kain, Univcrsity of l'enncssee, Knoxville. 

449 (1964). 

COULOMB EXCIT.4TION OF 10' STATES 
IN ' 6 2 1 ) ~ A N D  164c)y  

R. 0. Sayer' 
E. Eichler D. C .  Hensley' 

Noah R. Johnson 

I... L. Riedinger3 

We have measured the multiple Coulomb excitation 
of "Uy and ' Dy as a sensitive test of the rotational 
predictions for B(E2) ratios in the ground-state bands 
of rare-earth nuclei. Since deviations from the rota- 
tional energies increase rapidly with increasing spin, one 
might expect B(E2) ratios between higli-spin states to 
be significantly different from simple ratios of Clebsch- 
Cordan coefficients. It is important to measure A(E2) 
values accurately because they should be quite sensitive 
to details of the nuclear structure not reflected by the 
level energies. 

Multiple Coulomb excitation with heavy ions is a 
natural tool for getting B(E2) values for high-spin 
states. The dysprosium nuclei were chosen because they 
are midway between proton shell closures; they are 

good rotors, and their levels lie low in energy and thus 
are relatively easy to excite. 

A Ge(Li) detector was used to observe the deexcita- 
tion gamna rays in singles and in coincidence with 
projectiles backscattered into a ring counter. Coinci- 
dence data were taken in a three-parameter (gamma-ray, 
heavy-ion, and time) mode using a 'I'ennelec analog-to- 
digital converter interfaced to an SEL 910A computer. 
Data were stored on magnetic tape in list mode. 

States in the ground band up to J = 10 were 
populated in these measurements. Figure 1.5 shows a 
singles (ungated) spectrum for 126.5-MeV 35C1 ions on ' ' Dy, while Fig. 1.6 chows the backscattered-heavy- 
ion-gamma-ray coincidence spectruni. The 10 + 8 
transition appears strongly in the coincidence spectrum 
of Fig. 1.6. Since the germanium detector was at O", the 
transitions from higher-lying, shorter-lived states exhibit 
appreciable Doppler shifts. This makes it hard to see 
weak transitions. Thus we also took coincident data at 
90" to minimize Doppler effects. 

Peak areas were corrected for detector efficiency, 
internal conversion, gamma-ray absorption by target 
and mount, angular distribution of gamma rays, cas- 
cades froin higher-lying states, and number of back- 
scattered ions to obtain experimental excitation proba- 
bilities, (Pj)exp. These are compared with theoretical 
values (PJ)theory calculated with the Winther-de Boer 
computer code for 61, 2, 3 ,  and 4 excitation of a thick 
target. However, ratios of excitation probabilities yield 
a more sensitive comparison with theory, because only 
the relative germanium efficiency enters and because 
the E2 matrix elements for lower states cancel. For 

O R N L - D W G  xlLK6J.2.A...... .................... .................... 
6 - 4  'H'T'3 8 - 6  f ---. I 4-2 

185 005 keV 282.86 keV 357 2 keV 372.75 keV 511.00 keV 

4 
DY 

CouLordB EXCITATION 
126 5 M ~ V  3 5 ~ 1  IONS 

r = i o ~ m  e=oo 

I62  
I I 1  

y SINGLES 

.- . e.. 
,- ' 

--+... :--?A,/ -.J 

..... 1 ...... I ..... J.A-~ .... i.. ..... J ..... A ...... l-*%--*. 1 '  ?-*a. 

200 400 600 800 1000 1200 1400 

Fig. 1.5. Gamma-ray spectr~m (ungated) of 62Dy following Coulomb excitation by 126.5-MeV 35C13k ions. 
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8-6  l4-71t 16-41 
372 7 6 W  467.97 Lev 

10-8 i 
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Fig. 1.6. Gamma-ray spectrum of 6zDy in coincidence with backscattered 126.5-MeV 3sC13t ions. 

Table 1.3. Summary of best values for probability ratios and a parameters 

Experiment/theory c r ~  104 
Nucleus 84 

RV4) N(*/6) R(' %I a(6/,) &(?6) Q('(&) {a)' B/Ab __ 
DY 0 0.892 20.046 0.916k0.042 1.17620.148 20 2 9  - 8 2 4  1 0 2 8  11 k 4  8.5 

+0.05 0.844 2 0.044 0.857 2 0.043 1.086 2 0.139 -29 2 9 -14 2 4  5 2 8 -20 2 4  

I 6 2  

DY 0 0.90720.053 0.878f0.038 1.107k0.132 - 1 7 2 1 0  - 1 2 2 4  6 2 7  - 1 2 2 4  7.0 1 6 4  

t0.05 0.865 40.053 0.822 k0.038 1.029 20.132 25 -i 10 17 2 4  2 t8 19 + 4  

"Weighted 'irerage of 01 values evtraeted from R(.J/f) valuri accordmg to 
ff 

Q,,& 0 = Qrot  rf, J) {I + -y [[(I + 1)  + Ju+ 1) 61 ), 
where Q(1, I) 1s a transitional matrix element. 

bExtracted from energy levels according to a = E / A ,  where E Q  =AZ(f + 1) - BZ2(f + 1)2 

example, the ratio R(6/4) = P6/P4 IS, to first order, 
propoitional to  B(E2,4 -+ 6 )  because U(E2,O -* 2) arid 
B(E2,2 -+ 4) cancel. 

A comparison of the experiniental probability ratios 
to Winther-de Boer calculalions iisiiig rotational 1:'2 
matrix elements is shown i n  Table 1.3. 'The data taken 
at 0 and 90" in cvincidence with beams of neon and 
chlorine ions are In good agreement for R('/6) and 
R(' 'g ,) but not for R(?+). LIowever, the corresponding 
singles values for R(6&) are in good agreement. We used 
the singles data for R(6/4) and the coincidence data for 
other ratios to  derive the weighted-aveiage values shown 
in Table 1.3. 

Theoretical values used to obtain the ratios in Table 
1.3 were calculatcd with the Winther-de Boer coni- 
puter code using. (1) rotational E2 reduced matrix 
elernents only, that is, 84 = 0, and (2) rotational E2 and 
E4 matrix elernents which correspond to 8 4 0  = +0.05 
where the usual Y4 deformation is assumed. 

with our values for the 6' and 8" levels. Our R(l 

values ale somewhat larger than, though still consistent 
with, theory. The three values do seem to indicate :i 

jump upward at the 10' state The main error inR(6/4) 
and R(8/6) is the relative gerrnanuitn detector efficiency, 
while statistical errors are more important For R(' 'I8). 

It  is important to point out that the K(J/l)theo,y 
values used for Table 1.3 were obtained from a 
semiclassical colculation sufficient for many experi- 
mental situations involving heavy ions. However, 
quantum corrections could be very important for 
high-spin states. Recently, Roesel, Alder, and Morfs 
estimatzd corrections of 30  to 50% for multiple 
excitativn of a 6' state with alpha particles I f  one 
assumes that quantal cor~ections go as l/q, this means ;I 
4 to 7% correction for excitation of a 6' state with 

Cl ions. Inclusion of quantum corrections would 
increase the B(f?2) values extracted from our data. This 
would bring oui expenmental values of R(6&> arid 
R(8/,) closer to theory but would inciease the variance 

For the case of nu E4 matrix elements, the R(%) ;ind between experiment and theory for the R("/8) value. I t  
I?('&) experimental values are 9 and 12% smaller thin can be seen that when p4 = 0.05 is used in the 
rotor predictions respectively. Kiedinger arid co- theoretical calculation, the w e t  aU :igreenletit between 
workers4 at Notie Dame have used 6 O  ions to obtain the experiniental and theoretical rdhos is not helped 
preliminary iesults which indicate possible agreement appreciably. 
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In Table 1.3 we also show our results in terms of the 
cy parameter. This parameter is spin-independent and 
describes the effect of centrifugal stretching. The three 
cy values are not consistent. ‘The values from R(6/4) and 
X(”) are negative, whereas those from the energy levels 
are positive, so our results contradict the simple 
centrifugal stretching picture. 

It is well known that a reduction in the pair 
correlations by the Coriolis force contributes signifi- 
cantly to the level depression. From <.he present 
dysprosium data and from earlier work at Berkeley and 
Oak Ridge on erbium and ytterbium nuclei, it is clear 
that effects other than stretching produce changes in 
the B(E2) values. Unfortunately, it is not known 
whether the Coriolis an tipairing would tend to increase 
or decrease B(E2). ‘There may be other spin-dependent 
contributions as well. 

1. Oak Ridge Associated Universities Research Participant 

2. Physics Division. 
3 .  Physics Department, University of lennessee, Knoxville. 
4. L. L. Riedinger et al., private communication. 
5. F. Roescl, K. Alder, and R. Morf, to be published. 

from Furman University, Greenville, S.C., summer 1971. 

HAND MIXING IN ’ Gd AND ’ Gd 

A.  1:. Kluk’ Noah R. Johnson J .  H. Hamilton’ 

In even-even deformed nuclei, the ground-state rota- 
tiorial and 0- and y-vibrational levels are well known to 
couple with each other through the rotation-vibration 
interaction. For interband transitions this coupling 
alters the ratios of reduced transition probabilities from 
the simple adiabatic predictions based on the collective 
model of Bohr and M ~ t t e l s o n . ~ , ~  The extent of the 
coupling between the 0- and y-vibrational bands and the 
ground-state rotational band has been analyzed in terms 
of Zp and Z, ,  respectively, the spin-independent band 
mixing parameters. 

In the first approximation, a single value of Zp is 
expected to explain all of the observed branching ratios 
for transitions between members of the 0-vibrational 
and ground-state bands, and likewise a single value of 
Zv should account for transition intensities between the 
y-vibratjonal levels and the ground-state band. However, 
it has been necessary to  make further developments of 
the theory in which the effects of interactions between 
the /3- and y-vibrational bands are considered.’ Invest&- 
ation8 have shown that in l’’Sn1 and 1 5 4 G d  a 
consistent Zy parameter is obtained only after the 
effects of mixing between the /3- and y-vibrational bands 
are included. Unfortunately, this new consideration of 

0-7 mixing still did not yield an internally consistent Zp 
mixing parameter for ’Sm and 54Gd (see ref. 5). 

These studies of /3 and y vibrations have been 
extended to the more highly deformed systems ’ 6Gd 
and 158Gd,  and in a previous report6 we described 
some of oiir preliminary results on the properties of 
excited K = 0 and K = 2 bands in these nuclei. Since 
that time we have made numerous additional measure- 
ments in an effort to achieve minimal error limits on 
the ratios of reduced electric quadrupole (E2) transition 
probabilities from these K = 0 and K = 2 bands. 

Sources of radioactive ’ Eu and Eu were used in 
the present experiments. Ge(Li) detectors were em- 
ployed in both singles and coincidence modes. In both 
the Eu and ’ ’ Eu singles spectra, several complex 
gamma-ray peaks exist that make it difficult to extract 
accurate intensities for the transitions from the K” = 
2’ and K” = 0’ states of interest. However, by 
carefully selecting the coincidence gating energies, we 
werc able to obtain these transition intensities. The 
coincidence data were analyzed quantitatively by using 
several well-known cascades in each experiment to 
normalize the data for other cascades. Wherever pos- 
sible we used our singles intensities, since they were 
determined with greater accuracy, but in all cases the 
coincidence measurement5 are in good agreement with 
them. 

Summarized in Table 1.4 are the data on the K K  = 0’ 
and 2’ bands obscrved in 156Gd,  The error limits 
assigned to tlie experimental branching ratios (as well as 
those in Table 1.5) are conservative estimates that 
include both the contributions from detector-efficiency 
calibrations and peak area determinations as well as a 
contribution to account for any indeterminable be- 
havior of the entire experimental system. It is felt that 
the improved resolution of ou; detection system, the 
careful cross checks provided by tlie large number of 
coincidence measurements, and the definitive informa- 
tion gained by gating on transitions that directly feed 
some of the vibrational states considered lend to these 
branching-ratio values a degree of reliability not previ- 
ously realized. 

Applying the first-order perturbational corrections 
(i.e., corrections only due to inixing between the 
vibrational and ground-state bands) in the same manner 
as described in our previous work6 on ”’Sm and 
1’4  Gd leads to the spin-independent band mixing 
parameters Z p  and 2, shown in column 5 (Table 1.4). 
In column 6 these mixing parameters are compared 
with those obtained by McMillan et al.7 from a study of 
the 1 5 6 G d  levels popiilated in the decay of I s 6 T b ;  in 
column 7 a comparison is made with the values from 
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Table 1.4. B(K2) ratios and band mixing parameters for transitions between the 
K n  = 0' and K n  = 2' bands and the ground-state band of 56Gd 

H(E2, K I l i +  K f i $  
zP or Z, x -. 

B(E2, K i I i  --+ KfI>) I-___-____ 

I r i + i n  f mr,- If) 
____I _.I___ Present McMilldn Greenwood Wlth 8-7 

I n1 +Ilnf ' ( ' 1  + "+ Experimental Adiabatic work et a1.h and ReichC mixing 
value theorf 

p-vibrational band 
2 + --, 0 + 1129.47 

2 +  -+ 2 +  1040.44 
0.185 50.019 0.70 83 + 4  87 + 6  ___. 74 + 4  64 + 13 

2 + - + 4 +  841.16 

2 + +  2+ 1040.44 
1.36 fO.10 ii_l_ 1.80 - 9 k 2  --17 - t 4  .- 15 5 2 - -5  + 4  

2+-  0' 1129.47 

L +  - 4 +  841.16 
0.137 5 0.016 0.39 28 * 3 25 t 5  18 + 2  24 + 5  

2+ -+ o+ 1258.03 

2+- .2+  1169.12 
0.223 k0.025 0.70 1 2 ? 5  68 T 30 71 + 5  54 2 13 

969.83 

2"- 2' 1169.1 2 
3.35 k0.27 ___ 2 + - 4 +  -- 1.80 2 6 + 4  24 F 12 18 k 4  31 + 7  

2+--. 0 +  125 8.03 

2 + - 4 +  Y69.83 - 8  
0.070 f 0.007 0.39 48 2 3  4 4 +  10 41 + 4  39 + 4  . . . . . .. __ 

y-vibrational band 

0.70 7 2 6  1 3 + 1 0  

2+-+ 4' 865.98 

2 + 4 2 +  1065.14 
0.086 k 0 017 0.05 48 ?22  4 7 ?  13  

2+ --, o+ 1154.09 

2 ' -4+ 865.98 
7.9 k 1.6 .__I.I____ _.___ 13.9 32 k 12 34 2 8  

9 k 8  

39 k 2 3  

28 5 13 

39 + 4  

~- 
aThis i s  simply the ratio of squares of ClebschCordan coefficients. 
bFrom ref. I .  
CFrom ref. 8. 

the recent neutron capture work of Greenwood and 
ReicIi.* The Zp mixing parameters obtained by these 
various techniques are in rather good agreement but 
show no  indication of a consistent value. A first-order 
perturbational treatment leaves a similar inconsistency 
in the Zy mixing parameters, as was found in the work' 
on '"Sm and ls4Gd. 

We have proceeded to  include in the Elamilkmian 
those matrix elements that account for mixing of the 
wave functions of the 0- and y-vibraitonal barids The 
Zp and Z ,  parameters that rcsult from including these 
second-order effects are shown in column 8. 1 t is 
ewdent that the 0-vibrational band mixing parameters 
still are not brought into alignment but  that within just 
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Table 1.5. Ratios of reduced transilion probabilities and values of Z and ZPr for transitions 
Y 

frorii the r-vibrational band of 58Gd to the ground-state rotational hand 
......................... ...... .................... - 

B(E2, KiIi  -+  Kf If) 
zYx io3 

--..... 
E(ii  -+ I ) f f B(E2, KiIi + KfI>) 

IT i  - i n  

.... Present Paperiello zprx io3  ________ 
Experimental Adiabatic work et al.b 

Pi + ‘Inf E( i i  + I > )  

value theorya 

2 + - o +  1187.1 

925.6 

0.70 

0.05 

24 + 8  

9 k 17 

10.6 ? 2.5 13.9 14 ?: 13 

1004.2 

11 86.0 
0.37 * 0.04 0.40 -7 k 7 

3 + -  2+ 

3 + --f 4 + 

41 f 15 

9 f 1 6  

17 k 12 

23 t 8  

8 2 9  

22 * 16 

aFrom the predictions of the adiahatic symmetric rotor model 
%slues calculated from the data of Papcriello et al., ref. 9. 

over one standard deviation in the error limits, these 
mixing parameters for the other K T  = 0’ band are 
consistent. The values for 2, shown in column 8 appear 
to be consistent as a result of including 0-y mixing. 

A perturbational treatment similar to that used above 
was applied t o  the 2’ and 3’ members of the 
y-vibrational band of ’ *Gd. In column 5 of Table 1.5 
are listed our Z,  values for ’ 8Gd and in column 6 are 
shown the Z ,  values calculated from the ’ 8’ rb  decay 
data of Paperiello e t  aL9 Although conservative error 
limits have been set on our gamma-ray intensities, it is 
evident that just as was the case for I s6Gd ,  tliere is 
very poor agreement among the values of the Z,  
parameter. Contrary to the case of S6Gd, includingp-y 
mixing effects does not improve the agreement with 
theory. This can be seen from the values of Zp,y shown 
in column 7. 

Perhaps an appropriate approach to  the solution of 
this pioblem for these two nuclei is a perturbational 
calculation involving in each case mixing between 
both K := 0 bauds, the y-vibrational band and the 
ground-state band. The recently siiggested procedure of 
Stokstad et al.’o also deserves consideration. In the 
latter approach, which involves three bands and matrix 
diagonalization, energy-level information is introduced 
into the rotation-vibration interaction by means of the 
variable moment of inertia model.’ 

A detailed account” of this research will appear 
shortly in the open literature. 

1. Oak Ridge Graduate Fellow from Vanderbilt University, 
Nashville, Tenn., under appointment with Oak Ridge Associated 
Universities. 

2. Vanderbilt University, Nashville, Tenn. 
3. A. Bohr and 3 .  R. Moitelson, Kgl. Dan. Vidensk. Sclslc. 

Mat.-Fys. Medd. 27(16) (1953). 
4. A. Bohr and B.  R. Mottelson, "Lectures on Nuclear 

Structure and Energy Spectra,” Copcnhsgen, 1962 (unpub- 
lished) 
5. See, for example, L. Id. Riedingcr, N. R. Johnson, and J. H. 

Hamilton, Phys. Rev. 179, 1214 (1969). 
6. A. F. Kluk, N. R.  Johnson, and J .  €1. Hamilton, (:hem. Div. 

Annu. Progr. Rep. May 20, 1970, ORNL-4581, p. 15. 
7. D. J.  McMillan, J .  H. IIamilton, and J .  J .  Pinajian, Phys. 

Rev. C4, 512 (1971). 
8. R. C. Greenwood and C. W. Reich, Progress Report 

IN-1317, p. 78, Idaho Nuclear Corporation (1970). 
9. C. J. Paperiello, E. G. Funk, and J.  W. Mihelich, Niucl. 

Phys. A 140, 261 (1970). 
10. R. G. Stokstad, J .  S. Grecnbcrg, I .  A. Fraser, S. H. Sie, 

and D. A. Broniley, Phys. Rev. Lett. 27, 748 (1971). 
11. M. A. J .  Mariscotti, G.  Scharff-Goldhaber, and R .  Ruck, 

Phys Rev. 178,1864 (1969). 
12. A. F. Kluk, N. R. Johnson, and J. H. Hamilton, Z. Pllys. 
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b.31 ADMIXTURES OF TRANSITIONS IN "Gd 

J. 11. Hamilton' 
E. Collins' A. V. Ramayya' 
P. E. Little' 

A. F.  Kluk3 

Noah R. Johnson 

J .  J. Pinajian* 

We have pointed out the difficulties encountered in 
our work4 on the 0- and y-vibrational bands of 56Cd 
md Gd. The behavior of these states disagrees 
significantly with the collective-model predictions. 11 
has been suggested' that the difficulties may be due to 
the presence of significant magnetic dipole (11.11) contri- 
butions in the 2+' --+ 2; transitions. Although this idea 
has not been borne out in  other recently tested cases, 
we felt it necessary to make a careful check for any 
such possibilities in " Gd. Due to the short half-life of 
'''Eu, it was not deemed feasible to attempt such 
deternlinations in "Gd. 

G C ~  experiments involved a measurement of 
the gamma-gamma directional correlations of the 
88.95-keV 2; -+ 0; transition with the 21; + 3 + and 
Zy+ -+ 2; transitions arid with as many other transilioris 
that feed the 88.95-keV slate as possible. The equip  
ment included a movable NaI(T1)-Ge(Li) fixed-detector 

These 

'-g. 

arrangement with a 4096-chaniiel analyzer for data 
storage. 

The directional-conelation data were fitted to the 
function 

where O represents the angle of emission between the 
two successive radiations arid A ,  and A4 are coeffi- 
cients of the Legendre polynomials. The faclors GLQZ 
and G4Q4 a e  correction coeflicients which include 
solid-angle corrections for both detectors and attenu- 
ation corrections which arise because of the relatively 
long life of the 88.95-keV state. Since 0 -+2 -+O cascades 
have unique values o f A z  (0.357) and A4 (1.14) it was 
possible to take our data on two such cascades in 

(;d and deduce these solid-angle m d  attenuation 
corrections. 

A summary of the results on all of the consecutive 
gamma-ray cascades measured is given in Table 1.6. The 
1040.44-keV transition originating from the 2' level at 
1129.41 keV in the Ii?= O'~-vibrational batidis onc of 
the primary transitions under consideration here. In 
Table 1.6 it can be seen that this transition has only 

Table 1.6. The results o f  a directional correlation study of the consecutive cascades in ' "Gd 
The gating transition was the 88.95-keV, 2 +  - O+ ground-\tate transition. 

-. II__ - - _______ lll_-- 

901.0 0 +  a 357d 1. 14d 

0 054 (43) 0.25 (9) 2; 

1065 14 2; 

1153.47 1- 4.254 ( io)  0.004 (9) 

1239.71 2 -  0.260 (io) 0.002 (9) 

1040 44 

-0 035 (6) 0 337 (12)  
1079.16 O f  0.357d 1 14d 

1277.43 1 -  0 237 (12) 0.016 (15) 

1857.42 1 -0.22 ( 9 )  -0.12 (16) 

1877.03 I +  4 .580  (28) -0.126 (34) 

1937 71 1+ 0.321 (21) 0.198 (27) 

2097.70 I +  0.581 (22) 4 410 (20) 
- il_.________ - - -- - 

"The last digit of the error, in parentheses, occurb in the third decimal p l a ~ e .  

'The mixing ratio of the two multipole contribution5 in the transition. 
'G2Q2 = 0.624 t 0.021, G4Q4 = 0.385 _+ 0.008. 

---I8 ?- 3 

-0.03:::; 

0.40 f 0.05 

---OS7 t 0.03 

B2 (1 00) 

E2 (97 2:i.f) 

6 1  (99 97+;.;;) 

E.! (99 7 t 0 1) 
h 2  (100) 
E l  0 9 9  95) 

dTheoretical values wluch were compared with the experimental values to  obtain GzQz and G4Q4 of toolnote b 
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Tnhle 1.7. Results of a directional correlation study of several one-three cormlations in 

The gating transition was the 88.95-kcV, 2+ * of ground-state transition. 
.............. .- ................... ... 

A20,b 
Energy (keV) Spin sequence 
(transition) (x + y --* 2,' + 0;) 

Asarb 6 Admixture (56) 

+0.036 
4 . 0 0 5  (67) 4.0364.044 599.47 1 + + 1 -  0.149 (36) 

646.29 I + -  2 -  0.136 (07) 0.003 (12)  -0.025 ? 0.014 El (99.942.:;) 

723.47 1 +  + 1 -  0.152 (11) --0.011 (18) El 99.862:;;) i 
811.77 1+-2y+ 0.045 (07) -0.012 (13) 4 . 0 3 5  i- 0.035 E2 (0.12:;)  

.................... 

'The last digit of the error, in parentheses, occurs in the third decimal place. 
bG2Q2 = 0.624 t 0.021, G4Q4 = 0.385 * 0.008. 

2.8% M1 admixture. This is far less than the 64.3% M1 
component needed to fit the observed branching ratios4 
for a one-parameter (Z,)  band mixing of the ground 
state and the 0 i-,and. Hence, there reinains a clear 
discrepancy between experiment and theory. Since the 
1258.0-keV level (K"f = 0' 2) is very weddy populated 
jn the 5 6  Eu decay, our y-y(f3) measurements involving 
the 1169.11-keV transition from this state are of poor 
statistical quality, and we are unable to obtain a 
meaningful value for its M1 component. In line with 
most of the measured cases, we find that the transition 
from the 2' member of the y band going to the 2' 
member of the ground band is essentially pure E2. In 
addition to these consecutive cascades we were able to  
measure four one-three (intermediate transition unob- 
served) cascades, all of which depopulate the 1' level at 
1965.89 keV. 'These data are summarized in Table 1.7. 

A further interesting result of this work is that we have 
now shown that the transitions from three 1 ' states at 
1965.89, 2026.60, and 2186.71 keV in 56Gd to the 
ground band are predominately M1. Thesc data are the 
first such information on the properties of K"Z= 1' 1 
quasi-particle excitations. Note that the 6 values in the 
1' --' 2g' transitions have different signs as well as 
magnitudes. Thus these results provide sensitive tests of 
any microscopic theory of such excitations. 

For a detailed account of this work, see ref. 6. 

1. Vanderbilt [Jniversity, Nashville, Tenn. 
2. Isotopes Division. 
3. Oak Ridgc Graduate Fellow from Vanderbilt University, 

Nashville, Tenn,, under appointment with Oak Ridge Associated 
Universities. 

4. A. F. Kluk, N. R. Johnson, and J .  H. Narnilton, "Band 
Mixing in 1 5 6 G d  and Is8Gd," the previous contribution, this 
report. 

5. B.  R. Mottelson, J. Phys. Soc. Jap., Suppl. 24, 87 (1968). 

6. J. €1. Hamilton, P. E. i i t t l c ,  A. V. Kamayya. E. Collins, N. 
R. Johnsort, J .  J. Pinajian, and A. F. Kluk, Phyr, Rev. C 3, 899 
(1972). 

LEVEL STRUCTURE OF 7s Hf 

J. H. Hamilton' 
Noah R. Johnson 

P. E. Li t t le '  
A.  V. Kamayyal 

During this past year we have completed an extensive 
study of the level structure of 78Hf populated in the 
decay of 9.4-min 78Ta, and a detailed account of this 
work has been published.* Our main interest in the 

78Hf nucleus was to obtain infomiation to provide a 
better understanding of rotation-vibration interactions 
in deformed nuclei. 

Earlier work by our goup33" has shown that in 
samarium and gadolinium nuclei, which are just at the 
onset of permanent shape deformation, there are 
significant disagreements between the obsewecl be- 
havior of the 0- and y-vibratioual states and that 
predicted by the Bohr-Mottelson collective model. The 
nucleus 17811f lies near the middle of the deformed 
rare-earth nuclei and should show whether the problems 
with the quadrupole vibrational states of "Sm and 

5 4  Gd are peculiar to the transition from spherical to 
deformed shapes or whether they are a generaliLation o f  
the entire deformed region. In previous reports on this 
problemsi6 we have pointed out that in fact this 
an~malous behavior is also evident in ' 78Hf and that it 
canriot be accounted for by the rather large amount of 
magnetic dipole (MI) radiation present in the transi- 
tions from the K = 0 states. Therefore, it seemed most 
important to carefully check the properties of all 
near-lying states which may present any perturbations 
on the 0 vibration whose strength appears to be spread 
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over several K = 0 states i n  1 7 8 H f  in the excitation 
range of I MeV. 

The half-life of 78Ta is only 9.4 min. However, for 
these measurements we have used the parent activity 

7 H W ,  which has a 21.5-day half-life and decays by 
electron capture to the ground state of ' 78Ta. Sources 
were prepared by proton bonibardinent of IO-mil 
tantahrn foils in the Oak Ridge Isochronous Cyclotron. 
The ' 7 8 W  resulted from the I 'lTa(p,4n)' 7 8 W  reac- 
tion. After chemical purification the activity w:ts 

precipitated as H2 W 0 4  and then dissolved in a mini- 
mum of WaOH. Aliquots of this solution were used for 
the SOUICCS. 

The experiments itivolved garntna-ray singles measure- 
ments with a large-volume, high-tesolution Ge(Li) 
detector and two-parameter gaintna-garnina coincidence 
and angular-correlation studies with Ge(1.i) detectors. A 
total of 32 gamma rays were assigned to 15 states in 

Hf. Additionally, the correlation measurements 
provided spit] assignments for most of these states. All 

ORNL-DWG. 70-!4627A 

47BW 

9.3 178Ta rnin 

177f.95 6.5 
9' a t 0  1 

+I,+-& 
0 + 2 J  
+i +2-  

07 2'- 
O + O T  
o+oJ 
(-12 - 
?1,+2- 

O t 2 -  

0-60- 
2 + 2 -  
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K T  1 
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15 i 3.64 
1496.02 
1443.86 
1433.97 
1362.36 
i309.9 i 
1276.54 

7. a 
6.1 
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Fig. 1.7. Level scheme of I '*Hf populated in the decay of 78Ta. 
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of these data are summarized in the level scheme shown 
in Fig. 1.19. Note that this scheme contains 13 gamma- 
ray transitions and five excited states which were 
previously unassigned. 

Despite having arrived at a rather detailed knowledge 
of the excited states of "'IIf, we are still unable to 
determine the cause of the variance between experi- 
ment and theory for two of the observed K = 0 bands. 
We have accurately established the amount of M1 
radiation in the 2' 2*ground transitions from these K 
:= 0 bands but still find a discrepancy with the 
perturbational treatment of the associated reduced 
electric quadrupole (E2)  transition probabilities. 

It is interesting that if we assume the 1496-keV level 
is the 2' member of a K = 0 band, we are able to use 
our measured M1 admixture and get agreement with 
theory for its E2 branching ratios. Yet our study reveals 
no 0' state which, on the basis of the moment of 
inertia, could be considered the band head. 

The results of our measurements, coupled with the 
fact that recent Coulomb excitation experiments7 
indicated very little collective nature for the KnI = 0 + 
2 states at 1276, 1496, and 1561 keV, lead us to  
conclude that they are not 0 vibrational in character. 
Rather, they are most likely quasi-particle excitations. 

1. Vanderbilt University, Nashville, Tenn. 
2. f. E. Little, J. H. Hamilton, A. V. Ramayya, and N. R. 

Johnyon, Phys. Rev. C 5, 252 ( I  972). 
3. L. L. Riedinger, N. R. Johnson, and J. H. Hamilton, Pkys. 

Rev. 179, 1214 (1969). 
4. L. L, Ricdinger, N. R. Johnson, and J. H. Hamilton,Phys. 

Rev. C 2, 2358 (1970). 
5. J. H. Hamilton, P. E. Little, A. V. Ramayya, and N. R. 

Johnson, Chetn. Div. Annu. B o g .  Rep. May 20, 1971, 

6 .  J. H. Hamilton, P. E. Little, A. V. Ramayya, and N. R. 

7. 1,. Vamell, J. H. Hamilton, and R. L. Robinson, Phys. Rev. 

ORNL-4706, p. 21. 

Johnson, Phys. Rev. 1,ett. 25,946 (1970). 

C3,1265 (1971). 

'ITR.4NSlTIONS OF LOW INTENSITY 
IN THE DECAY OF " TI 

L. L. Collins, Jr.' G. D. O'Kelley 
E. Eichler 

We have investigated the decay of two excited states 
in '06Pb populated by beta transitions of low intensity 
from the 0- ground state of '06T1. Sources of '06T1 
were prepared by irradiating TINOJ of natural isotopic 
composition in the Oak Ridge Research Reactor 
(ORR). A chemical procedure to  reduce contamination 
from a trace of indium was required for some of the 

ORNL-  DWG. 72-5645 
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206 8 2  Pb 124 

Fig. 1.8. Decay scheme proposed for 206T1. Energies are 
given in MeV. For each beta transition is given the energy in 
MeV, the branching in percent, and the value of log ff. 

measurements. The half-life of ' 0 6  TI as determined 
from anthracene detector data and analyzed by a 
least-squares computer program yielded a half-life of 
4.14 I- 0.05 min. 

'The E2 ganima transition from the well-known first 
excited state in 206Pb at 803.1 keV was readily 
detected with a Ge(1.I) spectrometer. Absolute beta 
counting, combined with absolute gamma spec- 
trometry, yielded an intensity for the 803.1-keV 
gamma ray of (4.1 ?r 0.6) X per disintegration. 
This measurement compares favorably with recently 
published determinations of ( 5 . 5  * 0.6) X by 
Zoller and Walters' and (4 k 1) X IO-' by Griffin and 
Donne.3 Because the 0' ground state of z06Pb is 
populated so readily in the decay of 'O'T1 (log ft = 
5.2), it  seemed possible that the excited state of 0' at 
1165 keV might also be populated to  a detectable 
extent. We searched unsuccessfully for the 362-keV 
transition between the second 0' state and the first 2' 
state (see Fig. 1.8). The upper limit (20) for the 
intensity of the 362-keV gamma ray is G2.6 X lo-' per 
disintegration of ' 0 6  T1, somewhat lower than limits set 
by other groups.'13 

A study with a high-resolution Ge(Li) x-ray detector 
disclosed a prominent spectrum of x rays which could 
be assigned unambiguously to the K x-ray spectrum of 
lead. Absolute determination of the x-ray intensity led 
to an x-ray abundance of 12 X per disintegration 
of '"TI, of which 2 X were attributed to  
electron ~ h a k e o f f . ~  The remainder of the x-ray in- 
tensity, (10 * 2) X is in good agreement with the 
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recent measurement of Griifin and Donne; who 
obtained an intensity of (8 5 2) X 1 O U 4 .  As shown by 
Griffin and Donne, these lead x lays most likely arise 
from the EO transition in 206Pb f r o m  the 1165-keV 
excited state of 0'. 

The results are surnmaric.ed in the decay scheme o f  
Fig. 1.8. If all of  the x-ray intensity reported here is due 
to the EO transition, then our upper limit on the 
iiiterisity of the E2 transition from the 0' excited state 
leads to an intensity ratio R0/E2 > 435, which is 
surprisingly high compared with other cases in this same 

____ ____- 
1. Graduate student from the University of Tennessee, 

2. W. H. Zoller and W. B. Walters, J. hzorg. ~Vzicl C h n .  32, 

3. H. C. G d f i n  and A. C. Donne,Phys. Rev LeZt. 28, 107 

4. T. C. Carlson, C .  W. Nestor, Jr., T. C. Tucker, and F. E. 

5. L. 11. Goldman, B. L. Cohen, R. A. Moyer, and R. C. 

Knoxville. 

3465 ( I  970). 

(1972). 

Malik, Phys. Rcv. 169, 27 (1968). 

Diehl, Plzys. Rev. C 1, 1781 (1970). 

SINGLE-PARTICLE TRANSFER REACTIONS IN 
Pb INDUCED BY HIGH-ENERGY C IONS 

J. B. Ball' 
J. L. C. Ford, Jr.' 

R. L. Hahn 
J. S. Larsen2 

I(. S. Toth' 

Neutron pickup and protori stripping from light ions 
on '"Pb to low-lying excited states of neighboring 
nuclei have been extensively studied and reported in the 
literature. The character of these states is well estab- 
hshed, thus making "*Pb a converuent target to use 
for a study of single-nucleon transfer reactions induced 
by lieavy ions. la the present experiment the reactions 

were initially studied with 98- and 92-MeV 2C beams 
from ORlC. The 1 3 C  and ''I3 ions were detected will1 
a position-sensitive proportional counter in the broad- 
range spectrograph facility. Pal tide groups corre- 
sponding to  the ground states and the four lowest 
single-particle states io both '07Pb and 209Bi were 
identified. Angular distributions were measured tn the 
region 20 to 70" (laboratory angle) at 98 MeV and for 
three angles near the maxima of the distributions at 92 
MeV. Data a t  other angles *and bombarding energies will 
be obtained in future experiments. 

The shapes of tlie angular distributions appear to be 
dotninated by kinematic effects. The positions of the 
maxima seen] to be closely related to the grazing angle, 

2 O & p b ( l 2 C , I 3 C ) ~ O 7 P b  and 208Pt,(12C,11B 2 0 9  i ) B  

yielding grazing radii rg = 1.70 F and 1.66 F for 
neutron pickup and proton stripping respectively. CIoss 
sections :it the maxima were in the range from 1 to  10 
mb/sr and, in contrast to (3kie,ru) and (qt)  reactions, 
were larger for low I-transfer values. 

I .  Physics Dwison. 
2. Visiting scientist from the Nick Bohr Institute, Copen- 

hagen. 

COULOMB EXCITATION WITH HEAVY-ION 
BEAMS AT ORIC 

E. Eichler R. 0. Sayer' 
N. R. Johnson D. C. Ilensley2 

L. L. Riedinge? 

This past year the Coulomb excitation program grew 
in several directions. First, our list of collaborators has 
lengthened. We now make routine use of  the Tennelec 
ADC -on-line-computer system at ORIC. Also, a new 
beam room devoted exclusively to in-beam spectros- 
copy was brought into use this year. Next year will see 
its completion and the addition of a large lead shield to 
permit singles measurements. We have constructed a 
C;e(Li) detector goniometer for the measurement of 
gam ma-ray angular distn buti ons. 

We made headway toward a solution of the heavy-ion 
detector saturation effect which has limited tlie lieavy- 
ion counting rates. After reduction of the feedback 
resistance in the charge-sensitive preamplifier, the 
system tolerated LO to 15 nA of beani, as compared 
with 1 to 2 nA prewously. 

A major effort next year wll  be the design and 
construclion of a Doppler-shift plunger device to 
measure the lifefimes of the Coulombexcited states 
directly. The experimental results of Coulomb excita- 
tion studies of 2 3 2 ~ ,  2 3 8 ~ ,  and two dysprosium 
isotopes are described in other  report^.^ 

1. Oak Ridge Associated Universities Research Participant 

2. Physics Division. 
3. Physics Department, University of 'Tennessee, Knoxville. 
4. K. 0. Sayer, E. Eichler, N. R. Johnson, D. C. Nensley, and 

L. I,. Kiedinger, "Coulomb Excitation of I O f  States in 16'Dy 
and 164Dy,'7 a previous contribution, this report; E. Eichler, N. 
R. Johnson, K. 0. Sayer, D. C. I-Iensley, and L. L. Riedinger, 
"The Effect of I-lexadecapole Moments on the Coulomb 
Excitation of the Actinides," the following contribution, this 
report. 

from Furman IJniversity, Greenville, S.C., summer 1971. 
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THE EFFECT OF HEXADECAPOLE MOMENTS 
ON THE COULOMB EXCITATION 

OF THE ACTINIDES 

E. Eichler K. 0. Sayer’ 
N. I<. Johnson D. C. Hensley2 

L. L. Riedinger3 

We have Coulomb-excited U and *Th with 
about 144-MeV 40Ar beams. To check for possible 
attenuation of the theoretical gamma-ray angular distri- 
butions, we measured gamma-ray yields a t  0, 45, and 
90” to the beam direction. Within statistics the distri- 
butions agreed with theory. 

An ORNL group4 working at the Tandem Van de 
Graaff accelerator has measured alpha-particle-induced 
Coulomb excitation of U and ’ Th. Their observa- 
tions require that these two nuclei possess large 
hexadecapole moments corresponding either to  ME4 = 
+ 1.123 or - 1.860 for U and either ME4 = t 1.640 
or - -2.220 for 232Th. Although nuclear liquid-drop 
calculations suggest positive values, the ambiguity can- 
not be resolved from their data. 

Our multiple excitation of these nuclei up to the 12’ 
state makes it possible to  choose a single E4 matrix 
element. By a modified version of the de Bocr- 
Winther’ coupled-equations Coulomb-excitation com- 
puter program, we computed excitation probabilities 
for three cases. In the first of thesc, only E2 matrix 
elements were used. In the second and third cases we 
included, respectively, the positive and the negative 
ME4 values of McGowan et aL4 All of these calcula- 
tions assumed pure rotational behavior. Various experi- 
mental probability ratios are compared in Tables 1.8 
and 1.9 with corresponding theoretical ratios for the 
three cases cited above. The P 10/8 ratio comparison 
gives unequivocal support for the positive E4 matrix 
element, which indicates a positive hexadecapole de- 
formation. 

Table 1.8. Coulomb excitation of 2 3 8 U  with 143.5-MeV 40Ar 
~~ 

Theorctical Probability Experimental ................ 

ratio E 2  onlv +fifE4a -1!4E4~ 
~~ ~~ 

P 416 1.75 1.79 1.73 1.88 
P 618 4.01 3.88 3.64 4.10 
P l 0 /8  5.78 6.84 6.29 7.01 
P 1016 23.2 26.6 22.9 28.5 

aME4 = +1.123. 
bME4 = -1.860. 

Table I,O. Coulomb excitation of 232’1.h with 144.2-MeV 40Ar 

Theoretical 

EL only + I W E ~ ~  MEdb 
. .- . .. . . . . . . . . . . . . ... . .. . . . Probability 

ratio Experimental 

P 618 4.46 4.78 4.18 4.9 1 
P 8/10 6.68 8.24 6.8 7.85 
P 6/10 28.0 39.5 28.3 38.6 
P 6 / 1 2  218 5 00 277 419 

‘ME4 = +1.640. 
b‘Wfz.4 = 2.220. 

Our results also require that all the permissible E4 
matrix elements be included. Inclusion of the 0’ to  4’ 
entry and the static E4 moment of the 2’ and 4+ states 
gives essentially the E2 only predictions. 

1. Oak Ridge Associated Universities Research Participant 

2. Physics Division. 
3. Physics Department, Univcrsity of Tennessee, Knoxville. 
4. F. K. McCowan, C. E. Bemis, Jr,,  J. L. C. Ford, Jr., W. l’. 

Milncr, R. L. Robinson, anc” P. H. Stelson,Phys. Rev. Lett. 27, 
1741 (1971). Sce also C. E. Bemis, Jr., F. K. McCowan, J. L. C. 
Ford, Jr., W. T. Milner, R. L. Robinson, and P. H. Stelson, 
“Intrinsic Quadrupole and IIexadecapolc Momcnts for Even- 
Even Transuranium Nuclci and the Equilibrium Defon-riations,” 
chap. 2, this report. 

5. A. Winther and J. de Boer, p. 303 in Coulomb Excitafion, 
K. Alder and A. Winther, eds., Academic Press, New York, 1966. 

from Furman University, Greenville, S.C., suinmer 197 1.  

SEARCH FOR CONVERSION ELECTRONS 
FROM THE ’ U FHSSION ISOMER1 

E. Konecny* P. Ostermanns 
K. L. Ferguson H. weignann4 
H. .I. Specht3 G. S ieged  

J.  Weber3 

In the past few years, spontaneously fissioning iso- 
mers have been a subject of extensive study. Their 
systematics has given support to the interpretation that 
fission occurs from shape isomeric states associated 
with a secondary minimum in the nuclear potential 
energy surface at large deformations. I-Iowever, there is 
so far no direct experinicntal evidence demonstrating 
that isomeric fission is: in fact, connected with a 
deformation larger than the equilibrium ground-state 
de formation. 

If we consider the usual “double-humped” fission 
barrier with two potential wells corresponding to the 
ground state and shape isonieric state, respectively, we 
can interpret the behavior of the 2 3 6 U  compound 
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nucleus formed with an excitdtion energy of 6.45 MeV 
by thermal-neutron capture as follows. The compound 
nucleus may decay either by prompt fission or by 
electromagnetic transitions within the first or with 
veiy low probability - the second potential well. If an 
isornenc level is the lowest state in the second well, the 
final decay in this well should proceed via E2 lratisi- 
tions withm the rotational band built on the isonieric 
level. These transitions should be highly converted with 
lifetimes less than 0.1 nsec. The nucleus would then 
undergo spontaneous fission wth a half-life character- 
istic of the shape isomer. Thus, a measurement of 
delayed coincidences between conversion electrons and 
fission fragments not  only would allow one to identify 
thermal-neui ron-induced isonieric fission with hdf-lives 
in the nanosecond to microsecond region, but it might 
also yield direct infomiation about de€ormation, 
namely, the moment of inertia of the shape isomer. 

We have searched for conversion electrons ftorn the 
isomeric fission of 2 3 6  I 1  formed by the thermal- 
neutron capture in 2 3  s U. The existence of an isotneric 
state with a half-life of -1 I O  nsec has been reporfed 
previously7 in other reactions leading to the formation 
of 2 3 6 U .  The experiment was carried out a t  the 
reszarch reactoi of the Technische Universitat 
Munchen. Conversion elcctrons were detected with a 
superconducting electron spectrometer8 and fission 
fiagments with a silicon sui Fax-barriel detector. Corre- 
lalions between the electron e ~ i e r g  and the time 
interval between electron and fragment delection were 
recorded in a two-parametet analyzer. 

After a two-week run, the electron spectrum not in 
coincidence with fission fxapents  exhibited I.,, ,  
M , ,  plus MrrI, and N conversion lines from the 2 + -+ 0 
and 4’ -+ 2’ transitions within the 2 3 6  IJ ground-state 
rotational band, in agreement with previous observa- 
t i o n ~ . ~  However, the background-corrected spectrum of 
delayed coincidences corresponding to a 1 ime interval 
between SO atid 220 I I S ~ C  before fission did not show 
any statistically significant structure of A sinlilar type, 
lor example, one or several quadruplets of lines arising 
fiom E2 transitions within the second potential well. In 
addition, no recognizable tail resulting from delayed 
fission is vlsible, within the statishcal uncertainties, in 
the measured time spectrum. 

Two alternative explanations can be given for the 
negative result of this experirnent’ ( I )  Either the ratio Y 
of  isomeric to prompt fission in the ’ IJ thertnal- 
neutron capture reaction is so low that any delayed 
coincidmces are below OUJ experimental sensitivity or 
(2) the I 10-nsec isomeric level in 2361J does not 
correspond to the O +  ground state within the second 

potential well. For case 1 we can use the observed 
delayed coincidence spectrum to estimate a limit of <5 
X IO-’ for 1. In  case 2, any transitions within a 
rotational band built on lbe necessary spin-isomeric 
state of the 2 3 6 U  shape isomer would be undeteciable 
either because the energies would be too low or because 
the relative population of high-spin states would be too 
weak in the thermal-neutron capture reaction. 

1. Abstracted from a paper to be published ui Nuclrar 

2. T‘t~chnisclie Universrtat Munchen, Germany 
3. Universitat Munchen, Gemiany 
4. EUR4TOM, G e l ,  Belg.luiii 
5. IJniver\itat Frankfurt, Germany. 
6. Univerutat Giessen, Germany. 
7. 3. Pedersen and B. Ramosren, Nucl Phy, A 178, 449 

8. M. WaldsLhmidt and P. Oatenrim, Nix1 Imlrurn. 

9. hl R. Schmorak, i V z d  Dara Srct. B 4,673 (1970). 

Physzcs 

(1972). and referenccs therein. 

Mrthods 89,65 (1970). 

ABUNDANCES OF PRIMORDIAL AND 
COSMOGENIC RADIONUCLIDES IN APOLLO 14 

ROCm AND FlNES’ 

G .  D. OXelley J. S. Eldridge2 
K. J. Northcutt’ 

Noridestructivc gamma-ray spectrometry me thods 
developed for Apollo 11 atid 12 ~nmples-’-~ were used 
for the determination of K, Th, U, 2 6 A l ,  and 22Na in 
eight rock samples and three soils returncd by the 
Apollo 14 mission. All of the rock samples were 
fragniental, and the soils were from the top, middle, 
and bottom of the Soil Mechanics Experiment trench. 

Our suite of samples is distinguished by its uniformity 
in primordial radioelement content. Potassium concen- 
trations ranged from 4000 to 5800 ppni, thorium 
ranged frvm 10.9 to 15.6 ppm, and uranium ranged 
from 3.1 to 4.5 ppm. The only samples froni previous 
Apollo missions yielding this high level of primordial 
radioelements (average rock values) were 12013 and 
12034 from the Ocean of Storms. Soils measured from 
the Apollo 15 collection show K, Th, arid 1J contents 3 
to 8 times lower than the Apollo 14 soils and b r e c c k 6  

From extensions of our sirtiple twn-cotnponent mix- 
ing model for Apollo 12 soils4 we deduced ltiat our 
Apullo 14 samples contain 60 to 80% of a foreign 
component believed to be the luriat rnatenal KREEP.7 
This lends support to the predictions oT many investi- 
gators that the Fra Mauro forination would be rich in 
KREEP. 

All o f  our Apollo 14 samples fit into 3 tight grouping 
of the K/U systematics presented in Fig. 1.9. This 
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Fig. 1.9. not of concentration ratios K/U as a function of K concentration for terrestrial, meteoritic, andlunar matcrials. Data 
obtained at ORNL are shown as open squares (Apollo 14) and as solid circles (Apollo 15). 

grouping shows that the Fra Mauro samples are very 
similar to the dark portion of sample 120134 and to 
KREEP. 

Breccia 14321, the largest rock returned, originally 
weighed 9 kg. Our sample (14321, 38) is an 1100-g 
piece cut from one end of the rock. Sample 14321, 256 
is sawdust from cutting of 14321. We obtained good 
agreement for radioactive concentrations in the two 
samples of 14321, which shows that the distribution of 
primordial nuclides within the whole rock is uniform 
despite its sni all-scale inhoniogenei ty . 

Cosmogenic radionuclide determinations show few 
differences from those found in previous iriissions with 
the exception of the three soil samples, which deserve 
special discussion. The Apollo 14 Soil Mechanics 
Expeiiment trench was planned to be 60 cm deep at 
station G ,  with one vertical sidewall to provide a means 

for sampling at depth. The trenching did not yield a 
vertical qidewall: sloping occurred with walls of 60 to 
80°, and a maximum depth of only 36 cm was 
achieved. Samples 14148, 14149, and 14156 were 
taken from the top, bottom, and middle, respectively, 
of the trench, and all were < I  mm sieved fractions. 
From the concentrations of K, Th, and U, it would 
appear that the soil at the trench site is uniform 
throughout its sampled depth of 0 to 36 cni. Wc 
expected to find pronounced decreases in the concem- 
txations of the cosmogemc species 26Al and "Na with 
depth. Instead, all three samplcs show a surprising 
uniformity in concentrations of these nuclides. We 
would predict values of -40 and -35 dis min-' kg-' 
for 26A1 and 22Na at the depth of 36 cm fur sample 
14149.' Because of the uniform distribution of 26A1 
and 22Na and their high concentrations at depth, we 
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must conclude that extensive mixing occurred and our 
trench-bottom sample ( 14149, 62) is not representative 
of the soil at a 36-cni sampling depth. This also gives 
reason to question the uniformity o f  K, Th, and IJ 
coiicen trations in the different soil layers. 111 addition, 
the separatioo of 1he < I  mm fraction from the 
trench-bottom sartrples has further emphasized the 
sampling defect, since the bottom sample has a nredian 
ga in  size of 0.41 mm, compared with 0.09 and 0.007 
tnrn for [he surface arid middle-trench ~an ip le s .~  

Our studies with similar tiench samples from Hadley 
Base6 yielded the expected decrease in 26Al and ”Na 
conieii t with increasing depth. 
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STUDIES OF PRIMORDIAL RADIOELEMENTS AND 
COSMOGENIC RADIONUCLIDES IN APOLLO 15 
SAMPLES BY NONDESTRUCTIVE GAMMA-RAY 

SPECTROMETRY~ 

G. D. O’Kelley E. Schonfeld3 
J. S .  Eldridge’ K. J. Northcutt’ 

Nine samples from Apollo 15 were analyzed at OKNL 
by nondestructive gamma-ray spectrometry. The first 

samples were received from the Lunar Receiving Lab- 
oratory (LKL) about nine days after liftoff frvtii the 
moon. Other samples were received at intervals begin- 
ning about two weeks later. 

The equipment and techniques of nondestructive 
gamma-ray spectrometry are essentinlly those we 
developed for use at the LRL4,5 during the Apollo 11 
and Apollo 12 rnisslons. Spectrum libraries fo r  all 
samples except one weie obtained from replicas which 
accurately reproduced the electronic and bulk densities 
of the lunar samples. Bulk densities were obtained for 
six of the samples tiom known sample weights and 
measured volumes of the replicas. 

As we have shown previously,” ,’ m;tss ratios K/U for  
the earth and moon fall into separate groups whose 
average values appear characteristic of each planet. The 
constancy of the ratio of K (a volarile element, depleted 
oii the moon) to  ci (a refractory element) appears to be 
the r e d t  of early chemical fractionation which is not  
affected by later igneous processes. 

Basalts 15015, 15475, and 15495 have potassium 
concenlrations which me sirriilai to those of the Apollo 
11 low-potassium basalts and the Apollo I ?. basalts. As 
shown m Fig. 1.9, the Apollo 15 basalts have average 
K/U ratios of about 2900, somewhat higher than the 
KJIJ ratio of about 2000 for Apollo I 1  and 12 basalts 
of the same potassium coriccn [ration. The rmge  of K/U 
values for eucntes slightly overlaps the data regiori f o r  
the Apollo 15 crystalline rocks, which suggests that 
both materials underwent similar genetic pi occsses in 
the early history of the solar system. 

As was the situation for the Apollo 12 ~a rnp le s ,~  the 
soils arid breccia from Apollo 85 are much higher in K, 
Th, aiid U than the Apollu 15 basalts. Therefore, the 
soils and breccia are very likely mixtures of Apollo 15 
basalt and a foreign component high In K, Th, and U. 
Our K/U systematics suggest that the most likely 
candidate for the foreign component is the lunar 
niaterial KKEEP.6 A twucomponent mixture requlres 
only about I O  to 20% KREEP for the Apollo 15 breccia 
and soil samples, lower than the range of KKEEP 
concentrations estimated for Apollo 12 ~ a m p l e s . ~  
Sample 15601 arid the daik portion of 15455 are 
similar in their prinioidial radii~element coiicentiations 
and are lowest in KREEP (about 10%) of the Apollo 15 
samples we have examined. 

The general concentration patterns for ”Na and 
AI rcsernble those observed on prcvious Apollo 

missions. Because chemical analyses are lacking for 
most of the samples, it  is not possible to make detailed 
interpretations of the concentrations of ”Na and “AI. 
Howevei, the low ratio z 6 N / z 2 N a  for two rocks 
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(15475 and 15495) from the rim of Dune Crater 
suggests that the A1 content did not attain saturation; 
the data imply that these samples were ejected onto the 
lunar surface within the last 2,000,000 years. The 
cosmogenic radionuclide yields, especially of Co, 
show that the rocks were all collected from the surface, 
in agreement with preliminary documentation, 

The radioactivity of the soil sarnples can be related to 
depth effects. The high concentrations of 22Na,  26A1, 
and s6Co  are consistent with a sampling depth of about 
3 cni for 15101 and a somewhat shallower depth of 1.5 
to 3.0 cm for 15601, assuming a chemical composition 
similar to that of Apollo 12 soils. Similarly, soil 15031, 
taken from a 35-cm depth at the ALSEP site, shows the 
low levels of cosmogenic radioactivity characteristic of 
deep samples. The radioactivity of 15041, taken from 
the top of the trench at station 8, i s  consistent with 
sampling within the  top 3 cin of the surface. 

During the preliminary examination of the Apollo 11 
and Apollo 12 samples in the LKL, we were able to  
detect in six rocks the 0 8 V  produced by solar-flare 
protons. From the 4 8 V  content of rock 12062, which 
appeared to  have been buried, we inferred a yield from 
galactic proton bombardment of about 40 f 20 dis/min 
per kilogram of iron. 

We determined 4 8 V  quantitatively in the first two 
Apollo 15 samples received; however, the results on 
15061 were superior, because weak components of the 
gamma-ray spectra of lunar basalts suffer less inter- 
ference from the Th and U decay series than spectra of 
lunar soils and breccia. The concentration of 4 8 V  in 

15016 leads to  a galactic production rate for 4 8 V  of 57 
f 11 dis/min per kilogram of iron, in good agreement 
with our earlier estimate. 

Although no measurements of the intensity of the 
solar flare of January 25. 1971, have been published, 
the 5 6 C 0  conceritiations in Apollo 15 rocks suggest 
that this flare was about twice the intensity of the 
well-characteiized evcnt of November 3, 1969. 
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CALCULATIONS OF SPALLATION-FISSION 
COMPETITION IN THE REACTIONS OF PROTONS 
WITH HEAVY ELEMENTS AT ENERGIES <3 GeV 

R. I.,. fiahn €3. W. Bertini' 

Modification of the intranuclear cascade codes to 
include the competition between spallation and fission 
(as expressed by the ratio has been discussed 
previously It was found that calculations with thebe 
codes could reasonably accolitit for cross-section data 
obtdined from irradiations of 'Pa and 'Th targets 
with 485-MeV  proton^.^ 

To test the codes further, additional calculations have 
been performed at several proton energies up to 3 GeV 
fot comparison with much of the extensive data 
published for '"U, 2 3 5 U ,  ,In3 '"Th 

Figure 2.1 shows radiochemical ' U(p,pxn) yields at 
1 8  GeV and three calculated curves taker] from the 
work of' Pate and PoskdnLer The solid curves weie 
obtained (1) by ignoring fissiori effects and (2) by 
including fimon with energy-independent I',/Ff values, 
while the dot-dash curve conies from calculations done 
by Dostrovsky et al. with energy-dependcnt F,l/rj 
 value^.*^^ The dashed curves are calculations froin the 
piesent work done at 2.0 CeV, with and without fission 
effects. Error bars on the dashed curves represent the 
st'itistical uncertamties of the Monte Carlo computa- 
tiom. It is apparent from this figure that the calcula- 
tions thdt include fission wth energy-independent 
PM/17f values follow the rapid decrease in cross section 
with decreasmg inas  number A inore closely than do 
those ~alculations that eithei ignore fission or treat 
fission wth energy-dependent I'n/Ff formulas. 

I t  should be pointed out that the calculation (ca 
1960) taken from ief. 4, with independent of 
energy, and illustrated in Fig 2.1 is similar 111 broad 
concept to the prebent calculations; that is, the intra- 
nuclear cascade, followed by particle evaporation i n  

cornpetition with fission, was used with emplxical 
eslirnites of pH&. Despite there similarities that 
characterize the calculations shown in Fig. 2.1, there 

are inany differences in detail6 between the calculdtions 
of ref. 4 and the present work. The most striking 
difference between the solid and dashed curves 111 Fig. 
2.1 is most likely due to  the inclusion of a diffuse 
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Fig. 2.1. Comparison of the present calculations at 2.0 GeV 
(dashes) with experimental spallation yields (points). Solid 
curves are calcu~at~oris fur tlie reaction 238u(p,p~~~)238-xu 
btudied by Pate and Poskanzer4 dt 1.8 GeV. Cdculationn with 
and wthout the effects of fission competition are shown. hrrors 
on the d d i e d  curves are statistical uncertamties of the Monte 
Carlo computations. 
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nuclear surface in recent cascade  calculation^.^^^ That 
is, the low yields from the early cascade calculations for 
@,pxn> products close to the target nucleus do not 
occur in the more recent calculations; thus the dashed 
curves in Fig. 2.! reproduce the value of the @,pn) 
cross section leading to 'U, while the solid curves are 
low by a factor of -1 0. 

Especially significant about the comparison shown in 
Fig. 2.1 is the fact that although our calculated curves 
tend to  be lower than the data points by a factor of -3 
to 5,  they do reproduce the observed rapid decrease in 
cross section with decreasing A over an interval that 
spans ten mass numbers and more than three orders of 
magnitude in cross section. 

Besides predicting spallation yields, the modified 
codes also compute total fission cross sections. Figure 
2.2 illustrates the comparison with experiment for the 
energy range 0.15 to  3.0 CeV; the data points were 
obtained by many different workers6 with track-detec- 
tion, instead of radiochemical, techniques. 

The different fission curves in Fig. 2.2 were calculated 
for various values of the parameter Zf, which is the 
atomic number above which fission effects are con- 
sidered to be significant in the calculations. We see that 
allowing Zf to  be as low as 88 overestimates the fission 
cross section over much of the energy range investi- 
gated. Although the often large discrepancies between 
different experimental results make a detailed compari- 

C A L C U L A T I O N  -___...._ 
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Fig. 2.2. Calculated inelastic and total fission cross sections at 
0.15, 0.30, 0.70, 2.0, and 3.0 CRV compared with experimental 
fission cross sections at different energies. For refcrcnces to the 
original experimental work, see ref. 6. Errors on the calculations 
are statiqtical uncertaintics in the Monte Carlo computations. 

son difficult, we conclude that the calculation with Zf = 
91 (and possibly 90) reproduces the general trend of 
the data. 

In summary, we see that the modified cascade codes, 
originally intended to  treat proton interactions with 
heavy elements at low energies, S 100 MeV, also can be 
used to analyze data at much higher energies, lip to 3 
GeV. 
~. . . . . ... . ..._I 
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COMPOUND-NUCLEAR AND TRANSFER 
REACTIONS IN C REACTIONS WIrH U 

AND ' PLI 

R. L. I-Iahn 
P. F. Dittner 

K. S. Tothl 
0. L. Keller 

Studies of the interactions of heavy ions (H.1.) with 
heavy elements, besides adding to our knowledge of the 
different mechanisms operative2 in reactions such as 
(H.I.,xxn) and (H.I.,aryn), and of the ensuing competi- 
tion between particle emission and f i ~ s i o n , ~  also have 
application in attempts t o  produce and identify new 
nuclides. For example, knowledge of the details of the 
angular distributions of recoil nuclei has been used as 
support for the identification of transactinide ele- 
m e n t ~ . ~  

.4t the Oak Ridge Isochronous Cyclotron, we have 
investigated the reactions 238U('2C,5n and 6n) and 
239Pu(i2C,cu2n and a3n), which lead to  the same 
products. ' Cf and 44Cf. Relative excitation func- 
tions were determined by collection of recoil nuclei 
with a gas-jet system followed by alpha-particle spec- 
t r ~ m e t r y . ~  Separate experiments involving radiochemi- 
cal techniques gave absolute cross-section values. The 
results for the ' j 8 U  target were consistent with 
published data2 that indicated that the ( I  'C ,xn)  
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reaction proceeds via the cornpound-nucleus mechanism 
with cross sections of -50-100 pb. For the 239Pu + 

'C reactions, maximum cross sections of 7.1 pb at 69 
MeV, and 4.8 pb at 74 MeV, were found respectively 
for 2 4 5 C f  and 244Cf .  Furthermore, no activity ascrib- 
able to Fm nuclides from 3yPu( '  ' C , X F Z )  reactions was 
detected in these experiments; a limit of 2C:,.-sn)/ 
( I  2C,cxyn) 50.01 was set. These results clearly indicatl: 
that 2 4 4 C f  and 245Cf  are not produced from 2 3 9 P u +  
' C in compound-nuclear interactions, because evapo- 

ration of charged particles from such heavy nuclei is 
much less probable than that of neutrons. 

Tu learn more about the reaction tnechanisms in- 
volved, we measured, at different 1 2 C  energies, the 
range and angular distributions for 24s 3244Cf that 
recoiled out of thin 'Pu targets. Figure 2.3 
shows range distributions obtained with stacks of thin 
carbon foils that collected recoils from &IO" with 
respect tu the beam (corrections for energy loss in the 
targets art: not included in the figure). The distributions 
for 2 3 8 U  + "C are approximately Gaussian, with 
centroids (average ranges) that increase with increasing 

'C energy in a manner consistent with full-momentum 
transfer. For 3 9 P ~ ~  the results hre quite different. The 
distributioris are asymmetric with tails that extend to  

3 n  U and 
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Fig. 2.3. Rangedistribution measurements fox '"Cf and 
244Cf from the reactions of "C with 23KU and 239Pu. 

large rdnge values, yet the centroids decrease rapidly 
with increasing "C energy. 
'I he angular diitributions, determined by c o k t i n g  

recoils in -g-mg/cm' aluminum foils pixed at vdrious 
angles with respect to the bedm, are also different tor 
the two targets For 2 3 8 U  + 12C,  the angular distribu- 
tions monotonically decrease with increasing lab angle, 
while for z3uPu  + "C, they display d peak at 
=15 20' 

All o f  the dntd support the conclusion that the 
23xU{  12C,xn) reactions occur via compound-nucleus 
formation and decay. The results foi the "Ppu 
( 'C,rxyn) redLtions are clearly not dscribabk to com- 
pound-nuclear procesrer, and qualitatively agree with 
work6 that concludes that direct transfer t o  the target 
nucleus of part of the projectile, possibly 'Be, occurs in 
such ieactions, followed by neutron emision iioni the 
excited residual nucleus 
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NUCLEAR CHARGE DISTRIBUTION 
OF HEAVY FISSION FRAGMENTS 

IN THE REACTION Pu(nth,fl 

R. L. Ferguson E. Konecny2 
ti. Gunther' G. Siegertl 

The division of nucledr charge is probably more 
directly related to the mechanism o f  fission thdri 15 the 
divibion of mass, since the distribution of protons most 
likely occurs at an earlier stage of the fisuon process 
than does that of the neutrons. In spite of thus, much 
more reliable data exist on the mass distribution in 
fission than on the chaige distribution. We have 
attempted to improve this situdtion by determining the 
charge distribution of hedvy fragments i n  the thermal- 
neutron-induced fission of ' 'Pu 

We halve used the fission-product mass spectrograph3 
at the research reactor of the Technische Universitat 
Munchen to irradiate nuclear emulsion plates with 
majs-separated fission products in the range 1 3 1  < A  < 
140 After these plates were processed, tracks of 
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Fig. 2.4. Most probable charge Z p  as a function of fragment 
mass for the reactions 2 3 9 ~ ( n f h , f )  and Z 3 5 U ( n t h , f ) .  The 
charge values 3x8 plotted as differences from Z(UCD), which 
Lorrespond\ to the cliargc ratio of thc fisqioning nucleus. 

individual fission fragments, and of the beta particles 
radiating from their termini, were examined with an 
optical microscope. The number of beta-particle tracks 
per fragment track, with minor  correction^,^ gives the 
beta-decay chain length as a function of fragnent mass. 
The average chain lengths thus obtained were converted 
to values of the most probable charge Z p  by subtracting 
them from the charge of the stable end product of each 
mass chain. 

These Z p  values are shown, in the representation 
of Wahl et al.,4 in Fig. 2.4, alongwithLp values obtained 
from a similar measurement of the 235U(nth,f l  rcac- 
tion. In the figure, Z(UCD) refers to  unchanged charge 
distribution, namely, that charge which would give the 
fragments the same ratio of protons to neutrons as the 
fissioning nucleus, and A* refers to  the fragment mass 
corrected for prompt neutron emission. It is obvious 
that the structure in the two charge distribution curves 
is quite similar, but the curve for the 2 3 9 p ~ ( n t h , f )  
reaction is displaced -0.4 charge unit further from the 
Z(UCD) line. Considering the relative positions of the 
valley of beta stability, however, corresponding Zp's for 
the fragment masses investigated here are approxi- 
mately equidistant from it for both fission reactions. 

1 .  IJniversitat Giessen, Gerindny. 

2. Technische Universitat Munchen, Czrmany. 
3 .  E. Konecny, 11. Gunther, H. Rosler. G. Siegert, and H. 

4. A .  C. Wahl, R. L. Ferguson, D. R. Nethaway, I). E. 
Ewald, 2 ~"hys. 231, 59 (1970). 

Iroutner, and K. 'Nolfsberg, Phys. Rev. 126, 11 12 (1962). 

STA4TES IN U VIA THE (d,d') REACTION 
AND IN THE ALPHA DECAY OF oPu 

C. E. Bemis, Jr. 
P. F. Dittner 
J. R. 1-Iuizenga' 

J. S. Boyno' 
Th. W. iilze2 
M. J. Zender3 

.~ i h e  collective states in 2 3 6 U  have recently been 
investigated in the ( a d ' )  reaction at 16 MeV on the 
University of Rochester MP tandem Van de Graaff in a 
collaborative e ~ p e r i r n e n t . ~  Inelastically scattered deu- 
terons were observed at 9 0  and 125" using an Enge 
split-pole spectrograph and nuclear emulsions. Spin 
assignments were made by comparing the differential 
cross-section ratios for the excitation of a particular 
state, d ~ 9 o o / d c ~ l  2 5 ~ ,  to  calculated ratios in the dis- 
torted-wave Born approximation. The states observed in 
the 6U(d,d') reaction together with differential cross 
sections and spin assignments are listed in Table 2.1. 

States in 2 3 6 U  have also been investigated following 
the alpha decay of 2 4 0 P ~ ~ ,  using high-resolution x-ray 
and gamma-ray semiconductor detectors. A portion of 

Table 2.1. States observed in the 236U(d,d')  reaction together 
with differential cross sections at 90 and 125" 

0 :k 2 
4 4 f 2  

149 f 2 

3 1 0 t 3 
524 f 2 
686 * 2 
746 !. 2 
848 * ?. 
919 * 2 
959 2 3. 

1002 k 2 
1037 f 2 
1060 f 2 
11502  2 
1240 ?: 2 
1262 +: 2 
1333 :k 2 

4 4 4 8 9 t 9 l l  
6434 t 361 

588 f 38 
42 2 4  

1 3 2 2  
216 * 15 

18 + 2  

104 t8 

95 + 8  
25 f2 
66 + 6  

9322 t 201 
2718 f. 120 

270 f 14 
51 + 3  
3.3 f 0.6 
30'2 
8 9 + 5  
23 22 

3.0 f 0.5 
4 2 2 3  
4.3 f 0.4 
5 3 f 3  
15 ? 1 
4 4 f 3  

4.7 2 0.9 
1 3 k 1  

5.6 * 0.9 

O+ 
2+ 
4 +  
6 +  
8' 
1-  
3 -  
5- 
(0 +) 

(2+) 
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the gainnia-ray work covering only the ground-state 
rotai ioiial band has already been p ~ b l i s h e d . ~  The higher 
lying states in 2 3 h U  populated in the (d,d’) reaction 
and in the alpha decay of 40Pu will be the subject of a 
future publication. 

1 .  Nuclear Structure Laboratory, University of Rochester, 

2 .  Present address: Institut f u r  Kernphysik der Ilniversitat, 6 

3. Present address: Department of Physics, Fresno State 

4. J. S. Boyno, ‘Th. W. Eke, J. R. Iluizenga, andC. E. Bemis, 

5. M. Schmorak, C. E. Bemis, Jr., M .  J. Zender, N. R. Gove, 

K O c h e S k T ,  N.Y. 

Frankfurt YO, West Germany. 

College, Fresno, Calif. 

Jr.,Bull. Amer. Phys. SOC. 17, 463 (1972). 

and P. F. Dittner,Nuc/. Phys. A175, 410 (1972). 

INTRINSIC QUADRUPOLE AND HEXADECAPOLE 
MOMENTS FOR EVEN-EVEN TRANSURANIUM 

NUCLEI AND THE EQUILIBRIUM 
DEFORMATIONS 

C. E. Bemis, Jr. 
I;. K. McGowan2 
J. L. C. Ford, J K . ~  

W. T. Milner2 
I<. L. Robinsoo2 
P. €1. Stelson2 

The ground-state rotational bmds tor ’ 3 0  3’ 12Th, 

aiid ’ ’Cf have been studied in precision Coulomb 
excitation experiments with alpha particles, using the 
Oak Ridge EN tandem Van de Graaff. Scattered alpha 
particles, elastic and inelastic, were analyzed using a 
split-pole magnetic spectrograph equipped with ii posi- 
tion-sensitive proportional counter in the magnet focal 
p h e .  Farly accounts of t h s  work have recently been 
p u b l i ~ h e d . ~ , ~  

I o  these experiments with alpha particles, single and 
multiple E2 transitions populate the 2’ aiid 4’ states of 
the ground-state rotational bands and higher 2+ states. 
The E3 transitions have also been observed to  directly 
populate the 3-  states of the K = 0 octupole bands 
However, strong electric hexadecapole (E4) tramitions 
(100-250 smgle particle units) have been observed in  
the ground-state band$, and multiple E4 excitations 
account f o r  10 to 40% of the population of the 4’ 
states. The remarider or the 4+ excitahon is via 
niultiple E2 excitation 

Detailed analyses of the Coulomb excitation probabil- 
ities in the rigid-rotor l imt ,  which include the quantum 
mechdnical corrections for E2 excitations, have yielded 
B(E2, Of -+ 2’) and most B(E4, O+ -+ 4‘) values for 
these targetr. The transition probabilities are related to 
the intrinsic quadrupole dnd hexadecapole moments, 
which in turn may be related to model-dependent 

Cm, 234 ,276 ,238~ ,  2 3 8 , 2 4 0 , 2 4 2 , 2 4 4 ~  2 4 4 , 2 4 6 , 2 4 8  U, 

deformation parameters. For a uniform charge distribu- 
tion with axial symmetry [&(e) = 1 t /320Y20 i 
p4 Y4 , the relation5 are as follows 

B(E2,0+ -+ 2’) = 5e2Q;,/16n eZbnZ , 

B(E4, 0’ +4+) = 9e2Qg0/167r e2bn4 , 

(1) 

( 2 )  

Q2 = 3.ZR;o2 o (  1 + 0.36p2 + 0.96704 

f 0 . 3 2 8 / 3 : : 0 / ~ , 0 ) / d 5 ,  ( 3 )  

Q40 =ZR:O,o(1 -t 0.‘)831320 + 0.725p2,/p,o 

+ 0.41 ] p 4 0 ) / 6 .  (4) 

A summary of our iesults to ddte is given in Table 
2.2 Figure 2 5 5hows the dependence of our medsured 
intrinsic hexJdecapole moments on neution number 
The correlation is strong and the trends are simildr to 
that observed in the rare-earth deformed legion. The 
hexadecapole moments are zero at the beginning of the 
deformed regon, rapidly rise lo large positive values, 
cross Yero at the middle (248Cn1), and aie iiegative for 
the remainder of the deformed region 

‘LJ has the largest intrinsic hexadeca- 
pole rnonient of all cases studied. It  a model of the ’ 34 U nucleus is constructed based on the deformation 
parameters, p z 0  and p40, fisted in Table 2 2, the 
nucleus develops a pronounced bulge in the middle, 2s 

shown in Fig. 2.6. This Coulomb excitation work is 
continuing and will result In a frimer understanding of 

The nucleuj 

-1.0 
138 140 142 144 146 148 150 152 154 156 158 

NEUTRON NIJMBER 

Fig. 2.5. Intrinsic hexadecapole moments for eveneven t~ans- 
uranium nuclei as a function of neutron number. The points for 
242’244Pu dnd 2 4 4 ’ 2 4 6 C ~  are interpolated but will he 
measured in future experiments. 
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Table 2.2. Summary of electric quadrupole and hexadecapole Coulornb excitation experiments with 17.00-MeV alpha particles 

Nucleus 
R(E2, o+ -f 2+) 

( e 2 b 2 )  

230Th 
2 3 2  r11 
2 3 4 "  

236" 

2 3 8 "  

238Bu 
240Pu 

242Pu 

244Pu 

2 4 4 ~ m  
246cm 

250Cf 
252Cf 

Cm 2 4 8  

8.01 t 0 . 1 1  
9.18 f 0 . 1 5  

10.5 1 f 0.20 
11.56 20.15 
11.70 f 0.15 
12.64 f0 .1  1 
13.26 0.15 
13.26 f 0.35 
13.83 f 0.37 
14.86 f0 .35  
15.03 f 0.45 
14.99 f 0.14 

16.7 i 1.1 

+8.975 * 0.053 
+9.607 5 0.078 

10.28 2 0.10 
10.78 * 0.07 

+10.84 k 0.07 
11.27 t 0 . 0 5  

+11.55 * 0.07 
+11.55 f 0 . 1 5  
+11.79 '-0.16 
!- 12.2 2 f 0.1 5 
+12.29 f 0.18 
12.276 rt 0.057 

12.9 f 0.4 

B(E4,O' - +  4') 
(e2b4) 

1.10 ?7 0.44 
2.56 k 0.86 
2.89 * 0.34 
1.51 k 0.69 
1.26 * 0.52 
1.90 fi 0.72 
1.39 COS3 

o:%:G 

a o a  P4Oa 

2.48 f 0.50 
3.78 f 0.64 
4.02 t 0.24 
2.90 f 0.66 
2.65 ? 0.55 
3.26 _+ 0.62 
2.79 f 0.53 

0 t l . l  -3.88 

0.204 k 0.006 
0.201 t- 0.009 
0.206 f 0.007 
0.230 t 0.009 
0.235 f 0.006 
0.231 5z 0.006 
0.244 L 0.007 

0.271 C 0.006 

0.1 10 0.030 
0.177 f 0.030 
0.188 f 0.030 
0.124 f 0.038 
0.100 f 0.028 
0.135 -1: 0.026 
0.099 f 0.027 

0 

aDefor~irdtion parameters are based on uniform charge distribution; R ( 0 )  = R o ( l  + p20 Y 2 0  + 040Y40) 

Fig. 2.6. Model of the '"U nucleus based on a uniform 
charge distribution and the measured intrinsic quadrupole and 
hexadecapole moments of this work. 

the nuclear systematics and deformation in the heavy- 
element region and should provide a more accurate 
basis for calculations relating to the stability of pro- 
posed superheavy nuclei. 

1. A portion of these results appear in the Phys. Div. Annu. 

2. Physics Division. 
3. J. L. C. Ford, J r . ,  P. H. Stelson, C. E. Hemis, Jr., F. K. 

McGowan, R.  L. Robinson, and W .  T. Milner, Phys. Rev. Letr. 
27, 1232 (1971). 

4. F. K. McGowan, C. E. Bemis, Jr., J .  L. C. Ford, Jr., W. T. 
Milncr, R.. I,. Robinson, and P. 11. Stelson, Phys. Rev. Lerr. 27, 
1741 (1971). 

Progr. Rep. Der. 31, 1971, ORNL-4743, p. 86. 

NEUTRON MuLrIPmrrY DISTRIBUTION 
MEASUREMENTS IN THE SPONTANEOUS FISSI 

OF 246Cm, 248C~11, and 2 5 2 C f  

J .  Halperin K. W. Stoughton 
C. E. Remis, Jr. F. M. Glass' 
11. W. Schmitt2 R. T. Roseberry' 

J .  H. Oliver 

Our neutron multiplicity counter3 has been adapted 
to  count neutrons in coincidence with fission fragments 
in a gated mode for small samples by- using a surface- 
barrier fission-fragment detector. When only the detec- 
tor plus sample (with a small stand to  locate the sample 
centrally in the sample chamber) were present. the 
single neutron efficiency was about 0.26, based on a 7  
for 2 5 2 C f  of 3.73.4 This contrasts with a calculated 
efficiency3 of 0.30 on the assumption that the sample 
cavity was filled with M g C 0 3 .  We filled the chamber 
with graphite (cylinders) except for a 2-in.-diam by 
/l-in.-long cavity for detector and sample and obtained 
an efficiency of 0.360. With graphite cylinders on both 
ends but with the central 8 in. of cavity containing a 
tank of D 2 0  with a I'h-in. hole down the center (for 
sample and detector), we observed an efficiency of 
0.450. 

Our previous electronic equipment3 was modified to  
allow scalar measurements of the various multiplicities 
from zero through twelve, as well as the number of 
fissions detected. 
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We measured multiplicities n of zero t h r c q h  sly for 
"'Cf with both D 2 0  plus graplute m d  with graphitz 
otily Then on the assumption of a Gaussi,ms distribu- 
tion p ( v )  for the emitted neutions, we fitted our 
obseived distrtbutiorl of niultiplicities fin) to value5 
prcdicted by the model by the method of least squares. 
using the a'bove measured efficiencies F The Gaussian 
( J ~  mtl V were the parametzrs of f ~ t ,  when we tried to 
pick up the value of 6 in addition to nv atid V, we did 
not get coriveigeilce because of the 5tIong coirelation 
between the values of c ,ind V Our values wltll 
gr,iphite were u, = 1.21 f; 0 00 and F = 3.72 2 0.06, 
which compare l'avorably with Teiiell's value5 of 1 21 
foi CJ, and with the 3 73 value of V mentioned above. 
By using the custoinary reciprucal nci ihema~cal  equa- 
tions, values of p( v )  were calculated from the computed 
(by the least-squares Fit) values ofP(n) These values of 
p(v)  were in good agreement with literature 
The distribution calculated fioni the experimental 
inultiplici ties agreed reasonably well for riultiplicities 
of 1, 2,  3 ,  and 4 but were coiisiderably tlicferent for 0. 
5, ,md 6 (due to especial sensitivity of the reciprocal 
ecpitiotis to zxperunental scatter). The experimental 
distribution P(n) showed higher values for the hidlei 
multiplicities than predicted troni d Gaussian functiori 

Samples of ' 4 6  Cm and ' 4 y  Cm were counted in our 
multiplicity counter in the gated mode Values of V and 
u ,  obtained were 2.86 * 0.06 and 1.13 5 0.06 foi 
24hC1n nnd 3 14 tr 0.06 and 1.10 k 0.06 for 2"8Cm In 
cuntrast to Thonipsori's value7 of 3 19 for F of 2 4 h  Cm, 
our values tor both nuclides fall on a striught Line 
connecting the nuclides ' Cm, ' em, Cni, and 
* 5 0 C n ~  111 a plot of V vs mass numbei The experi- 
meu tal distributioti foi both Ctri and '"' Cin 
showed even higher values at higher multiplicities than 
did "'Cf when compared with the vdues from it 

Gaussian prediction 9 

1. Instrumentation and Controls Division. 
2. Physics Division. 
3. R. L. Macklin, F. M. Glass, J. Halperin, R .  T. Roseberry, 

K. W. Stoughton, and M. Tobias, Chrm Div. Anrru. Progr. K r p  
Muy 20, 1971, OKNL-4706, p. 87; Niicl. Instrum. Methods, in 
press. 
4. Our weighted average of literature values: A. DeVolpi and 

K. G. Porges, Piiys. Rev.  C 1, 683 (1970); J. C .  Hopkins, and B. 
C. Diven,Nucl. Phys 48,433 (1963). 

5. JamesTcrrell.P/iys. Rev. 108, 7 8 3  (1957). 
6. 1). A .  Hicks, J.  Isc, and R. V. Pylr, Plzys. Rev. 101, 1016 

(1956); B .  C. Diven, H. C .  Martin, R. F. 'Taschek, and J. Terrell, 
Phys. Rev. 101, 1012 (1956). 

7. M. C. Thompson, Phys. Rev. C 2, 7 6 3  (lY70). 
8. C. J.  Orth,Nucl. Sci. Eng. 43, 54 (1971). 
9. We wish to thank R. D. Bay-barz for making the 248Cm 

available to  us. 

A RSOLUTE SPECIFIC ACTIVITY OF ' Cf 
AND HALF-LIVES FOR Cf,  Cf, ' Cf, 

AND "'Cf 

J. K. Stokely' 
C. E. Bemis, Jr. 

K. D. f3aybarz2 
K. E. Ebyi 

Experiments are in progress to  determine t h e  absolute 
specific activity of  2 4 Y C f  in a nianner similar to that 
recently used3 for 'Cm. This determination relies on 
the absolute niicrocheinical analysis of californium, 
using a complexometric titration of californium with 
ethylenediaminetetraacetic acid ( EDTA). An excess of a 
standard EDTA solution is added to complex coni- 
pletely the califoiniuin in solution, arid the excess 
EDTA is determined by a complexoinetric titration 
with me rcury(I1). 

Iiistrurrieritation to  provide a direct digital record of 
the differential complexometric titration (potential vs 
differential charge) has been developed and tested 
which will allow determination o f  californium at the 
0.5 inicroniole level to an absolute accuracy of  IL2%. 
Purification of approximately 2 m g  of ' 4 9  Cf is being 
performed, and replicate ctiernical determinations 
coupled with absolute ;ic tivity measuremerits should 
provide a half-life for 24L)Cf  accurate I O  2---3'%. The 
half-lives for ""Cf, ' "Cf, and * 5 2 C f  will be tleter- 
mined relative to 2 4 9 C f ,  using a combination of mass 
spectrometric, chenlical, ;md absolute-xtivity detemii- 
nations. 

1. Analytical Chemistry Division. 
2. Chemical Teclinology Division. 
3. J. E. MKracken, J. R. Stokely, R. 11. Baybarz. C .  E. 

Bemis, Jr., and K .  Eby, J.  Inorg. Nucl. Chem. 33. 3251 (1971). 

NEUTRON-INDUCED FISSION CROSS SECTIONS 

0.32 eV < E, f 1.5 MeV1 
FOR ' Cf IN THE ENERGY RANGE 

C. E. Bemis, Jr. 
J. W. T. Dabbs2 

M. S. Moore3 
A. N. Ellis3 

N. W. ~ 1 1 1 ~  

On the basis of prelirtiinary experirnents with ' U 
performed at the Oak Ridge Electron Linear Accelera- 
tor (ORELA),' a new technique fui the measuiement 
of fission cross sections has been developed which is 

applicable tu  extremely small samples (25 to  SUO pg). 
The preliminary experiments with '."U were per- 
formed at an -8.5-m flight path and used an Si diffuse 
junction detectors located diiectly in the neutron flight 
path and nearly in contact with the sample. The type of 
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fission-fi agment senuconductor detector used is espe- 
cially resistant to iieutroa damage and to the intense 
gamma-ray flash which iiccornpanies each accelerator 
beam burst I t  W:LL fouiitl lliai the gamma-ray flash 
pulse i n  the detector w a 5  approximately equivalent to a 

100-MeV fission-fiagment pulse and could easily be 
handled by the system electronics. A rapid recovery 
from the gamma flash pulse is essential at the relatively 
short flight paths used here (-10 m) so that fission 
evcnts induced by the high-cnergy neutrons nuglit be 
recorded. 

'The time-of-fligii t informa twn was processed and 
stored using a digital clock in conjunction with the 
OKELA data acquisrtion computer. 

Rased on the success of our feasibility experiments6 
wiifi ' U. a11 experime ti t to  measure tile fission cross 
section for 2 4 y C f  in the energy range 0.3 eV < E, G 
1.5 MeV was perhimed. AA target consisting of 128.3 /*g 
of isotopically pure ' C f (>99.999%) was prepared by 
electrodeposition on a thin stainless steel target rnount 
Because of the liigli alpha disintegration rate from this 
target (>IO7 adps), a high-speed current pulse amplifier 
was developed and integrally mounted with the ' 'Cf 
i'lss~cxi detectur-target asseinbly The pulse rise and fall 
times of this amplifier were 10 and 30 nsec respectively. 
A 408-pg/cm2 ' ' U tdrget was r u n  srmultaneously wtth 
the 2 4 y C f  target in the s m e  neution beam to  provide 
an absolute fission ~ r o ~ s s - s e ~ t i ~ t i  refeierice fur  the 2 4  9Cf 
experiment. The experiment was performed on flight 
path 2 a t  the OKELA at a flight pa111 disiance of 
9 74 ni. The ORELA wds operated d t  -25 kW with a 
25- to 30-ilSec pulse widlh. The fission-fiagment detec- 
tor for the 2 4 9 ~ f  t:irget required replacemerit after I 5 
to 20 l i t  exposure, due to radiation damage from the 
intense alpha activity of the target (10" to 
alphas/cm2 integrated dose). 

Figure 2.7 shows a portion of the uncorrected data 
for both the "'U target (upper curve) arid the 2 4 Y C f  
target (lower curve) resulting from an -20-hr zxperi- 
ment 

One prominent feature in the 2 4 9 C f  spectrum is the 
l ~ r g e  resomiice at -0.71 eV, which accounted for 
approximately 60% of all ' Cf fissions obseived 111 tlie 
expcrirnent. A preliininary estimate of  the peak cross 
section is -5500 b, with a width, full width at half 
~ I U I I ~ U I I I  (FWHM), of -150 rnV. Our data for 2 4 9 C f  
overlap witti, and extend to much lowrr energies, the 
unpublished results of Silbert' measured on the 
Physics-8 underground test explosion. We are in the 
process of normalizing our 2 4  'Cf  results to the ' U 
refeience results to yield absolute cross sections and 
appropriate resonuice parameters for "Cf. We believe 

these results for ' 4 y  Cf demonstrate that fission cross 
sections for odd '4 and odd-odd transuratiium riuclei 
may conveniently and reliably ( t 5  to io"%, accuracy) be 
measured at lire OKELA, using samples o f  the order 25 
io 500 pg. Extension of this technique to the measure- 
ment. of other trxnsurmics, 245Cm,  2 4 7 C m ,  Z4')Bk, 
' ' Cf, is being contemp1;itecl. The possibility of meas- 

urements on even-even nuclei will depend on a detailed 
e.uarninatioo of the sl'oiitaneous-fissioii background 
level. 

- 
1. Another, somewhat different, account of this work ap- 

pears i r k  the Phys. Div. Arinir. Progr. Rep .  Dei:. 31, 1971, 
ORNL-4743, p. 88. 

2. Physics Division. 
3. Los Alnmos Scientific Laboralory. 
4. Instrumetitatioti and Controls Division. 
5. Solid Stale Radiation, Inc., Los Angeles, Calif. (type 

6. J.  W. T. Uabbs, C. E. Bemis, Jr., M. S. Moore, A. N. Ellis, 
and N. W. Hill, "Snidl Sample Fission Cross Section Measure- 
ments a t  OKJXA." Phys. Div. Anrzu. Progr. Rep. DK:. 31, 1971, 

7. M. G. Silbert, l o s  Alsmos Scienlific Laboratory, private 

6C)O-PIN-125). 
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FURTHER EXPERIMENTS ON THE NEW ISOTOPE, 
NOBELIUM-259 

It .  J .  Silva 
1'. F Dittner 

M. L. Mallory 
0 L. Kellrr, J r  

We previously reported' ilie discovery o f  a long-lived 
alpha-emitting isotope of element 102 produced in the 
bombardment of 248Cm with 8Q ions froin the Oak 
Ridge Isochronous Cyclotron. The new nuclide was 
assigned inass 259 froin nuc!ear reaction data and 
alpha-pal tick decay energy systematics. Our da la indi- 
cated thai 2s'No decays primarily by the emission of 
7.52-MeV alpha particles, with a half-life of 1.5 i 0.5 
hr. Preliminary results showed the eluhon position of 
the 7 52-MeV alpha activity froin a cation exchange 
colurnn , using 3 iv anmionium a-hydroxyisobutyrate, 
was iis expected foi nobelium. We have since carried out 
fiirtlier irradiations, using about f o u r  tiines as much 
target material (-1.5 mg of  248Cm), arid have studied 
clienlically separated samples more fully in order to  (1) 
cliermcally identify any othei alpha gt oups belonging to 

No dzcay, (2) establish the genetic linkage of 
'''No to the known daughter ' " Fin for further mass 
identification, and (3) search for the spontaaeous 
fiwoit decay blanch expected for "No 

Figure 2.8 shows ari alpha-particle energy spectrum 
accumulated fioni 14 two-hour bombardments of a 

2 5 9  
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350-pg/cm2 248Cm target with 97-MeV I 8 O  ions, using 
the recoil technique.' The rather broad alpha peak 
observed at 7.52 MeV in our previous report appears to 
be due to at least two alpha groups. one at 7.500 MeV 
and another at 7.533 MeV. Additional alpha groups 
were observed at 7.455, 7.605, and 7.b85 MeV. 
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Pig. 2.8. Alpha-particle energy spectra accumulated from 
bombardments of 248Cm with 97-MeV l80 ions. (a) Without 
chemical separations; ( b )  nobelium fraclion from chemical 
separations; ( c )  nobelium fractions accumulated for three days 
after (b). 

Assuming that all of these alpha groups belong to 
2 5 9 N o  decay, the percent abundance of each group was 
determined and is given in Fig. 2 . 8 ~ .  

Figure 2.M shows an alpha-particle energy spectrum 
accumulated from nohelium samples obtained from 
three 2-hr bombardments of 1 .5-nlg/cm2 24 8Cm tar- 
gets. After these irradiations the targets were dissolved, 
and the nobelium was separated from most of the target 
and Be backing material by elution from cation 
exchange resin with hydrochloric acid. The final no- 
belium purification was accomplished by elution from 
cation exchange resin with ammoliiurn a-hydroxyiso- 
butyrate; Fig. 2.9 shows the results. The decontamina- 
tion of the nobelium from the target material and other 
trivalent actinides was greater than 1 07. The energy 
resolution of the peaks in Fig. 2.8b was somewhat 
broader than in Fig. 2.&, due to  finite sample 
thickness. However, the alpha groups between 7.4 and 

ORNL- DWG. 7 2 - 3 3 3 0  
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Cm 
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................... 

0 io 20 3 0  
DROP NUMBER 

Pig. 2.9. Elution position of the nobeliiim alpha activity 
rshtiive to 9 0 ~ ,  90sr, and 2 4 8 ~ m ,  using 3 M ammonium 
a-hydmxyisobutyrate (pM 5.0) as eluant. The arrow indicates 
the expected elution position for nobelium relative to the 
tracers from a 2-mm-diam by 2-cm-long Dowex 50-X12 resin 
bed at 75OC. See rcf. 2. 
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7.7 MeV in Fig. 2 . 8 ~  also can be seen in Fig. 2.86 and 
thus are indeed associated with the nobelium decay. 

Figure 2 . 8 ~  shows the alpha-particle energy spectrum 
accumulated from the chemcally separated nobelium 
fractiuns over a pcriod of three days after spectrum 
2.8b was ob tamed. The energy of the alpha group near 
channel 200 is about 7 03 MeV. and this activity decays 
with a half-life of approximately one day These 
propel tics correspond closely to those of "Fin (E, = 
7.027 MeV, T l / 2  = 20 hrj. We can estimate from our 
chemical separation data that the counts in this peak 
cannot be due to contamination by 2 s s F m  made 
directly in the bombardment, i t  must all have come 
from nvbelium decdy. The observed number of " Fm 
J p h a  decay events (atoms) in Fig. 2 . 8 ~  IS approxi- 
mately equal to  tlie nurnber of 2 5 9 N o  alpha decay 
events (atoms) in Fig 2.8h For oui experinientd qetup, 
the rno ther-daughtcr decay relationslups would predict 
equd numbers of alpha events. The total half-life of 
"'No derived from an accumulation of a11 of our 
present data is 5 4  2 5 min. 

Sl)ontaneous-fissiori counting was also carried out on 
two of tl le chernically separated nobelium sariiples. A 
spc~nt,ineous-fissi~~ii dctivity decaying with a hdf-life of 
about 1 hr was observed arid is wry likely associated 
with the "'No decay; we estimate this mode of decay 
to be -20% of the totd. Tbis branching corresponds to 
a sI)oiitatieous-fi\~ion half-life of -4.5 h i  arid leads t o  
an estimate of 10' for the spontaneuiis-frssion hin- 
drance factor over ilie trends given by nuclei with even 
numbers of protons and neutrutis. 

. _- 
1 Clrem DIV A n t ~  Progr Rep May 20, 1971, OKNL-4706, 

2 J Mal?. T. Sikkeland, R Silva, and A. Ghiorso, Science 
p 65 

160, 1114 (1965) 

ATTEMPTED 2 IDENTIFICATION OF ' ,2 " Lr 
~ ~ ~ ) 2 5 7 , 2 6 1  Rf 

P. F. Dittner 
C. E. Bemis, Jr. 
D. C .  Hensleyl 

C. D. Goodman1 
K. 1. Silva 
R. I.,. Hahn 

with isotopes having half-lives of the order of seconds, 
an automated rapid activity transfer system (ARATS) 
W;IS developed. ?he salient features of ARATS are: 

1 A helium gas jei (issuing from tlie Izclium-filled recoil 
chomber) deposits the activity on the centers of thin 
aluminum disks ("rabbits"). 

2. The rabbits arc transferred penurnatically from the 
activity collection point to the counting station, 
where they are positioned between an alpha detector 
and a photon detector. 

3. The elapsed time fiom the end of the collection time 
to the start of t tie counting time IS GI sec. 

The teaction 249Cf(i  2C,4n)25 7Rf did indeed pro- 
duce dlpha activities of the same energy and half-life as 
observed at Berkeley3 for 2 s7Kf  (see Fig. 2.10), but 
the number of coincident K x rays after two days' 
accumulation was extremely small. F'xtrapolating our 
yield to ;I five-day accumulation convinced us that an 
unequivocal 2 identilkativn would not be possible 
under existing conditions, and the experiment was 
halted. 

We then fumed to  our secondary goal, the Z 
identification of ' 'Lr ( T ,  / 2  = 3 1 secj produced by 
bombarding 2 4  'Cf with ' B Previous measurements 
indicated that the cross section for the production of 
L S b  I,r would be larger than tlie production cross 
section for ' 7Rf, arid indeed this was the case (Fig. 
2.1 1 ) .  However, theoretical estimates of the K x-ray 
yield per alpha decay are smaller for 5 h  Lr compared 
with 7Rf, and unfortunately this fact was confirmed 
by o u r  experiment. Prelirilinary experiments, which 
produced the 22-sec 2 5  'Lr and the 70-sec 2 6 ' R f  via 
the reactions 249Cf( '0B,4n)255L~ and 249Cf ( ' 80 ,  

' Kf, respectively, convinced us that the latler 
two isotopes were even poorer candidates for a success- 
ful Z identification experunent. 

At  this time it appears that with improvements we 
have made in our x-ray detection efficiency arid a 
planned improvement of ARATS, a furlher attempt at 
the Z identification of ' 7Rf is warranted. 

We have attempted to apply our Ka x-ray coincidence 
technique2 for identifying the atomic number of new '. *ivision. 

elenients to  isotopes of lawrencium (Z = 103) and 
rutherfordium (2 = 104). Our primary goal was the Z 
identification of the 4.5-sec 2 5  7Rf. Io order to work 

I__--------.----------------.-.~- 

2.  P. F. Dittner, C. E. Remis, Jr . ,  D. C. Hensley, R. J .  Silva, 

3. A. Ghiorso, M. Nurmia, J. Himis. K. Eskota, and P. Eskola, 
and c. n. Goodman,Phys. Rev. I,ett, 26, 1037 (1971). 

Phys. Rev. Let t .  22, 1317 (1969) 
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RADIOACTIVITY ASSOCIATED 
WITH RADIOHALOS 

R. V. Gentry1 J. W. Royle 

While the nature of the radioactivity associated with 
dwarf halos and giant halos is as yet unresolved, some 
interesting developments have taken place. Prior re- 
p o r t ~ ~ , ~  of the existence ol' very low-energy alpha 
activity, which could possibly be related to the origin of 
the dwarf halos, were investigated by visiting some of 
the original investigators, F. Hernegger in Vienna and K. 
Coppens in Nancy, France. Follow-up contacts in  
France by F. Perey4 resulted in the acquisition of 
certain hernatite samples wliich purportedly con lain 
low-energy alpha activity. Samples of this hematite have 
been prepared for nuclear-emulsion experimetils in an 
attempt to duplicate the results of Coppens, who 
reported finding several unknown low-energy alpha 
emitters, using this technique. 

In our experiments some short tracks similar in length 
to  those described by Coppens have been found, but 
more experiments are necessary before any definite 
statement cat1 be made as to the origin of these tracks. 
Additional alpha spectrometric studies on these and 
other samples extracted from dwarf-halo-bearing min- 
erals are being carried out using a conventional solid- 
state detector. 

Ion microprobe analyses of the various halo inclusions 
have been somewhat delayed by problems associated 
with installation and calibration of the ion probe at the 
Y-I2 Plant. Ion probe results on NBS standard Pb show 
good agreernen t with NBS-determined Pb isotope ratios. 
Those results give confiderice that the Pb isotope ratios 
(and other heavy nuclides) existing in small halo 
inclusions can be determined in situ by this t e c h n i q ~ e . ~  

Another phase of the research on radiohalos has been 
with respect to the question of relating halo radii to 
alpha ranges in mica. I t  was reported several years ago6 
that alpha ranges determined by Van de Graaff irradia- 
tion seemed to  agree with halo radii. However, since a 
recent report7 has raised this question again, new 
experinierits were performed on the OKNL Van de 
Graaff and on the University of Maryland Van de 
Graaff. In addition to mica, fluorite and cordierite were 
also irradiated to  determine an experimental range- 
energy curve in these minerals. These induced ranges, 
together with a comparison of halo radii, will be 
published soon. 

1. Visiting scientist from Coinmbia Union College. 'Takoma 

2. A. Rrukl, F. Hernegger, and kI. Hilbert, Akud. Wiss Math. 
Park, Md. 

Natimrwi.ss. Kl. Sitzungber. Aht. IIA 160, 129 (195 1). 

3 .  
4. 
5 .  
6 .  
7. 

R. Coppens, C.R. Acud. Sci. 243,582 (1956). 
Neutron Physics Division. 
R. V. Gentry,Science 173, 727 (1Y71). 
R. V. Gentry, Science 169,670 (1970). 
R. M. Spector, Plzys. Rev. A 3, 1323 (1972). 

SEARCH FOR SUPERHEAVY ELEMENTS 
IN NATURE 

J.  S. Drury 

During this report period several different techniques 
were employed at ORNL to detect superheavy elements 
in nature. This contribution summarizes only the work 
involving the use of the fire-assay technique, followed 
by spotitarieous-fissiori 

Our search was extended to a wide variety of ores and 
nliiierals. Following is ;i tabulation of the samples by 
type arid location: 

Sample 

Barite 

Enargite 
Eiistatitc (brotizite) 
Forsterite 
Galena 
Gersdorffite 

Glauconite 
Glauconitic sandstone 
Goethite 

Cold (aurit'crou s 
conglomerate) 

Gold (in quartz) 
Nausrnannite 
Hematite 
Hematite (rriicaceous) 
Ilmenite Sand 
Jamesonite 
Lollingite 
Magnetite (lodestone) 
Magnetite sand 
Magnetite in chlorite 

schist 
Olivine 
Pyrargyrite 
Pyrochroite 
Pyroxene (diopside) 
Pyroxene (hedenbergite) 
Pyroxene (pigeonite) 
Pyroxenite (fasmite) 
Pyroxenite (harzburgite) 
Rhodonite 
Rhodonite (iowlerite) 
Riebeckite 
Serpentine 

Tennantite 

Source 

Flathead Mitic, Montana. and 
Northumherland, England 

Moii tana 
Webster, N.C. 
Bigelow Twp., Quebec, Canada 
Park City, Utah 
Rankin Inlet, Nortliwcst Territories, 

Canada 
Hazlet, N.J. 
Aftori, Minn. 
Story Point, Virginia, and 

Central Rand, Trdnsvaal, Africa 

Lead, S.D. 
Iwate-Ken, H ~ I I S ~ L I ,  Japan 
Clinton. N.Y., and Ironton, Minn 
Ishpeming, Mich. 
Melbourne, F'la. 
Bolivia, South America 
South 1,oiraine: Ontario, Canada 
lron County, Utah 
Los Angcles County, Calif. 

Uiwabik, Minn. 

ClleSteT colinty, Pa. 

Jackson County, N.C. 
Beaverdell, British Columbia 
Iwate-Ken, Honshu, Jap;in 
Hull: Quebec, Canada 
Silverstar, Mont. 
Londoiin County, Va. 
Helena, Mont. 
Nye, Mont. 
Butte, Mont. 
Franklin, N.J. 
El Paso County, Colo. 
Snarum, Norway, and Cornwall. 

Sells Mine, Alta, Utah 
England 
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N o  evidence for the presence of superheavy elements 
was found in any of the samples. 

1. J. S. Drury, Chern. Div. Anrzu. Progr. Rep. M Q ~  20, 1970, 
ORNL-4581, p. 46. 

NEUTRON EMISSION MEASUREMENTS 
OF NATURAL SAMPLES 

R. W. Stoughton R. V. Gentry1 
J. Halperin R. M. Milton' 
J .  S. Drury J. 13. McCarthy3 

K. L. Macklin4 

In a continuing effort to  measure neutron ciuission in 
natural samples for evidence of superheavy elements, a 
number of ores. minerals, concentrates, and special 
samples have been examined in the neutron niultiplicity 
counter.' This counter, containing 20 3 H e  detectors in 
a paraffin matrix; enables the examination of large 
samples (20-liter volume) with little or no chemical 
processing to evaluate the emitted neutron multiplicity 
spectrum. This is an effective tool in the search for 
superheavy elements, since either their decay or the 
decay of daughter nuclides is expected to proceed by 
spontaneous fission. Furthermore, the parameter V 
(average number of prompt neutrons emitted in the 
fission act) has been estimated6 to  be very high for 
superheavy nuclides; for example, c(l 14298) E 10 in 
contrast to v 5 4 for all known spontaneously fissioning 
nuclides. Thus. in addition to  providing a unique 
indicator, this predicted high value of 7 enhances the 
absohite counting sensitivity. A neutron multiplicity 
counter with a sinde neutron counting efficiency EO = 
0.30 would exhibit an efficiency of 4 2 3 )  = 0.62 for 
observing multiplicities of three or greater and + I )  = 
0.35 for observing multiplicities of four o r  greater in a 
fission event in which ten neutrons were emitted. On 
the basis of a capability for detecting 1.0 fission event 
per day for a nuclide with a 108-year half-life (approx- 
imately the shortest half-life for a nuclide to  have 
survived geologic times), the maximuin sensitivity of 
the counter for such a measurement can be estimated to  
be -5 X 10' atoms o r  - I O - '  gig. 

The results of this study are summarized in Table 2.3. 
The first four columns include the description of the 
sample, weight. and length of time measured. ?'he fifth 
and sixth columris list the observed rate (counts/day) of 
triplets, and quadruplets and greater respectively. The 
last column gives the neutron multiplicity rate for 
(24's)  following corrections for variable factors in the 
background. Although the counter is some 50  ft below 
grade and the nucleonic component of the cosmic-ray 

spectriim has been largely filtered out, the muon 
component contributes appreciably to the background 
of samples of highZ. An empty counter gives rise to a 
background Bgd(3) - 1.2 counts/day and Kgd(X) - 
0.2 count/day. If iron is introduced into the counter, it 
contributes a rate of R(3) = 0.35 count day-' kg-' 
and R ( X )  = 0.12 count day-' kg-' ; lead contributes a 
rate of R(3) = 0.4 count day-' kg-' and R ( X )  0.8 
count day-' kg-I. The nuclide 2 3 8 1 J  is the only 
significant neutron emitter in nature [T,I~(S.F.) = 8.2 
X 10' years, F = 2.01 arid gives rise to a rate of K ( 3 )  = 
7 counts day -' g-' and R(2-4) = 0.7 count day-' g-' 
in the counter. 

In general, the corrections applied were small except 
for large samples of high Z such as lead and for samples 
containing appreciable quantities of uranium. The 
measurements of rnultiplicities (24) were used t o  
evaluate evidence for high-multiplicity spontaneous 
fission (i.e., possible superheavy elements). IIowever, 
none of the samples we have examined gave evidence of 
spontaneous fission rates in excess of the detection 
limit [--OS count/day for multiplicities ( X ) ]  . The 
corrected rates were in every case less than 0.5 
count/day, with many observed rates less than the 
estimated backgrounds. However, the uncertainties due 
to low counting statistics and background corrections 
suggest that an upper limit of 0.5 count/day be placed 
on the samples listed in the table with the following 
exceptions. The uncertainties in the measurement of 
the 46.2-kg galena due to  its high lead content and the 
22-kg monazite due t o  its high uranium content 
indicate that these samples be considered as exhibiting 
less than 2 counts/day. 

'Theoretical estimates6,7 identify Z = 110-124 as the 
anticipated region of enhanced nuclear stability asso- 
ciated with the double-shell closure at Z = 114 and N = 
184. We have examined a massive galena sample with 
respect to our interest in element 114, ekalead. Further, 
the sample listed as galena-barite came from the top of 
a galena vein incorporating some elemental gold. We 
have examined several other chalcophilic samples, iron 
and zinc sulfides, as well as the mineral cerussite, PbC03. 
The two flue dust samples were collected a t  different 
stages in Cottrell precipitators from the roasting of 
pentlandite, iron nickel sulfide. Calculations by Keller 
et a].* indicate that element 114 can be expected to be 
cven more volatile than mercury, arid inJerniediate 
between lead and gold in nobility. I n  this connection, 
we attempted a technique successfully developed t o  
locate mercury ore b ~ d i e s . ~  Air in the vicinity of such 
ore bodies is passcd over gold or silver foils; these are 
subsequently heated to release mercury, which can be 
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Table 2.3. Neutron multiplicity measurements of no tiiral samples 
__ 

Sample Principal Wt 
component 5 (kg) 

Observed neutron Coxrccted 
Timc mu1 tiplicity ncu tron multiplicity 
(days) (counts/day) (counts/day) 

_____ .......................... 
(3’s) (ZG4’S) (h4’S) 

Galma 

Galena, barite, 
Colorado 

some Au 
Colorado 

Pyrrhotite, mill conc. 
Oiitillio, Canada 

Pyrite 
Mexico 

Sphaleritc, mill COJIC. 

Colorado 
Cerussite 

S. W. Africa 
Flue dust, Cottrell 

recov. ~ Fe 
Ontario, Canada 

Flue dust, Cottrcll 
recov. - -  N i  

Ontario, Canada 
Au. Ag foils 
H g  mine 

Nevada, Arizona 
Silica gel, cntde Xe 

Linde Plant, New York 
Felsic norite 

Ontario, Canada 
Dark norite 

Ontario, Canada 
Kiniberlite 

1 enriessee 
Potash ore 

New Mexico 
Potash ore 

Ontario, Canada 
Salt fraction -~ bittern 

Great Salt Lake, Utah 
Salt fraction - - -  potash 

Great Salt Lake, Utah 
Salt fraction --- sodium 

Great Salt Lake, Utah 
Native bismuth 

Saxony, Germany 
Refined bismuth 

unknown 
Meteorites - -  

Canyon Diablo 
Arizona 

Odessa, Texas 
Brenharn. Kansas 

Sweden and Madagascar 

.. 

Meteorites - 

Mica and monazite 

Pb, S 

Pb, S, Ea, 

Fe, S 

Fc, s 

Zn, S 

m, c032-- 

Fe, Ni, . 
cu, 0 

Fe, Ni, 
c u ,  0 

Ag, iZu 

Xc 

Mg, Fe, Ca, 
(siZo6),- 

Mg, Vc, Ca, 
(S i2 06),- 

Mg, Fe, AI, 

K,C03* 
(si,06)4- 

K, C03’- 

Cs, Rb, Li, 
Mg, CI 

K, CI 

Na, Ca, CI 

Bi 

Bi, 0 

Fe, Ni 

Fe, Ni 

K, Mo, Fe, 
( A M 3 0  
R. E., Th, 
u, (Pod3-  

46.3 

14.5 

30 

0.25 

29.5 

3 

13.6 

16.3 

0.5 

0.5 

30 

30 

10.4 

24.5 

24.5 

8 

20.2 

19.5 

1.0 

1.5 

31.3 

12.2 

0.5 

4.22 

1.50 

2.84 

6.63 

4.07 

4.89 

4.26 

3.06 

3.90 

3.91 

3.26 

3.12 

2.94 

4.94 

3.89 

3.12 

2.03 

4.01 

5.73 

4.69 

4.05 

5.84 

5.03 

14 

1.5 

3.7 

1.9 

4.3 

1.8 

2.5 

2.6 

0.3 

2.2 

1.4 

1.3 

1.6 

0.94 

1.19 

1.5 

0.6 

0.3 

3.85 

2.8 

5.8 

4.3 

2.5 

15 

0.73 

0.0 

0.0 

0.87 

1.0 

0.8 1 

0.76 

0.3 

0.5 

0.71 

0.42 

0.0 

0.1) 

0.0 

0.0 

0.0 

0.0 

8.81 

1.2 

2.0 

0.5 1 

0.41 

(--SI 

--0.8 

0.5 

-0.2 

+0.2 

--0.2 

+0.2 

+O.S 

+o. 1 

+0.3 

+0.2 

--0.1 

- -  0.3 

--0.3 

---0.3 

--0.2 

---0.2 

--0.2 

0.0 

t0.1 

-4.2 

-0.3 

+o. 1 
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Table 2.3 (continued) 

Observed neutron Corrcctcd 
ncutron multiplicity mu1 tiplicity Principal Wt Time 

(days) (count s/day) (count s/day) -. . . . . . . .. ikg) 
Sample components 

(3's) (>4's) (>4's) 

Monazite R. E., T'h. 22 

Hematite and magnetite Fe, 0 5 

Hematite Fc, 0 31.8 

Australia u. (P04)3. 

Elba 

California 

1.05 220 16 ( ~ 4) 

4.85 3.6 0 . 2 ~  -0.2 

4.26 1.1 0.27 -0.2 

detected spectroscopically. We exposed two gold foils 
and one silver foil in the adit of the Pershing Mine, 
Nevada (adit air flow: 9 fps; 0.6 pg Hg/m3), for 15 
days. The mine is an ex-mercury producer and has ore 
containing pyrite and stibnite. We similarly exposed 
two gold foils and one silver foil for eight days in the 
adit of the Ord Mine, Arizona (adit air flow: 3 fps; 20 
pg Hgim')), which is another ex-mercury producer. 
I~resumably, some of the elements between 112 (eka- 
mercury) and 116 (ekapolonium), if they exist, might 
be collected in this manner. 

In connection with element 118 (ekaradon), we have 
examined a sample of silica gel previously used over a 
period of months in the Linde plant at Tarrytown, New 
York, for sorbing and desorbing gases for the pro- 
duction of noble gases, together with a 1-liter sample of 
a gas mixture of crude xenon. With respect to our 
interest in element 1 I0 (ekaplatinum), several ultrabasic 
rocks were examined (the norites and kimberlite): in 
some cases such rocks have been found to support 
platinum values. In connection with element I19 
(ekafrancium), we have examined several potash ores as 
well as fractions from the Great Salt Lake, Utah. The 
bittern (rich in Cs, Rb. Li, and Mg) is a concentrate of 
the brine following removal of the sodium chloride and 
the potash fractions. 

A sample of native bismuth as well as some reagent 
bismutll has been examined (elemcnt 115 i s  eka- 
bismuth). Maly had previously reported' unexplained 
fission tracks in Lexan which had been placed in 
contact with bismuth for a period of months. Several 
iron-rich meteorites (Canyon Diablo, Odessa, and 
Hrenhain) have been examined which presumably sain- 
ple the siderophilic phase. We have examined samples of 
biotite from Sweden in which rare dwarf halos have 
been found together with some monazite from Mada- 
gascar associated with giant halos.' ' We have also 
examined a larger sample of Australian monazite. We 
have examined some hematite and magnetite samples 

from the Island of EIba repoited' to contain some 
unexplained low-energy alphas. We have also looked a t  
a more massive hematite sample from California. 

1 .  Visiting scientist from the Institute of Planetary Science, 

2. Union Carbide Corp.. Lindc Laboratoiicr, 'Tarrytown, N.Y. 
3. U S .  Dept. of the Interior, Geological Survey, Dcnver, 

Colo. 
4. Physics Division. 
5. R. I<. Macklin, F. M. Glass, J .  Halperin. R. T. Roseberry, 

R. W.  Stoughton, and M. l'obias, C/zeiii. Div. Anrzu. Progr. Rep. 
May 20, 1971, ORNL-4706, p. 87;Mrtcl. lristrurn Methods, in 
press. 

Columbia [Inion College, Takoma Paik. Md. 

6. J .  R. Nix, PIzys. Lett .  B 30, 1 (1969). 
7. M. Bolstcri. E. 0. Firet, J. R. Nix, and J. L. Norton, Phys. 

Rev. C 5 ,  1050 (1972). 
8. 0. L. Kcllcr, J .  L. Burnett, T. A.  Cailwn; and C. W. 

Nestor, J. P/z,vs. Chci77. 74, 1127 (1970). 
9. J. H. McCarthy et al., "Mercury in Soil Gas and Air - A 

Potential Tool in Mineral Exploration," Geological Survey 
Circular 609 (1969); W. W. Vaughn, "A Simple Mercury 
Detector for Geochemical Prospecting," Geological Survey 
Circular 540 (1967). 

10. J .  Mali ,  private communication (1971). 
11. R .  V. Gentry, Science, 169, 670 (1970); 173, 727 

12. R .  V. Gentry and F. G. Perey, private communication 
(1971). 

(1971). 

SAMPLES COUN'1'EI) 1N LBL NEUTRON 
MUL'I'JPI-.ICI'TY COUN'TER IN A SEARCH FOR 

SUPEKWEAVY ELEMENTS IN NATURE 

R. C. Jared' J .  S. Drury 
E. Cheifctz' R. L. Silva 
E. K. Giusti' I<. W. Stoughton 
S. G. 'I'liompson' J. Halperin 

In collaboration with the Lawrence Berkeley Labora- 
tory, a number of natural samples were counted in the 
LBL, scintillation neutron multiplicity counter, which is 
located in a tuiinel under about 800 ft of dirt, giving it 
a low background even for large amouiits of hi&-Z 
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riiai.eria1. None of these samples has shown evidence of 
the presence of superheavy elements, as far as we can 
tell. Such results are consistent with a half-life for 
spontaneous fissioo of about IO2 years (3 kg) to  10' a 
yexs  (20 kg) for the principal coniponent(s). (Altenia- 
tively, if the half-life o f  the superheavy element is lo9 
years, an upper limit of about 10-l4 g of superheavy 
element per gram of  sample is indicated.) 

Many of these samples came from mines, smelters, 
etc., of the Sudbury region of Canada; 

W t (W Description 

3 Composite sample, precious metals 
4 Ni conc 
3 Blast furnace dust 
3 I;lue dust, Intern. Nickel 
4 
3 Blast furnace dust 
3 Snicker fluc dust 

CuS, mill conc. Intern. Nickel 

several others came from mines, smelters, etc., of 
Colorado: 

IVt. (lig) Description 

4 
10 
4 
4 
4 

10 
3 
4 
4 
4 
4 
4 

Ag, Cu, Pb conc from Creede 
PbS conc, Silverton 
Pb, Ag, %n sulfide. Creede 
Cu, Ag, Pb, Au, Z n  conc, 'Telluride 
Pb, Ag, Au,  Zn sulfide COIIC. Telluride 
Pb, Zn sulfide ore, Creede 
Zn, Pb, Cu, Ag, ,4u sulfide ole, Silverton 
Cu, Pb, Zn sulfide ore. Silverton 
Pb, Ag, Fe, Zn sulfide ore, Creede 
Pb, Ag, %n sulfide ore; Creede 
PbS ore containing Ag, Au; Zn, Telluride 
PbS ore, Telluride 

In addition we sent 20 kg of PbS concentrate (from 
Ivigtut, Greenland) which shows a high '04Pb content, 
iridicating Inore primordial lead tlian any lead ore 
except that from the Rosetta Mine in Africa, as far as 
we know, and three separate IO-kg samples of an 
ultrabasic magma. similar in composition to kiniberlrte, 
from the Norris Lake Region in Tennessee. 

I n  addition, othei miscellaneous ores investigated 
weie as follows: 

Wt 0%) Description 

3 
3 Composite chromite, S. Rhodesia 
3 Composite strontium ore, Hamm, 

3 Quart7 contaming Ail, S Dakota 
4 Cinnabar, Anzona 
3 Chiomrte + Zn COIIL, S Rhodesia 
3 

Pt. Pd bcdmg lock, rransvaal 

Weltphdlia 

Unburned bag 'nouse iunir dust, Tooele, 
Utah 

3 

3 KC1 ore, Hobbs, N.M. 

Serpentinite from mid-A tlantic ridge 
at equator 

20 
20 Canyon Diablo iron meteorites 
12 Cerussite (PbC03), New Mexico 

10 

Bastnasite (CeI;'C03), Mt .  Pass, Calif, 

I Barite, Swectwater, Tenri. 
Galena, Cour D'Alene Region, Idaho 

1. Lawrence Berkeley Laboratory (formerly the Lawrence 
Radiation Laboratory, University of California, Berkeley). 

SEARCH FOR SWEKHEAW ELEMENTS 
IN TANTALUM TARGETS FROM SLAC' 

J. fialperin R. E. Druschel 
Donald Rusick' R. L,. Macklin2 
Dieler WaIz' K. W. Stoughton 

blarinov et  al.' have given some evidence for the 
production of2  ' Cf and possibly a superheavy element 
in tungsten targets which had been irradiated with 
about IO" protons of 24 CeV at GERN.  Mal$4 has 
presented evidence for the production of high-energy 
fission fragments when U, Pb, and W foils were 
irradiated with 550- and 1300-MeV electrons. Since 
sufficiently high-energy fragments could penetrate a 
target nucleus, we thought it would be interesting to 
look at  heavy-metal targets or beam stops from SLAC 
with our neutron multiplicity counter. We obtained two 
sets of Ta targets: Ta-I consisting of 12 sheets (4 X 4 X 
0.040 in.) which had been irradiated wiih 1.46 X 10' 
electrons of about 20 GeV, and Ta-11 consisting of two 
such sheets which had been exposed to (6.8 t 0.7) X 
10' electrons of similar energy. Unfortunately, wIien 
the Ta-I sheets were irradiated, water in the vicinity 
produced many secondary neutrons of relatively low 
energy. These in turn produced 115-day I K 2 T a  and 
42-day Hf j n  large quantities which caused a serious 
radiation hazard in handling the sheets. We were able to 
count 1'3-1 by using some Pb and A1 shielding inside the 
counter and hy raising the lower limit of our energy 
window. We counted separately: (1) all twelve sheets, 
and (2) the three considered most likely to contain 
superheavy elements. The background was obtained 
with the Pb-AI shielding in place. Ta-I1 was much less 
radioactive, having been associated with a rniriimal 
amount of cooling water during the irradiation. Aluini- 
num shielding was sufficient, together with a slight 
raising of the lower lirnit of the energy window, to 
enable rneasiirernent of this sample. None of the 
samples counted showed multiplicities of 3 or greater to 
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be above background. The results of Ta-I1 are: 

Multiplicity 
Tiine counted count rate (day-‘) 

-. . . . . . . . . . . Sample 
(2.4‘s) 

(days) 
(3’s) 

Ta-I1 4.90 2.25 1.43 
B kgd 4.06 3.69 1.47 

One square inch was cut out of the sheet (Ta-I) 
considered inost likely to  contain superheavy elements 
for chemical studies and was dissolved in an HNO3-HF 
mixture. In addition to  the I s 2 T a  and 18’Hf,  the 
107-day ‘ Y  and the 70-day 75Hf  spallation products 
were readily identified. An EaF3 precipitation removed 
lanthanides and actinides from this solution; after 
metatheses to La(OH)3 with NaOH, it was dissolved in 
HC1. ‘The solution was put successively through a 
Dowex 1 and Dowex 50 column to decrease activities 
other than lanthanides and actinides, and was then put 
throiugli two successive a-hydroxyisobiutyric acid 
columns to fractionate the lanthanides and actinides. 
No  actinides were seen. A number of beta-gamma- 
emitting spallation products were seen, as was the 
3.18-MeV alpha of 93-year Gd. The one square inch 
of Ta appeared to  have received about one-half of the 
beam by visual inspection. The observed alpha rate of 
the 1 4 8 G d  was 3.6 X lo7 dis/day, which is equivalent 
to  a formation cross section of about 50 pb  for 20-GeV 
electrons on Ta. 

1. Stanford Linear Accelerator Center, Stanford, Calif. 
2. Physics Division. 
3. A Marinov et al., Nature (London) 229, 464 (1971); 234, 

4. J. Maly, Plzys. Lett R 35, 148 (1971). 
212 (1971). 

SEARCH FOR SUPERHEAVY ELEMENTS 
IN TUNGSTEN AND URANICJM TARGETS 

FROM BNL 

J .  I-lalpeini J.  M. Oliver 
R. W. Stoughton R. L. Macklin’ 

J .  Hudis’ 

A s  mentioned last year,3 in view of the possible 
production of ekamercury in a tungsten target irradi- 
ated with 24-GeV protons at CERN; we obtained two 
tungsten targets and one of natural uranium from 
colleagues at BNL. One was a 5-g piece of Heavimet 
(90% W, 7% Ni. 3% Cu) of shape 0 . 3  X 0.5 X 2.0 cm, 
another was a 43-g piece of W of shape 0.25 X 1.3 X 
7.6 cm, and the uranium was a 290-g piece of larger 
dimensions. All had been irradiated with -1.3 X I O L 7  

protons of about 2.5 CeV over periods of many months. 
‘I’he Heavimet, the tungsten, and the uranium had 
cooled 2 years, 3 months, and several months, respec- 
tively, before our receiving them. 

The Heavimet, inside the can in which it came, was 
counted in our neutron multiplicity counter.’ The 
tungsten was more radioactive, so it was counted inside 
a 346-g lead pig to  decrease counts due t o  gamma-ray 
“pileup.” Subsequently, the Heavimet and the tungsten 
pieces were counted together in the lead pig. The 
uranium piece was dissolved in concentrated nitric acid, 
and the uranium was removed from a 12% aliquot of 
the aqueous phase (1.5 hl FINO3) by repeated extrac- 
tions with 3% THP in dodecane. The aqueous phase 
should have contained nearly everything except the 
uranium, and was counted in the neutron multiplicity 
counter. None of these samples showed neutron multi- 
plicities 2 4  above background. Some of the results 
obtained are: 

Multiplicity 
T h e  counted count rate 

(day ) 

(3’s) (24’s) 

Sample 
(days) . . . . . . . . .. 

W + Heavimet 4.09 0.49 0.24 
Bkgd (346 g Pb) 8.56 1.04 0.82 

Aq phase from U ex t’n 2.59 1.93 0 
Bkgd 2.09 0 0 

The apparent high number of (3’s) in the second sample 
may have been due to  incomplete removal of uranium. 

The aqueous solution from the uranium extraction 
was chemically treated by 10% TBP extractions and 
ion exchange to yield a solution which should have 
contained the actinides and lanthanides. These were 
then electrodeposited onto a Pt plate and counted for 
alphas. Many beta-gamma-emitting or alpha-emitting 
spallation products were found, including members of 
tile natural radioactive series; the alpha emitters 
diminished the sensitivity for detecting actinides. We 
did observe the 3.18-MeV alpha of the 93-year 1 4 8 G d ,  
which was produced in good yield (450,000 dis/day). 
This would be equivalent to  a cross section for 
production of 14’Gd from proton interaction with 
uraiiium of about 7 ,ub. 

The activities on this plate were dissolved off with an 
HN03 -HCl mixture. ‘rhen the lanthanides and actinides 
were further purified with two successive Dowex 50, 
Dowex 1 cycles. Polonium-210 and ’08Po were re- 
moved by chemically depositing them onto a silver disk. 
An oxidation-reduction cycle with CeF3 precipitations 
was used to separate plutonium from lanthanides (and 
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djfticultly oxidizable actinides, if present). After elec- 
trodeposition, the lanthanide fraction contained about 
two-thirds as much L 4 8 G d  as inentiorted above. The 
plutonium frxtion contained "'Pu , 238Pu,  2nd 
2 3 9 P u  in alpha ratios relative to  14*Gd of 2.66: 
0.33:0.30: 1.00. These results are equivalent to cross 
sections of about 0.57 pb, 2.2 pb, and 0.54 nib for 
producing the respective Pu isotopes, on the assumption 
that they were formed in a reactioii of U with the 
piiinary protons. No other actinides were found; this 
means that their alpha activities weIe less than about 
I 0-3 tirnes that of ' Gd. 

I .  Physics Division. 
2. Brookhavcrr National Laboratory, Upton, Long Island, 

3. J.  Halpe~in e t  al., Chem Div. Annu. Progr. Rep. May 20, 

4. A Marinov et  al., Nature (London) 229, 464 (197 1); 234, 
212 (1971j. 

5. K. L. Macklin et al., Chern. Diu. Anmi. PuoKr. Rep. May 
20, 1971, ORNL-4706, p. 87; iVucl. Insfrum. Mcihods, in press. 

N.Y. 

1971, OKNL-4706, J J .  71. 

SEARCH FOK SUPERHEAVY ELEMENTS 
IN U-Zr TARGETS FROM RUTHERFORD 

HIGH-ENERGY LABORATORY 

C. G. J. ~oswelL' K. E. Druschel 
J .  Halperio H W. Sctimitt' 
G. W. A. Newton3 K. W. Stougliton 

Two rods of 1 : 1 (atomic ratio) alloy of ur;iriiriiri and 
zirconium (37 g each) were irradiated f o r  three weeks 
with 7-GeV protons at  the Rutherford I-Iigh-Energy 
Laboratory in March and April of 1970. One o f  thc 
rods (UZr-I) had been irradiated with 3.0 X 1016 
protons, the other (UZr-2) with 1.6 X 10' protons. 
They were dissolved in HN03 -HF mixtures to avoid the 
explosive h a ~ a r d , ~  and boric acid was added to complex 
the fluoride. UZr-1 was extracted with dioctyl phos- 
phate to  remove nwst of the uranium, zirconium, and 
thorium, while leaving most other elements in the 
aqueous phase. UZr-2 was further treated with 'TBP 
extractions and by ion exchange 1.0 remove thorium to 
a grzater extent. The aqueous phases containing most 
elements in the targets other than U, Zr, and Th were 
sent to ORNL and counted aboul ;I year after the irradi- 
ations in o u r  iieutrori multipIic,ity counter.' 

The measurements were carried out both with and 
without a:i anticoincidence mantle above the counter to  
decrease neutron bursts resulting from reactions of 
cosmic-ray muons wit11 nuclei. Tlie results are :is 

follows: 

Bkgd Yes 1 9 4  26.7 1 2 2  0 
Rkgd NO 5.31 29.6 1.31 0.19 
UZr- I Ye\ 1.70 22.1 2.12 0 
UZr-1 No 4.12 30.6 1.46 0 
UZr-2 Ye, 6.79 16.3 2.41 0 
UZr-2 Y 1'6 2.65 19.3 0.88 0 

T h e x  rates have been corrected for ; in  -1 5% "dead 
time" when the mticoincidence mantle was in opera- 
tion. For ; -= 10 rieutroiis per fission, our efficiencies 
for multiples of ( 2 3 )  and (24) are 62 and 35% 
respectively. We conclude that l k r e  was less than about 
one fksioii per day with d large F(say greater than -7). 

We looked for actinides. which might have bcen 
fornied 111 secondaiy reactions, 111 20O-pl aliquots of the 
itiitial UZr- 1 solution. The procedure involved removing 
a CeF3 precipitate, metathesimg with NdOH, and 
dissolving in HCl. Then followed three precipitations of 
Ce(OIf), with NHJOH, each one being dissolved i i i  

HCI Tile matenal containing the Ce(ll1) was then 
passed through d Dowex SO and a Dowcx I. coliiinii to 
remove much of the Ce(lI1) and extraneous activities. 
Finally, ariy act inides and lanthanides present were 
electroplaled onto :i Pt plate and counted for alphas. 
No actinidcs were seen. Gadolinium- 148 ( 3 .  I8 MeV) 
and "'Po (5.30 MeV) were definitely identified. 

1. University of Salford, England. 
2. Physics Division. 
3. Urriver-sity of  Manchester, khigland. 
4. R. P. Larsen et al., A Study o f  tho Explosive Properties of 

UraniuPn-%irconiuwr Alloys, ANL-5 I35 (July 1954). 
5. K. I>. h lxk l in  et al., Chen2. Div. Atrnrr. Progr. Rep. ikluy 

20, 1971, OKNL-4706. p. 87; jv i lc l .  fnstrum. Methods, iri press. 

RELATIVE ENERGIES OF THE LOWEST LEVELS 
OF THEf"lp\2 , fyd\ ' ,  AND THEfcl+isL ELECTRON 

AND ACTINIDE NEUTKAL ATOMS' 
CONFIGURATIONS OF THE LANTHANIDE 

K. L. Vander Sluib2 L. J. Nugent 

Linearity ot the differences between tlie lowmt levels 
ot the f'ps', f q d s ' ,  and the f q  + *s' electron con- 
figurations as a function of q wds demonstrdted tor 
tlie lanthanide and actinide sericx A linear extrdpc- 
lation of these differetices estimates the energy of the 
lowest level of the 4fi 6p6s2 electron configuration of 
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Lu to be 3.5 kK (1 kilokayser = lo3 cm-')  higher than 
the measured value. This deviation from linearity is 
attributed to expected discontinuities at the (I = 0 and q 
= 14 end of thefqds' series. In the actinide series the 
corresponding linear extrapolation predicts the lowest 
level of the 5f'47p7sz electron configuration of Lr to  
be 2.3 :k 3 kK above thc expected Sf'46d7sz ground 
state, after correction for a corresponding 3.3-kK 
deviation expected at  the end of the actinide series. 

1. Accepted for publication in the Physical Review. 
2. Physics Division. 

ELECTRON-TRANSFER AND f-+ d ABSORPTION 
BANDS OF SOME LANTHANIDE AND ACTINIDE 

OXIDATION POTENTIALS FOR EACH 
MEMBER OF THE LANTHANIDE 

AND ACTINIDE SEICIES' 

COMPLEXES AND THE STANDARD (11-Ill) 

L. J. Niigent 
J. L. Surnett' 

R. P). Baybarz 
J. L. Ryan3 

A powerful new correlation technique, based on 
theoretical and experimental results of atomic spec- 
troscopy, is shown' to be generally applicable for 
intraseries correlations of various physical and chemical 
properties, such as oxidation potentials, first electron- 
transfer-al)sorption-band energies, and first f + d 
absorption-band energies of the compounds and corn- 
plexes of the lanthanide and actinide series. For many 
of the members of these series, representative values of 
some of these properties were available from the 
literature; for others new measurements were made. 
Thus sl;fficient data were-available to provide a con- 
vincing test of the general validity of the theory, and 
hence to map out many of these properties for all the 
members of both series. The most important new 
results of this work are the determination or verifica- 
tion of the following standard oxidation potentials 
(Ea) ,  all relative to  the standard oxidation potential of 
the normal hydrogen electrode: 

Sm(I1-111) 
Eu(l1-111) 
1 m(1I-111) 
Yb(1I-111) 
Am(I1-111) 
Crn(l1-111) 

Cf(I1-HI) 
Md(l1-111) 
No(11-111) 

Bk(I1-111) 

+1.55 V 
+0.35 V 
+2.3 t 0.2 V 
+1.15 V 
+2.3 ? 0.2 V 
+4.2 * 0.2 v 
+2.8 t 0.2 V 
+1.6 i- 0.2 V 
+0.15 V 
-1.45 V 

-. .. . . . ...... .... -. - __ 
1. To be submitted for publication in the Journal of Physical 

2. Division of Rescarch, United States Atomic Energy Com- 

3. Pacific Northwest Laboratories, Richland, Washington. 

Chemistry. 

mission, Washington, D.C. 

SYS l'EMA4TICS CORRELATING SOME 
THERMODYNAMIC PROPERTIES OF THE 
LANTHANIDE AND ACTINIDE METALS' 

I.,. J .  Nugcnt J .  I,. Burnett' 
I,. R. Morss3 

Systematics correlating some of the thermodynamic 
and spectroscopic properties of the metals, M, of the 
lanthanide and actinide series have been used to treat 
the enthalpy of sublimation at  298"K, AIfso(M), the 
standard aqueous enthalpy of formation of the metal 
aquo ion at 298"K, AHfo(III), and the difference in 
energy, A(M), between the lowest lying energy level of 
the trivalent f r 1 s 2  d' electronic configuration and the 
lowest lying energy level of the divalent fz Is2 elec- 
tronic configuration of the neutral gaseous atoms. 
Previously reported data most likely in error can be 
pointed out, and best values of C\Hso(M) and AHjo(III) 
for each member of the lanthanide and actinide series 
have been determined. The trends observed in iUr,"(M, 
and iWfo(lII) across each series are related to  the 
number of valence electrons per atom in the metal 
crystal and in the gaseous metal atoms. 

1. Accepted for publication in the Journal of Cliemicill 

2. Division of Research, United States Atomic Energy Com- 

3. School of Chemistry, Rutgers University, New Brunswick, 

Thermodynamics. 

mission, Washington, D.C. 

N.J. 

ELECI'RON BINMNG ENERGIES 
1N AMERICIIJM' 

M. 0. Krause F. Wuilleumier' 

Employing the technique of photoelectron spec- 
trometry we determined the binding energies of the 
electrons in the 4d to 6 p  levels of americium. Both the 
Mg Ka and A1 Ka lines were used for excitation, and 
the resulting photoelectrons were dispersed in a 15-cm 
electrostatic double-focusing energy analyzer. The 
energy resoliitiorr AE/E was set to  0.16% (FWHM), and 
the deflection voltages were measured to  an accuracy of 
better than 50 ppm. The Cu 2p, , ,  level, Eo = 932.9(4) 
cV, was taken as primary standard and the C 1s level, 
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‘Table 2.4. Experimental eiectron binding energies (in eV) 
of americium in Am(OH)3 compared with theoretical 

and critically evaluated values for free Am atoms 

Espt , Theory, ~ Evaludtlons 
ttm work ref 3 Ref 4 lief 5 

Levcl 

8 8 2.6( 7) 
832.1(5) 
46 3.6(4) 
449.3(4) 

35 1.4(4)a 

215 7(5) 

11 1 0(4) 

50 4(6)a 

40 2(6)“ 
31 7(5) 

11 9(4) 

11 9(4) 

50.5(6) 
14.3( 1) 
9.7(2) 
8.50 

877.4 888 87 8.7( I. 0) 
825.7 837 8 2 7,6( 1.0) 
470.1 47 1 
45 6.0 45 8 

362.2 380 

294.8 301 
224.8 227 

124.9 128 115.q 1.3) 

114.3 116 103.3 1. I) 

54.9 87 

35 69 

23.8 57 

{ ;:: 6 

6 

5 1.7 5 1  51.1  
14.1 13 
10.6 12 
11.2 12 

Tentative assignment. a. 

%miicates the more intense peak. 

EB = 285.0(4) eV, as secondary slandard. Americium 
was electrodeposited onto a 5O-pin P t  foil from a 
near-neutral nitrate solution. The deposit was between 
10 and 20 pg and, according to the preparation and 
handling procedure, very probably ciiilsisted of the 
trivalent arnericium hydroxide. ‘Table 2.4 lists the 
measured values and compares them with theoretical 
predictions3 and semiempirical  evaluation^.^ 3 AI- 
though the theoretical entries represent eigenvalucs 
only, a surprisingly good accord exists with the experi- 
mental data. This recommends the calculation of Lu et 
aL3 for use as a guide in cases where no  dependable 
experimental data o r  evaluations or precise theoretical 
calculations exist. 

_______..._I 
1. Synopsis of paper published in Electroti Spectroscopy, p. 

2. Visiting scientist from Laboratoire de Chimie Physique dc 
759, I). A. Shirley, ed., North-Holland, Amsterdam, 1972. 

l’univcrsitd Paris VI, Francc. 

3. C. C. Lu,  ‘I. A. Carlson, F‘. B .  Malik, T. C. Tucker, and C. 

4. W. Lotz,J. Opt. Soc. A m ~ r .  60, 206 (1970). 
5. J. A .  Bearden and A. F. Burr? Rev. Mod. Pkys. 39, 125 

W. Nestor, Jr.,AfomicDutti 3, l(1971). 

(1967). 

EVALUA‘TION OF ATOMIC ENERGY LEVELS 

ACTINIDE ELEMENTS 

M. 0. Kiause F. Wuilleurruer’ 

AND X-RAY ENERGIES FOR THE 

Now that inore than a sprinkling of measured values 
of lzvel and x-ray energies of the actinides exists in 
literature, we considered it timely to check the mutual 
consistency of the reported values, to iniprove and, 
where necessary, adjust these values by injecting 
Moseley’s modified prescription, and, most important, 
to determine vdues not yet rneasiired. We are st.ill in the 
process of corripleting the task, but would like to point 
out briefly here the procedure we have adopted arid to 
present a few results for K ,  I, ,  andM shells. We have at 
our disposal a number of accurate (order 1 eV) 
pliotoeleci.ron de terminations o f  levels of the lighr. 
actitiides, and a number of fairly accurate nieasure- 
mcnts (order 10 ev) from internal-conversion spec- 
trometry for the elenients Cni, Hk, Ci’, and Fin. Also 
available are a number of x-ray energy measurements of 
the K arid 1, series. In all, about one-half of the levels of  
K, I,, and M shells have been measured in the actinide 
series. From our point of view, these are the raw data 
which need to be smoothed and from which we can also 
de live values for the remaining uxihriowri levels. Previ- 
ously, Bearden2 and Bearden and Burr3 recommended 
a set of  values f o r  x-ray energies and level. enerd o e s  on 
the basis of the few data arid calculations available prior 
to 1966; and I,otz4 offered a set of new values by 
reevaluating Bearden and Burr’s set. 

Our approach i s  the following: We “align” the 
measured electron spectrornetiic velues of the levels 
that have been measuted most frequently: that is, L J  
arid M 5  by means oi  a modified Moseley diagram’ 
corresponding to the function ~(E,,z) = [ ( E ~ ) ’ / ~  - - -  

(AZ + R)] .-- (CZ + D). This version of the Moseley 
diagram has proven useful before in other regions of the 
Periodic Table, including the region of the lanthanides. 
A line according to f ( E B , Z )  without breaks (viz., no  
changes in the paranieters ‘4, U, C, and D) could be 
clrawn through the measured level energies of the K and 
L electrons o f  the lanthanides.’ We assume the modi- 
fied Moseley diagram to  be equally valid for the inner 
levels (K to &j of the actinides. Figures 2.12 and 2.13 
show the measured basis points for the L 3  and M 5  



42 

0.020~- X 

x i  E 

1 2 e ~  

-0,030 88 t . U - - - . J . L U  90 92 94 96 98 !: d ~. 100 l - - . ~  102 

Ac Th Pa U Np Pu Am Cin 8k C f  Es Fm Md No 

Fig. 2.1 2" Modified Moseley diagram fit to the measured 
L3-level energies of the actinides. Dashed lines indicate our 
estimated error limits. Open circle? are electron spectroscopic 
measurements (ESCA or internal conversion). 'They are the basis 
for the Moseley line fit. Squares are values recommcndcd by ref. 
3, and triangles are extrapolated value? from the same source. 
Crosses are eigenvalues from ref. 6. 

shells respectively and the corresponding best-fit 
Moseley linesf(EB,Z). 'To evaluate the K-level energies, 
we preferred, however, to  draw a best-fit Moseley line 
through the points of the measured energies of the Ka, 
x rays, and then derived the K levels from L 3  + Ka, . 
This we felt gave the more accurate evaluation, since 
the K a ,  energies are much better known than the 
K-level energies, few of which have been measured 
directly. Figure 2.14 gives the Moselcy diagram for the 
Ka,  x rays. As a second step we derived the "best" 
values from the Moseley lines of Figs. 2.12 to 2.14 for 
every element for L 3  and M 5  levels and Ka,  x rays. 
Tables 2.5 to  2.8 list our "best" values for the actinide 
series of the K , ,  L 3 ,  andM, levels and o f K a ,  andLo, 
lines. In the same tables, we also list the energy 
differences between the values obtained from earlier 
 evaluation^,*-^ calculations,6 3 7  and 
and the values given by our present evaluation. Note 
that L a ,  ( L 3  - - - M 5 )  is obtained as the difference 
between our values for L 3  andM, shells, and that the K 
!evels are obtained from L 3  + K o , .  The accuracy of the 
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Fig. 2.13. Modified Moseley diagram fit to the reported 
M5-level energies of the actinides. Key of symbols is tl-rc same as 
for Fig. 2.12. Dashed lines give estimated uncertainties. 
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f ( E , I )  = Jfi-3.00002 - A7.1000 
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Fig. 2.14. Modified Moseley d i a p m  fit to the measin~ed 
(open circles) K a l  x-ray energies of the actinides. 'i'riangks are 
interpolated values from ref. 3.  Dashed lines indicate estimated 
error range. 
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'Table 2.5. Bulding energies (eV) of I, 3 electrons 
fori: = 89 to 102 

Accuracy of OUT values is estiinated to be better tharl :t2 eV. 
Values from this work are cornpared with valucs froin other 
evaha bons and calculations. 

89 15,874 -3 - -  3 +8 

91 16,733 -1  0 +9 
92 1'7,169 0 --1 - 3  +12 
33 1'7,612 -- 3 -2 + I  3 
94 18,059 - -  3 ...2 +11 
95 18,514 -5 - - l o  +11 
96 18,974 ~ - 1  -6 --44 +18 0 
97 19,439 + I 3  -7 +13 +21 + l  
98 19,YtO -29 -8 +20 + I  8 -3 
99 20,386 . - 0  +24 +2 1 - -  3 

100 20,869 -1 ---12 +31 +30 i 3  
101 21,358 -16 +32 +26 -4 
102 21,850 -18 +3c) +-31 -1 

90 16;300 0 0 0 +14 

a;i- = 90, ref. 8; Z = 92, ref. 9 ; %  = 96, ref. IO;% = 97, ref. 11; 
%=98 , re f .  1 2 ; Z =  100,ref. 13. 

Table 2.6. Binding energies (eV) of iM5 electrons 
for z = 89 to 102 

Accuracy of our values is estimated to be better than -t2 eV. 
Values from this work are compared with values from other 
evaliiations and calculations. 

L 

aE(eV) -E(others) - E(ours) This .. 
Ca rlson 
et 

work Expt.a Kezden3 1.11 ct aL6 

89 3225 -5 -6 
90 3332 0 0 0 
91 3441 +2 +I 
92 3552 0 +2 0 
93 3664 0 + 3  +2 
94 3778 0 +2 0 
95 3894 +2 -7 
96 4012 +2 +I  -4 1 
97 4131 +3  +I 
98 4253 +3 0 
99 4376 +4 -2 

100 4500 -16 +5 2 
101 4627 +6 -5 
102 475s +8 -14 

...2 
"6  
+2 
+2 
+ 3  
- 3  
-3  
i.2 
+2 
-6 
-- 7 
-- 2 

-11 
..- I2  

+2 
+2 
-6 
--7 
-2 

-11 
- - I2  

uL = 90, ref. 8 ;  /J = 92, ref. 9; 7 f- 93, ref. (14); L = 94, ref. 
l j ; Z = 9 6 , r c f  10;1 :=10O,rcf .  13 

'Table 2.7. Binding energies (eV) of K electrons 
for ,? = 89 to 102 

Accuracy of our values is estimated to be better than %4 eV for 
% < 96 and 56 e V  for L Is. 96. Values from this work are 
compared with valucs from othcr evaluations a n d  calcalations. 
....... ____ .... 

G,'(eV) =E(otticrs) - -  fXours) 
This ................... ~ 

work Expt.' I,otz4 Hearden3 Lu et  ~ 1 .  et a1.7 
z 6 Carlsiln 

..... .... 

89 106,757 
90 109,650 
91 112,6(Jl 

93 118,678 
94 121,806 
95 124,997 
96 128,251 
97 131,566 
98 134,946 - 

99 138,389 
100 141,899 
101 145,476 
102 149,117 

92 115,609 

+2 
44 
+ 3  
+4 
-2 
-6 

- -  13 
- 22 

+24 -30 
-146 +360 

+95 I 
+64 +IO40 

+I048 
t919 

- 2  
+1 

0 
-- 3 

0 
12 

+30 
31 

+ 24 
+I014 
+I091 
+1191 
+ I  304 
t1423 

ti123 

473 
49 1 
519 
5 34 
562 
596 +10 
632 +20 
665 +21  
71 1 1-5 1 
7 6 8  +6 3 
82.5 +95 
901 e156 

455 

uL = 97, rcf. 1 1 ,  Z = 98, ref. 1 2 ; L  = 100,it7f. 13. 

values which we now recorIuiwrld fol ilie actinides is 
better than 26 eV for the K shell, better than -t2 eV for 

aiidM, shells, better than t4 eV for K a ,  x rays, and 
better than k 3  eV for La x rays. 

A coosistericy lest yet to be executed will involve 
Moseley diagram [its of lhe K-level energies and of the 
Lor, x-ray energies, which will allow us to  make a final 
adjustment to  the values reported. We do not, however, 
expect any changes that would exceed the estimated 
error limits. We intend to extend this evaluation to 
other inner levels, whereas an evaluation of the levels 
beyond the N shell must await further experiment:ltion. 

Note that the values of the atomic energy levels are 
referred to the Fermi level i n  our case and in Rearden 
arid Burr's tables, whereas the calculations of Lu e t  al. 
and Carlson et al. give free-atom values. We referred 
1,olz's values to the Fermi level by adding for the work 
[unction a value of -3 eV. 
__ ~ 

1. Visiting scientist from Laboratoire de Chimie Physique de 

2. .I. A. Beearden, Rev. Mod. Phys. 39,78 (1967). 
3. J. A. Bearderi and A. F. Burr, Rev. Mod. Phys. 39, 125 

4. W. Lotz,.J. Opt. Soc. Amer. 69, 206 (1970j. 
5. S .  Hagstrom, Z. Phys. 178, 82 (1964). 
6. Lu et al., Atomic Ihfa 3, 1 (1971). Eigenvalues are 

~'~niversite' Paris VI, f:reance. 

( 1967). 

reported. 
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Table 2.8. Energies :eV) of Km m d  Ida x rays for Z = S9 to 102 

Accuracy ~ f ' o u r  values is estimated as follows: +2  eV for A b l  and /,al energies for Z < 96; ?4 eV for K a I  and i3 eV for I.nl 
energies for Z > 96. 

Lal x rays, aE'= E(others) - -  E(ours) 
........ .......... Thiswork ~ ......... ......... ... ~~ 

KO' x rays, AFJ =/?(others) - E(ours) This work - z 
Expt? LU et a ~ . ~  Carlson e t  a ~ . ~  Expt.b LU et a ~ . ~  Carison et  

89 90,883 +421 
90 93,350 0 44 1 
91 95,868 464 
92 98,440 -1 479 
93 101,066 +14 506 
94 103,747 +1 523 
95 106,483 +1 5 5  1 
96 109,277 -4 5 78 +10 
97 112,127 - 15 61 1 19 
98 115,036 -5 647 24 
99 118,003 -1- 15 690 54 

100 121,030 738 60 
101 124,118 799 99 
102 127,267 870 157 
........... .......... .......... .... 

nZ = 90 and 92, ref. 2; Z = 93 to 95, ref. 16 ;Z = 96 to 99, ref. 17. 
bZ = 89 to 95, ref. 2; Z = 96, ref. 10. 

7. Carlson et al., Nucl. Phys. A 135, 57 (1969). This is  a 

8. C. Nordling and S. IIagstrom, Z .  Phys. 178,418 (1964). 
9. C. Nordling and S. Hagstrom, Ark. Fys. 15,431 (1959). 
10. Y. Y.  Chu, M. L. Perlman, P. F. Dittner, and C. E. Remis, 

11. J .  M. IIollmder, M. 0. Holtz, T. Novakov, and R .  L. 

12. 1. Ahmad, et al.,Phys. Rev. C 3, 390 (1971). 
13. F. T. Porrer nad M. S. Freedman, Phys. Rev. Lett. 27, 

14. S. Iiagstrijm,Bull. Ainer. Phys. Soc. 11, 389 (1966). 
15. A Fahlman, et  al., Phys. Lett  19,643 (1966). 
16. G. C. Nelson, B.  G. Saunders, and S. 1. Salem, Z .  Phys. 

17. P. F. Dittncr and C. E. Bemis. Jr.,Phys. Rev. A 5,481 

calculatioii with a semiempiriwl coriection. 

Phys. Rev. A 5,  67 (1972). 

Graham, Ark. Fys. ZS, 375 (1965). 

293 (1971). 

235, 308 (1970). 

(1972). 

SPECTROPIIO?'OME'TRIC STUDY OF 'THE 
FORMATION OF AMERICIUM THIOCYANATE 

COMPLEXES' 

11. I>. Harmon' 
J .  R. Peterson3 

J.  T. Hell4 
W. J. McDowel14 

The results of a spectrophotometric study of the 
formation of Am(1II) complexes with thiocyanate at an 
ionic strength of 1 .O M have enabled calculation of the 
overall stability constants of ATI(SCN)~' and 
Am(SCN);. The values of these constants were foilnd 
to be 5.79 2 0.33 ( P I )  and 6.77 f 1.05 (pz), where the 
error limits represent one standard deviation. The small 
spectral changes observed in the formation of 

12,649 13 
12,968 + I  
13,292 - 1  
13,617 -2 
13,948 4 
14,281 -2 
14,620 -3 
14,962 3 
15,308 
15,657 
16,010 
16,369 
16,731 
17,095 

............ ... .- 

+ l o  
8 
7 

10 
10 
14 
14 
16 -2 
19 -1 
24 + 3  
28 4 
32 5 
37 7 
43 11 

___ .......... 

AI~I(SCN)~+ are in agrceiiient with the conclusions of 
Choppin and Ketels' and Choppin6 that this complex is 
of the outer-sphere type. The more marked spectral 
changes observed above 0.1 M S C K  indicated that 
Am(SCN)2' and any additional complexes are possibly 
of the inner-sphcre type. 

The observed Am(l1I) spectral changes in concen- 
trated KSCN solutions suggested that the Am(II1) ion is 
strongly complexed. The existence of Am(II1) thiocy- 
anate complexes with coordination iiuinbcrs consider- 
ably greater than 4 in -5 to 10 M KSCN solutions is 
implied tentatively by the magnitude of the shift in 
wavelength of maximum absorbance. The "effective 
stability constant (PI *)" approach of Marcus and 
c o - w o r k e r ~ ~ ~ ~  was employed to calculate the value for 
Am(SCN)'+ (7.6 i- 2.5) from the data obtained at 
variable ionic strength in the KSCN concentration range 
0 to 0.45 M. 

..... ................. 

1 .  Summary of paper,J. Inorg. Nucl. Chenz. 34, 1711 (1972); 
a more detailed account of this work i s  available in ORNL- 

2. Graduate student from the Universily of Tennessee, 
Knoxville, and supported by a National Defense Education Act 
Title IV  Fellowship. Present address: Chemistry Department, 
Walters State Comrnmiiy College, Morristown, Tenn. 

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

4. Chemical Technology Division. 
5. G.  R. Choppin and J .  Ketels, J. Inorg. Nucl. Chevri. 27, 

'I'M-3486 (July 1971). 

1335 (1965). 
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6. 6. R. Choppin, U.S. Atomic Energy Commission Docu- 

7. Y. Marcus and M. Shiloh, Zsv. J. Chew/. 7, 31 ( I  969). 
8. M. Shiloh, M. Givon, and Y. Marcus, J. Iriorg. Nucl. C k m .  

mflt No. 1lD-25671 (1970). 

31,1807 (J969). 

STABILITY CONSTANTS OF THE MONOCNLOKO 
COMPLEXES OF Bk(I1l) AND Es(l1I)' 

W. J. McDowel14 
11. D. Harmon2 J. R. Pe tersoti3 

Ihe stabdity constants o f  the chloro complexes of 
Pu(lIl), Arn(IlJ), a d  Crn(1il) have been deteirnrned 111 a 
variety of ionic stiengths The preseu t study was cariied 
out to extend thcse investigahons to  some of the 
heavier members of the trivalent actinide series, which 
were unavailable to earlier workers. In tlus work, 
solvent extraction technique was employed to study the 
complex formation o f  Bk(II1) and Es(I1I) in NaCI- 
NdC104 solutions at constant ionic strength (I 1.0) 
and pH= 2.0. The stability constants we determined are 
the first values lliat have been reported for the 
monochluio complexes (it Bk(lli1) and Es(il1). 

'The values ot the stability constant (p l )  for RkClZf 
and EsC12+, along with previously reported values f o r  
AmC1'" arid AniCI,+ (j&) . i t  I = 1.0, are lirted in  Table 
2.9. The erior limits f o r  the p1 valuer from our woik 
atid those of Khopkar and Na~ayanankut ty~ are equal 
to one standard deviation, a5 calculated by the curve- 
fitling analyses. The exact meaning of the erroi liniits 
gvcn by ilie vllier authors' ,7 is not  known. 

It IS evident that the 0, values foi  the monochloio 
coniplexes of Bk(l1l) and bs(l1l) are veiy close to the 
average of those reported for the similar Ain(1lI) 
complex. Therefole, these results indicate that no 
significant change occurs in the stability or structure of 
the monochloro complexes of the tiivdent actinides as 
the atomic number increases. Hence, 11 rnay be con- 

cluded Iliiat the monochloro complexes of the acti- 
nide(II1) ions, a t  least through Es(llI), arc weak aiid of 
the outer-sphere type.* 

1. Summary of paper, Inorx. flucl. CIiem. (,eft. 8,57  (1972); 
a inore detailcd account of this work is available in ORNL- 

2. Graduate student from the University of Teiennessee, 
Knoxville, and supported by a Na tioiial Defense Education Act 
Title TV Fellowship. Present address: Chemistry Department, 
Walters Slate Corntnunity College, Morristown, 'Tenn. 

3. Consultart, Department of Cheniistry, University o f  
Tennessee, Knoxville. 

4. Chemical 'l'echnology Division. 
5. P. K. Khopkar and P. Narayanankutty, .I. horg. Nucl. 

6. D. F. Peppard, G. W. Mason, and 1. Huchcr, J. fmrg. Nucl. 

7. B. M. 1,. Bnnsal, S. I<. Pat& and €I. D. Sharma, J.  hzorg. 

8. A. D. Jones and G. R. Choppin, Acfinides Rev. 1, 311 

TM-3486 (Ji~ly 1971 j. 

Chem. 33,495 ( I  971 j .  

Chem. 24,881 (1962). 

N d .  Chem. 26, 993 (1964). 

(196Y). 

STABlLIifATlON OF DIVALENT CALIFORNIUM IN 
THE SOLID STATE: CALIFORNIUM DIBROMIDE' 

J .  I<. Peterson2 R. D. Baybarz3 

In recent years a number of papers have appeared 
offering experimental evidence io[ the stability of 
divalent calii'ornium. A lesser number of papers has 
been published lefutlrlg the evidence or clie interpie- 
tation of the experiniental results as indicative of  
divalent californiuni. We report here the preparation of 
CfRr, , the first known compound of CY([[). 

Individual catlon exchange resin beads, saturated with 
1 to s pg of 24  9 ~ f ,  were calcined in ail at -1200"~ and 
treated with anhydrous HBi gas at temperatures be- 
tween 500 aiid 625°C to produce CfBr,. 

Table 2.9. Chltno complex stability constants of some 
trivaln t actinides at I = 1 .O 

Actinide 
ion 81 PZ Medirrrn Reference 

Am( I1 I) 0.9 t 0.2 
0.9 1 0.1 
J.4 * 0.1 

0.56 + 0.02 
0.72 i 0.04 0.30 f- 0.03 
1.04 * 0.05 0.43 1 0.05 
1.31 0.05 1.08 I 0.05 

Nk(II1) 0.96 0.01 
fs(I1I) 0.96 t 0.01 

6 
7 
7 
5 
5 
5 
5 
Present work 
Present work 
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'The CfBr, samples were prepared from CWr, by 
hydrogen gas reduction at -650°C. At this temperature 
the reaction proceeds rapidly in a I-atm H2 gas flow to 
produce the amber-colored CfBr,. It was noted that, at 
the lower temperature of --500"C, the reaction failed to 
proceed at a noticeable rate. At temperatures in 
moderate excess of 700°C the CfBr, formed under- 
went decomposition. 

During the course of our experimentation it was 
noted that when samples of CfBr,, sealed at room 
temperature in an x-ray capillary containing 'I4 atm of 
HBr, were heated at or above 67S"C, they would 
darken considerably. This color change was reversed 
upon cooling the sample. It is proposed that the 
following equilibrium system is established in the 
capillary system: 2CfBr3 + XfBr, + Br, . 

'The samples of CfBr, exhibited the tetragonal struc- 
ture characteristic of SrBr, and EuBr,. The x-ray 
difft-action pattems obtained did not have good high- 
angle detail, a common problem with powder patterns 
of such compounds. 

The room-temperature lattice parameters derived 
from the best CfBr, diffraction pattern are a. = 11 500 
f 0.007 A and co = 7.109 r? 0.006 a, where the error 
limits given represent one standard deviation, reflecting 
only the internal consistency of this particular data set. 
Lattice parameters derived from the diffraction patterns 
of other CfRr, samples were in agreement with these 
values, usually differing by not more than 0.01 8. 
These values indicate that the Cf(l1) ionic radius is 
smaller than that of Eu([l) by just about 0.01 8, a 
result in agreement with the relative magnitudes of the 
Cf(II1) and Eu(I1I) ionic radii. The calculated density 
(x-ray) of CBr,  for ten forriiula units per unit cell is 
7.22 g/cc, and tile molecular voliitne is 94.0 R 3 .  

The preparation of divalent californium is slightly 
more difficult than that for divalent samarium under 
similar conditions. Samarium tvibrornide could be re- 
duced with hydrogen gas at a significantly lower 
temperatiire than was needed for the reduction of 
CfBr,. Samarium trichloride (pale yellow) could be 
reduced with hydrogen gas to the (dark reddish-brown) 
dichloride, whereas californium trichloride (green) 
could not bc reduced to the dichloride in a similar 
manner; in eveiy case the californium product was 
either the iinreacted trichloride or the oxychloride. 
Even at temperatures well above the californium tri- 
chloride melting point, there was no darkening of the 
sample as would be expected if Cf(Ii) were being 
formed. 'Thus, the reducibility of Cf(1II) relative to 
Sm(Il1) indicates that its reduction potential should be 

similar to, though slightly more negative4 than, that of 
sam ar i urn. 

.. . . . . . . . . 

1. Summary of p a p ,  Inorg Nucl Chem. Lett. 8, 423 

2. Consultant, Depaxtment of Chemistry, University of 

3. Chemical Technology Division. 
4. I'he sign convention here i s  as in W. M. L a t h e r ,  Oxidation 

(1972). 

Tennessee, Knoxville. 

Potentids, Prentice-I-laU, New York, 1952. 

PREPAlMTlON OF ANHYDROUS LANTHANIDE 
HALIDES BY LIGAND EXCHANGE 

C. E. I-Iiggins W. 1-1. Baldwin 

Solvated anhydrous rare-earth halides have been 
prepared and reported earlier.' Anhydrous lanthanide 
halide dialcoholates resulted from reaction of the water 
in hydrated lanthanide chlorides with triethyl ortho- 
formate or diincthoxypropane. Water was also quanti- 
tatively removed in the analysis of the hydrate, using a 
high-boiling ligand exchanger such as tributyl phosphate 
or hexaniethylphosphormide. After exchange, the 
water was pumped to a trap, while the anhydrous salt 
remained in solution in the ligand exchanger. 

The latter method has now been modified with the 
use of Iower-boiling ligand exchangers, such as methyl- 
cellosolve and djmethylfomarnide (DMF), to produce 
anhydrous salts both in solution and as residues from 
evaporation. Water and solvent were removed from 
solutions of cerium trichloride hexahydrate in DMF; 
removal was accomplished at 1 torr and 25-30°C. All 
the water was pumped off during the first half of the 
DMF distillation. 'The average composition of the 
residue after being treated in vacuo at 1 torr for '7 hr at 
25-30°C was CeC1,.3.SDhfF, and after further treat- 
ment for 1 hr at 97-99°C 'die entire residue analyzed 
CeC13 2.4DMF. 

..___ 

1. C. E. Higgins and W. H. Baldwin, C'hem. Div. Annu. Pvogr. 
Rep, M4y 20, I 9  71, ORNL4706, p. SO. 

ORGANOLA4NTIIANIDES 

F. H. Fink' J .  H. Burns 
W. H. Baldwin 

Cyclopentadienides of Cm, Bk, and Cf have been 
prepared' 73 and were studied by several techniques, but 
an attempt to deduce the nature of the bonding by 
determination of the ciystal structure failed because of 
inherent tendencies in the structure toward disorder 
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andlor twinning. Two compounds have now been 
synthesized which are related to the 'yclopentadremdes 
closely enough to show the same me tal-to-cycloprnla- 
diene bonds but  sufficiently dissimilar to have a 
different ciyrtal structure These ale trrdniethylcyclo- 
penladienyl)neodymlum, Nil( c6 F17)j, drid tricycle. 
p e n t  a d i e  n y l  s a n i a r i u n i - c y c l o l ~ e x y l i s o n l t r ~ ~ e ,  

Poi puiposes of developing teLhniques m d  obtarning 
prelirninar y Lryqlal jnforrnation, the ldnthanide com- 
pounds have been made using published methods: '' 
but the technlqws will sooii be extended to trans- 
uranium e h i e n t s .  The melting poinl of Nd(C6 €& )> 
was observed to be 160°C (value m ref. 4 165°C). 
Lxge blue-violet tabulai crystals obtarned by subhma- 
tion showed monoclinic symmetry. IJiut-cell dmien- 
sions are u = 14.24, h = 26.68, c = 4.2X i!, and - 120" 
18'. The space gioup 15 I*sL/c. The density was 
measured to be 1.68 g/cni3; the calculated value ioi Z = 
8 IS 1.67 g/un3. The conipound Sni(C5 f i5)7 * C 7 H ,  
(mp 148°C) was found by x-ray powder diftraction to  
be isomorphous with the Pr analog (mp 138-139°C) 
reported previ011sIy.~ 

Snl(C, 115 ) $ -c 7 H i ,  N 

1. Visiting scientist from the Chemistry Department, 

2. P. G. taubereau and J. H. Burns, !tzor,y. Chhem. 9, 1091 

3. P. G. Ldubereau a.nd J. H. Bums, lnorg. iVucf. Ckem Left. 

4. L. T. Reynolds and G. Wilkinson,J. fnorg. Nucl. Chem. 9, 

5. E. 0. Fischer and 1-1. Fischer, J. Urguriometal. C k m .  6, 

6 .  P. G. Laubereau, 5 .  H. Burris, and 1,. Ganguly, Chem. W v .  

Biridngham Southern College, Birmingham, Ala. 

(1970). 

6,59 (1970). 

86, (19.59). 

141 (1966). 

Annu. Pmg~. Rep. May 20, 1970, ORNL4581,  p. 52. 

STUDIES WITH HEPTAYALEN'T NEPTUNIUM: 
IDENTlFlC ATIQN AND CRYSTALSTRUCTURE 
ANALYSiS OF LiCo(NEH,)6Np,O8(OH)? -2W.L 0 

9.13. Rums W. I-I. Baldwn 
J. K. Stokelyl 

In a previous report' we noted that when a sohtioti 
of CO(NH, , )~CI~  WAS added rapidly to an alkaline 
solution o f  Np(VIi), minute grcen crystals of 

fusion togetliei of the sanie components produced large 
black crystals of unknown composition. The latter 
product has since been identified by combining me th- 
ods of analytical cherristry and single-crystal x-ray 
diffraciion. For the large crystals grown Croin LiOH 
solution, the formula 1s LiCo(Pdlf,)6Npz 08(OFli)z * 
211z 0. Froin NaOH solution the s;irne componntl with 
Li replaced by Na was obtained, but from KOH 
solution no ciystals were produced. 

The resulls of the crystal-structure determination on 
the Li conipound are shown in Fig. 2.15, which 
portrays the basic components of the structure in their 
positions ui the unit cell. "he two kinds of Np atonis 
are each octahedrally coordinated by 0 atoms, and 
these octahedra share corners to form chains along the c 

:ais. Llthiuin ions are attached to the & a m  peeiodi- 
cally, arid the cltairis are cross-hiked by octahedral 
Co(NH3jbP i o n b  between them. Details of the sjgnifi- 
cant bond lengths are gven in Ftg. 2.16. Note that 
Np(2) tias four short bonds to 0 atoms in a square array 
and has two uxygen borids perpendicular to this which 
are considelably longer. Nest along the chain IS N d l ) ,  
whch has a squaie (slightly distorted because of coiner 
sharing) of 0 atums :tnd two long bonds to 0 atoms 
perpendicular to it. Each Li' ion shares four of the 0 
atoms bonded to Np atonis and has two o f  its own. 

Co(NI13 j6Np05 .3Hz 0 were ubtmied, ~ h l e  slow d d -  

ORNL D'NG 72-4955 

Fig. 2.15. Stereoscopic view of one nionodinic unit cell of the structure of LiCoOVH7)6NpzOs(OI~)z.2€i20. Portions ,ire 
omitted for clarity. Unlabeled atoms ,Ire oxygens. 
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ORNL-DWG. 72-332ZA 

Fig. 2.16. Bond lengths in the chain portion of 
LiCo(NH3)6Np2 Os(OII)2-2H@. Orientation of the chain i q  
nearly the wine a3 in Fig. 2.15. 

The distribution of €I atoms, while not determined 
directly, may be assigned on physical-chemical grounds. 
The two atoms designated O(2) in Fig 2.16 must belong 
to 112 0 molecules because of their relatively isolated 
positions. The two labeled O(8) are believed to be 011- 
ions because of their bond lengths to  Np(1) and the 
requirements of electroneutrality. All the other 0 
atoms appear to be doubly bonded to Np atoms 
because of their short distances from them, comparable 
to the U = 8 distances in the uranyl ion. 

From the nature of the structure, two conclusions 
may be drawn: (1) Heptavalent Np exists in this crystal 
as a quadruply double-bonded, square-planar species, 
Np04 -, and is probably stabilized thereby, as are the 5- 
and 6-valent states by existence of the linear NpOz' and 
Np02 '+ ions. (2) In alkaline solution the anion is likely 
[Np04(OH),] 3- instead of the previously postulated3 
Np05 '-. If the second conclusion is correct, a plausible 
explanation for the precipitation of two different 
compounds can be offered. On rapid addition of 
C O ( N H ~ ) ~ ~ + ,  it reacts with [NpO,(OH),] 3- to yield 
C o ( ~ 3 ) 6 N p ~ 4 ( 0 H ) 2  *2H2 O)(which is a regrouping of 
the empirical formula given above for the green 
compound), while slow diffi.ision splits out 01%- and 
adds Li' to produce the polymeric form: 

IBCo(NH3),Np2 Qs(OH)* -2H2 0. 

1. Analytical Chemistry Division. 
2. N'. 11. Raldwin, J. H. Burns, J .  K. Stokely, and G. K. 

Werner, Chrm. Div. Annu. &ogr. Rep. May 20, 1971, ORNL- 
4706, p. 83. 

3. V. 1. Spitsyn et al., J. Inorg. Nucl. Chem. 31,2733 (1963). 

CRYSTAL STRUCTURE AND LATTICE 

OXYCHLORIDE, * CmQCI' 

J. R. Peterson2 

PARAMETERS OF CURIUM-248 

In a continuing effort to study the properties of 
curium in the absence of intense self-irradiation by 
using the long-lived isotope of mass number 248 ( t l  , 2  = 
3.5 X lo5 years), the oxychloride has been prepared 
and found to  exhibit the PbClF-type tetragonal stnic- 
tule. Prior to this work there were i10 x-ray data or 
lattice parameters available in the literature for this 
compound. 

The soiirce of 248Cm was the same as reported 
e l~ewhere .~  Single ion exchange resin bead techniques 
were employed to prepare -l-pg samples of C m X l  by 
treatment at 500 to 600°C of either CmC13 or Cm2 O3 
with the vapor in equilibrium with a 10 M HCI solution. 
Unlike CmC13, CmOCl is not hygroscopic. All samples 
were examined by standard x-ray powder diffraction 
te c h n i q ~ e s . ~  

It is apparent that curium oxychloride is thermody- 
namically quite stable with respect to  the sesquioxide 
whenever there is chloride ion available. However, in 
the absence of a source of chloride ion, the oxychloride 
will decompose at 600°C to form the cubic form of 
the sesquioxide. 

Room-temperature, average lattice parameters were 
determined to be a ,  = 3.985 * 0.003 .A and c, = 6.752 
t 0.008 a, where the error limits represent the 95% 
confidence level calculated using the standard statistical 
method for the average of seven independent determi- 
nations. 

Oxychlorides of the type MOCl have been charac- 
terized for all the trivalent lanthanides and for Ac, U, 
Pu, Am, Cm, Bk, Cf, and Es. All of the known actinide 
oxychlorides, as well as the oxychlorides of La through 
Er, exhibit the same type of tetragonal structuie. The 
heaviest three lanthanides and one form of BrOC1 
exhibit an as yet uncharacterized structure type. 

I t  has been pointed out previously4 that these oxy- 
chlorides are a good illustration of the limitation of the 
ionic radius concept, in that different values for the tri- 
valent metal ionic radius are obtained from the various 
metal-chlorine and metal-oxygen distances. The struc- 
ture is characterized by layers of coplanar oxygen atoms 
and o f  coplanar chlorine atoms arranged in repeating 
units of 0-C1-Cl. The metal atoms are located in holes 
between the oxygen and chlorine atom layers. Each 
metal atom is surrounded by four oxygen atoms, four 
chlorine atoms in the adjacent layer, and one chlorine 
atom in the second halogen layer. However, due to 
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ani on-anion in 1 eractions (clil orine-oxygen and chloi ine- 
chlorine), the trivalent metal ion does not reach its 
closest approach to all of the anions around it. Thus, a 
meaningful trivalent metal ionic iadius cannot be 
calculated taking into account dI nine metal-anion 
distances. As would be expected on the basis of 
electrostatic attraction forces, the me tal ion favw s 
contact with thc divalent oxygen atoms over the 
monovalent chlorine atoms. In fact, the metal-oxygen 
distances i n  thc lanthanide and ac 1 inide oxych lorides 
x e  in good acccird with the metal-oxygen distances 111 

the corresponding sesquioxides. 

I. Sumniary of papr ,  .I. Inorg. iVncl. Chem. 34, 1603 ( 1  972). 
2. Consultant, Department of Chemistry, University o t  

Temessee, Knoxville. Work wried out in part at  the OIlNL 
Transuranium Research Laboratory and in put  at the Uni- 
versity of Lit)ge (Belgium) while ill residence 3s 9 North Atlantic 
'Treaty Organization Postdoctoral Fellow in Science. 

3. J. R. Peterson and 5 .  Fugcr, J.  [ m r g  Nitcl. C'hem. 33, 
4111 (1971). 

4. J. R. Peterson and B. E 3 ~  Cunninglmn, Ii?orx. Nucl. C'hen,. 
Lett. 3, 579 (1967). 

CRYSTAL STRUCTURES OF CALIFORNIUM 
TRICHLORIDE 

R. D. Bayban' 
J.  fl. Burns J. 17. Peterson' 

Single-crystd specimens of two modifications ot 
CfC13 have been grown from melts, and their structures 
were determined by x-lay diffraction. ?he least-squares 
refined parameters for the high-temperature, hexagonal 
uC13 form (1i-CfC13) were given previously;, and itie 
results for the low-temperature, orthorhombic PuRr3 

form (o-CfCl,j are as follows: n = 3.869(2), h = 
11.748(7), c = 8.561 (4) A, space group: Cnzcrn, Z = 4. 

In comparing the two foms  of ClfCl, , the main point 
of structuraL interest is that in 11-CfCl, the Cf ion has 
nine Cl-ion neighbors, while in o-CfCI3 this is reduced 
to eight. Thus the Cf ioii is of a sizc such that it 
represents the point in the contracting actinide series at 
which 8- and 9-coordination are about equally sl.able, 
the corresponding element in ihe lantlianide series is 
Gt1.l 

In Fig. 2.17 are shown the two coordination poly- 
hedra in a sinlilar orientation for comparison. In each 
case there is a trigonal prism of six C1 ions, but the 
li-CfCl.3 has three equatorial C1 ions and the o-CfCI, has 
only two. How these prisms are shared wit11 others to 
make up the structures is shown in Fig. 2.18. In both 
cases the trigonal prisms share bases to form continuous 
columns dong the vertical dircction; it is in the 
cross-linking that the structures differ. r t i  h-CfC13 each 
column is cross-linked in t h m  tiorizont:il directions, 
while in o-CfCI3 the linking occurs in only two, which 
results in sheets of cross-linked coliiniris. The hexagonal 
to orthorhuinbic phase transition probably occi~ts 
through the breaking of one-third of the equatorid 
linkages, with tlie remainder of the structure reniaining 
largely intact arid undergoing small shifts in positions. 

ORTHORHO M El IS I-IEXAGONAL 

Fig. 2.17. Coordination polyhedra in the two forms of CfC1,. 
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ORNC-DWG. 72-2920 

Fig. 2.18. (a)  Orthorhombic CfCI,; (b) hexagonal CfCI,. 

1. Consultant, Uepartment of Cheriliatry, University of 

2. Chemical Tcccclmology Division. 
3. J. H. Burns, J. R. Peterson, and R. D. Baybarz, Chern. Div. 

4. A. L. Harris and C. R. Veale, J.  Inorg. Nucl. Chern. 27, 

Tennessee, Knoxville. 

Aiznu. P m g .  Rep. May 20, 1971, ORNL4706,  p. 86. 

1437 (1965). 

CRYSTAL STRUCTURE OF CALIFORNIUM 
TIUBROMIDE 

J.  H. Burns J. R. Peterson' 

With decreasing cationic size the lanthanide tri- 
chlorides and tribromides exhibit a series of structural 
types which range from UC13 to PuBr, to AlCl, 
(trichlorides) or FeCl, (tribromides). Previous studies 
on the actinide analog have shown them to follow the 
same pattern through the UCI, and PuBr, structure 
types; but when Cmr3 i d  one form of BkBr, were 
prepared,' J3  the expected FeC1, structure dtd not 
explain the x-ray powder patterns obtained. 

Consequently, we applied our single-crystal growth 
methods used on transplutonium trichlorides to grow a 
crystal of CfBr3 and then analyzed it by x-ray 
diffraction. A sample of Cf, O3 in a quartz capillary was 
treated with anhydrous HBr(g), the temperature raised 
above the melting point, and a single crystal produced 
by slow cooling of the melt. At or near the melting 
point, the 'green CfBr3 darkened as a result of some 
decomposition to CfBr, and Rr,. 

The structure obtained was of the AICI, (or YCI,) 
type," and from it the previously obtained powder 
patterns c o d d  be explained. In this structure the Cf3' 
ions are octahedrally coordinated by Br- ions. These 
octahedra share edges to form pscudo-hexagonal sheets 
parallel to (001). A view of one unit cell of the 
structure i s  shown in Fig. 2.19. All Cf-Br distances 
within each octahedron are 2.82 8, but the fhree shared 
octahedral edges are slightly compressed compared with 
the unshared edges. We have preliminary evidence that 
the FeClj-type structure is also formed by CfBr,, so 
the compound may be dimorphic. 
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Fig. 2.1 9. Stereoscopic view of one unit cell of CfBr3. 

I .  Consiiltant, Department of Chemistry, IJniversity of 

2. D. K .  Fujita, Ph.D. thesis, Lawrence Be~keley Laboratory, 

3. D. Cohen, S. Fried, S .  Siege], arid B. Tali, Znorg. Nutrl. 

Tetincssce, Knoxville. 

University of California, 1JCRL-19507, November 1969. 

Chrm. Lett. 4, 257 (1965). 

945, (1954). 
4. 0. H. Iempleton and C,. Cdlter, .f, A r r w  Chtw? 

MICROCHEMICAL PREPAKAT1 ONS 
OF HEAVY-ELEMENT METALS 

J. N .  Stevenson’ J.  R. Peterson’ 

Various attempts were made to prepare 4- 
~ n p l e s  01 lanthanide metals by reduction 

SOC. 58, 

to  6-PB 
of the 

corresponding trifluoritles. ‘These triRuortde samples 
were derived from single ion exctmge resin beads 
which wcre saturated wiih the tripositive laiitlianitle, 
calcined 111 ;ilr t o  produce the oxide, and converted to  
thc trifluoride by treatment at about 600°C with HF 
gas. The lanthanide elerneuts used (re ,  Pr, ~ I J ,  arid Yb) 
weie chosen because of their low melting points and/oi 
high volatilities, in order to scrve as stand-ins dunng the 
developrncnt of techniques f o r  the production of Cf 
metal in hulk (5-  to 1Oyg) quantities. The techniques 
used in the production of Am, e m ,  and Rk metals 
cannot be applied to Cf because of the high volatilii y o f  
C f  rtietaL3 a r i d  the limited cluati tities o f 2 4 9 C f  available 
for such “possible-loss” experimentatiotl. Rapid heating 
of the reactants (lanthanide trifluoride and Li metal) 
and coohog of the product (Ianttimide metal) 15 

ac~omplislied by the use of a mininial-volume matrix of 
I I F  supported by a lovp cii spiral of  5-mil Pt wirz. 
Andyses of the metal products from experiments in 

whch vibual observdtlon indicated slgnifkUlt ieduction 
of the trifluoride show t h t  mi le  oxide 1-ornidlion 
o~cu i i ed  Tbe source of the oxygen contamination 1s 
thought to  be the Lib rnairuc material (powder irizlted 
i n  dii) and/or the inert gdg (Ai) in wliicli the icdiictions 
took place. rheretore the Pxpeiitnenlal appar.ittus wlll 
be trailsferred into an inert-atrnosphcre glove b o y ,  and 
high-punty h F  crystals will he used as the matrix 
md terial. 

Santples ol CfF3? iiefoie reduct~cin to ille metal, wll 
be used to study ihe high-tciiqxrdturc forin predicted 
to exa t  at tempzrdtures gte,itei t t i m  n r  equal to about 
700’C.‘ This LaF3-type titgondl btiuctuie r.rist\ l o r  
EuF3 at temperatures above 700°C ’ Onc saniplc of 
ti,ul., (prepared for use 111 the nietd production 
expennients) exhibited this structure when cxamned 
by x-ray powder diffraLtion at room iemperature 
itninediately after preparation. Ottiui drten~pted prepa- 
rations resulted in samples cxl-tibiting eithel the low- 
tempera tuIe form (orthorhombic) of the trlfiuoritle or a 
structure charactenstlc of the oxyiluorlde burther 
attempts to s t a b i h e  the high-ternperatule trifluoride 
structure at loorti iemperatuic will be rnsde with the 
appaiat us 111 tliz inert-atniospheie glove box. 

- 

1.  Oak Ridge Gradu,ite le l low Iron1 ttic Unrvcrvly of 
Icnnesbee, Knouvllle, under ,~ppo~ntinent t rom the Oak R~dpc: 
Asso~iated Uriiversities. 

2. Cansultant, Department of Chetni\try, IJniverbity of 
rennessee, Knoumlle. 

3 .  J. A. Fahey, J .  I<. Peterson, arid K. D. B ~ i y l ~ 7 ,  Iriorg 
lVud Chenl. Lett 8, 101 (1972). 

4. J. R Peterson m d  B. B Cnnninglinm, J I m r g  iVucl 
Chem. 30, 1775 ( 1  968). 
5. K. F. Thornn m d  G .  T). Brunton, Irzory Chim 5, 1937 

(1966). 
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FRACTIONATION OF CARBON ISOTOPES: 
THE CYANEX SYSTEM 

L. L. Brown 

Continuing studies of the use of cyanohydrins to 
separate the isotopes of carbon have resulted in several 
process improvements: 

R2C(OH)' 'CN(org) t I3CN-(aq) 

= RzC(OH)' 3CN(org) + "CN-(aq) . (1) 

In previously reported studles, the cyanohydrin of 
methyl isobutyl ketone was dissolved in xylene and 
equilibrated with an aqueous KCN solution containing 
KHC03.  This implementation of reaction (1) w3s 
characterized by an attractive single-stage separation 
factor (1.034 at 25"C), thermally refluxable procluct- 
end and waste-end ieactions, and chemical and mechan- 
ical stability over extended periods of operation. 
Unfortunately, however, the rate of isotopic exchange 
was slow, resulting in excessively long theoretical plate 
lengths in the exchange column. This development 

@hemis try 

threatened the economic competitiveness of the 
CYANEX process, and a new cyanohydria having a 
faster exchange rate was therefore sought. The results 
of these studies are sutnmarized in Table 3.1, which 
shows very favorable exchange rates for the diethyl 
ketone cyanohydrin, even in the presence of sufficient 
HC03- to effect readily the waste-end reflux reaction. 
The greater aqueous-phase solubility of diethyl ketone, 
compared with methyl isobutyl ketone, caused a 
lowering of the effective isotopic separation factor from 
1.034 to 1.033, but this slight decrease was a small 
price to pay for the economic advantages of the faster 
exchange rate. 

The use of diethyl ketone, rather than methyl 
isobutyl ketone, gave other benefits in addition to  the 
faster exchange rate. Both reflux reactions occur more 
readily and require less length of contacting column for 
completion. Further, the difficult waste-end reflux 
reaction can now be effected with smaller amounts of 
excess bicarbonate than formerly. 

Studies are in progress to confirm the long-term 
stability of the process materials. 

Table 3.1. Rates of exchange of cyanide in selected two-phase 
aqueous-organic systems 

Organic phase 
Cyanohydrin Diluent 

Aquzous phase Half-time 
mole ratio, of exchange 

HCO;/CN - (sed 
~ 

Acetone Methyl isobutyl ketone 0 

Methyl isobutyl ketone Methyl isobutyl ketone 0 
1.25 
1.50 

Xylene 1.20 
Hexane 1.20 

Dipropyl ketone Xylene 0 

Diethyl ketone Xylene 0 
1.29 

1.10 

~ 

<8 

13 
38 

125 
60 
12 

40 
300 

<1.5 
<6 

~ .................... ~ . . . . . . . . . . .. .. . . . . 
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SEPARATION OF COBALT ISOTOPES 
BY ION EXCHANGE 

I> A Lee 

There IS a great need in isotope separation work to 
meamre single-siage separation factors accurately. A 
program has reccntly been initiated to tletermirie 
single-stage 5eparation factors for irotopes of  various 
cleinents. Since these f actois ale usually small, ion 
exchange arid extraction chiotnatography will be used 
to multiply the separ.itiori effect. ‘The methods of 
Glucckauf’ and Speddingz will be used i n  the same 
manner as we previously used them in the determirid- 
bait of the sepmtion factois fo r  Iittnuni  isotope^.^ 
reduce the cost of isotopic radionotopes \nil be 
employed. Ideally, a pair of isotopes which can he 
resolved by radioactive couriting would be pefeired. in 
some cases it niay be possible to  use d stable isotope 
and a rahotsotope If the analytical precision i s  ade- 
qL1al.e. 

Tome preliminary experinizxits have beeti conducted 
Wrth cobalt isotopes Mixtuies of “eo dnd ndtuial 
cobalt ( 5  9Co) have been eluted from LOII exchange 
columns nridci vaiious conditions. The ratios of “OCo 
to total cobalt have been deteiiiuiied tor all samples 
eluted. The total cobalt in each m t i p l e  was determined 
by the accurate potentiometric method o f  I~r iga i ie .~  
Our preliminary results indicate that the accuracy of 
the stparation factor wll be lmmifeti by the precismi of 
the counting ieclinique. Therctore, a large riuniber of 
samples must be counted foi long periods of time, and 
the  colunirir mu\t hdve large numbers of theoretical 
plates so that the total isotopic separation will be 
rnaxnniLe d. 

A bdnd of CoC12 wds eluted froin a column of 
 ration^ exchanger (Dowex 50 XI 2, 400 mesh) with 2 
N IICl L-rotn fhe elution curve thl: number oi theoiet 
ical plate? wds d c u l a t e d  to be 2000 The single stage 
hzp,irdtion fdctor for Co/“ Co wds Jztertnined to be 
dpproxitnat ely 1 UOOOc? Cob&-59 concentrated III the 
resin phase We believe that the value ot this separation 
factor can be established more precisely as we become 
more Tamili,ir with the analytical techtiiqiizr. 

In strongly acidic chloride sohition\, cobdlt 1 ornis 
anionic complexes which dfe readily sorbed 011 dnionic 
cxchmgt: A band o f  CoCI, in 4 N IfCl wa\ 
eluted from a n  ‘inion excharlge colunin (Dowex 1-Xl0, 
400 mesh) with 4 N IICl. The mionic species was 

The retentiori of cobdlt in 4 iV HCL on 
not very good, there were only 500 

t heorztical plates in the columii For thew conditions 
the single-stage sep.tralion factor was estimated to be 

1.0004. This is significantly larger than the factor for 
cobalt isot.opes on a cationic exchanger, a.od it inay be 
that anionic complexes of cobalt have a 1;irger separa- 
tion potential than the catioriic species. 

However, this work is only in the preliminary stages. 
Many more data must be gathered before accura1.e 
values can be determined and the effect of the nature of 
the solution on the separation factors can be estab- 
lished. Yet the method appears to be wurkable, drid 
isotopic separation factors for a variety of chemical 
species niay be forthcoming. 

f, “Isotope Separation by Chromatographic 
K2896, Atomic Energy Res. Estab., €kmvel13 

Berkshire, 1959. 
2. F. H. Speddirig, J. E. Pow.t:ll, atid i$. J. Svec, J. Amer. 

Chem. Soc. 71, 6125 (1955). 
3. D. A. Lee and G.  M. Beguii,.l. Ainer. Chern. Sue. 81, 2332 

(1959); D. A. Lee,Advvan. Chem. Ser. 89, 57 (1919). 
4. J. J. Lingme, A i d  C2im. A T ~ U  30, 319 ( I  554). 
5. K. A. Kraus and 1:. Nelson, “Anion Exchange Studies of 

the Fission Products,” W-oc Jnt. (lonf; Praceful Uses Atomic 
li‘nenerm), vol. 7; p. 113, Sessioii 9f3.1, P/837, United Nations, 
New York, 1956. 

ti cornprison has been made between the extractioii 
of cesium(l) and rubidium([) f rom aqueous sodium 
nitrate solutions with sotliurn tripheoylcyaiiaboron 
(Nd$,CNB) and sodium tetraphenylboron (NL!)~ R) in 
o-nitrotoluene. Although the magnitude of the clistribu- 
Lion coefficients for alkali-metal ions was not as large 
with $3CNB-‘ as with $4B-,  the increased stability and 
improved phase separation rmke Q3 CNB- ail attractive 
reagent for C s ’  arid Kb’ exiraclioti. Uifferences i n  Rb.‘ 
and Cs’ distribution coefficients iridicate th:it 1 tie two 
elements can be readily separated from one another in a 
multistage extraction facility. 

‘The effect of alkaii-metal. ion concentration on the 
extraction of  cesium and rubidium t!,ipheiiylcyanobo- 
ron was determined over a concentration riirige o f  two 
orders of magnitude. The log-log plots of the loading 
isotherms were linear with composition with a slope of 
1 for Csd,CNB, Kb$,CNB, CsQ4J3, and Rb&B ex- 
tracted into o-nitrotoluene from aqueous NaNO, solu- 
lions. The loading isotherins for CsQJB and Kbqh4I1 
extracted into 2,6-diinethyl-4-heptanotie also had a 
slope of 1. This is expected since the ions involved are 
very large, and the dielectric constants of the organic 
solvents are relatively high. 
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The dependence of distribution coefficients on pII for 
Cs4,CNB, Rb@,CNB, Cs@,S, and Rb@4B extracted 
into o-nitrotoluene from aqueous solutions at constant 
ionic strength, reagent concentration, and metal ion 
concentration was studied. For @4B- systems, the 
expected slope of 1, indicating first-power hydrogen ion 
dependence, occurred between pH 8 and 9 ;  therefore, 
C S @ ~ I ~  and RbQ4B extractions should be made from 
basic aqueous solutions. For Q3CNB- systems it was 
necessary to  go to strongly acidic solutions before 
first-power hydrogen ion dependence was noted. Thus, 
Cs$,CNB and Rb@,CNB can be extracted from acidic 
solutions as well as from basic solutions. The first- 
power slopes support the supposition that the extracted 
species are simply ion pairs M'A- or dissociated ion 
pairs M.' + A-.  

Experiments were made to deterniinc the dependence 
of the distribution coefficients on reagent concentra- 
tion for cesium and rubidium triphenylcyanoboron. For 
CsQ3CNB the slope of a log-log plot of the reagent 
dependence curve was 1 ; however, that for Rb& CNB 
was less than 1 .  A slope of less than 1 may be due to 
partial dissociation of the ion pair in the organic 
phase.' Dissociation is probable because of the high 
dielectric constant of the organic solvent, o-nitrotolu- 
ene ( E  = 27.4). 

In G4B- systems the reagent dependence slope for 
CsQ4B was 1.77; for RbG4 B it was 1.39. This difference 
from the behavior of the C@,CNB case suggested that 
there was some larger ion aggregation in the extracted 
species. An experiment was undeitaken to confirm the 
association of Cs@4B with Na@,B in the organic phase. 
Na@,K tagged with "Na was extracted from 2 N 
LiNO, in the presence of 0.001 N Cs' and from 2 N 
LiN0, without Cs'. The Na' extracted 25% more in 
the presence of Cs' than in the absence of Cs'. The 
same experirncnt was done in the presence of Rb', but 
there was no significant difference in the Na' extrac- 
tion in the presence of Rb'. These results suggest 
association of CsG4B, though not RbQ4B, with Na@4 B 
in the organic phase. Presumably, the anomolous 
reagent dependence for RbG4R is due to  self-associa- 
tion. The distribution coefficient for Cs' was 1000 
times the Na' coefficient. 

Mixtures of o-nitrotoluene and 2,6-dimethyl-4- 
heptanone were used to extract Cs@,CNB from NaN03 
solutions. As the concentration of o-nitrotoluene in the 
solvent mixture increased, the distribution coefficient 
increased. More than a fiftyfold increase in the distribu- 
tion coefficient was noted for o-nitrotoluene as com- 
pared with 2,6-dimethyl-4-heptanone. 

Cs' and Rb' were stripped from the organic phase 
with NH4N03 solutions. The distribution of M' be- 
tween the organic and aqueous phases decreased as the 
NH4N03 concentration increased. A log-log plot of the 
dependence of the distribution coefficient on NH4 NO, 
activity had a slope of 2 for Cs' and Rb'. Concen- 
trated HC1 also stripped Cs' from the organic phase; 
however, the reagent HQ3CNB was partially de- 
composed. 

p-Toluenesulfonic acid added to the aqueous phase 
increased the extraction of CsG3 CNH into o-nitrotolu- 
ene by 50%. This may be similar to the effect found by 
Flynn2 in which the extraction of Cs' by phenol- 
nitrobenzene was enhanced by the addition of sodium 
dodecylbenzene sulfonate. No detailed analysis of 
p-toluenesulfonic acid dependence on CsG3 CNB extrac- 
tion has been made. 

It can be concluded that triphenylcyanoboron anion 
is an effective reagent for the solvent extraction of 
cesium and rubidium ions, and that the extracted 
species is probably the simple ion pair M+A-. The 
reagent is much more stable than tetraphenylboron and 
may be used in acidic as well as basic solutions. 

This work has been accepted for publication in the 
Journal of Inorganic und Nuclear Cliemistry. 

1. R. M. Diamond and D. G .  Tuck, "Extraction of Inorganic 
Compounds into Organic Solvents," pp. 139 -43 in Progress in 
Inorganic Chemishy, F. A. Cotton, ed., Vol. 11, Interscience, 
New York, 1960. 

2. W. W. Flynn, Anal. Chirn Acta 50, 365 (1370). 

IDENTITY OF THE COCO SYSTEM COMPLEX 

L. Landau D. ,4hlgren1 
W. H. Fletcher' 

The COCO System3 is a recently developed chemical 
exchange process for separating carbon isotopes. In this 
system, isotopic fractionation is based upon the reac- 
tion 

,CO(g) + CuzClz-8NH4C1.' 'CO(aq) 

= '2CO(g)+ C 1 1 ~ C 1 2 . 8 N ~ 4 ~ 1 . 1 3 C C ) ( a q ) ,  (1) 

where the formula Cu2Cl2 -8NH4C1.C0 represents the 
stoichiometric composition of the aqueous phase solute 
which yields the greatest isotopic fractionation. Deter- 
mining the structure of this complex was considered 
pertinent to the problem of optimizing the performance 
of the COCO process. In pursuit of this objective, we 



Table 3.2. Ramnn frequencies (cm-') 
....... 

Assignment 
__ ..... ................... ___ 

301.2 296.1 1.0 1) Cu-C-0 bend 
386.2 380.2 0.47 P Cu-C stretch 

1431 .% 1430.0 1433.0 1433.2 0.71 D UJ N H C  

1663.0 1659.0 1665.0 1669.0 0.82 Cortiposite of 
1637 1640.0 u2 1-120 

1j2 HzO and u2 NH: 
1691.0 0.98 D ~2 NH; 
2051.5 2053.5 0.52 P 1 3 ~ - ~  stretch 
2101.1' 2101.4 0.48 P ' 2 ~ - ~ ~  stretch 

2879.0 2875.0 2867.0 2858.0 0.50 Y 2114 NHS+ 
3090.0 3101.0 309 1 .O 3103.0 0.32 P I J ~  NH4+ 

3262 3242.0 32.27.0 3225.0 3203.0 0.34 P 2u2 H Z 0  
3430 3439.0 3450.0 3444.0 343 8.0 0.41 F U l  HZO 

............................... -~ ___ ........... __ ................... __ 

examined the Raman spectra of H20, NW4Cl(aq), 
Cu2C:12 -NH4C:l(:iq), Cu2Clz -NI-14Cl.1 ZCO(ay), and 
C U ~ C I . ~ - N H ~ C ~ * '  3 C 0  in the region 250 to 4000 cm-'. 
The observed Raman frequencies, as well ;IS their 
polarizations and assignments, are shown in 'Table 3.2. 

The infrared spectrum of the "CO complex was 
examined in the region 4000 'to 400 cm-' . The C - 0  
stretch was observed and measured at 2095 cm- ' ,  in 
good agreement with the Karnan nieasureme~it (2101.1 
cm-'>. 

111 order to obtain further indications of the structure 
of the complex, CO was added at 20°C: to a solution 
containing Cu2 CIZ , NH4C1, and Rz 0 in coricentrations 
usually employed in the COCO system. The pressure on 
the system was progressively increased to 3000 torr. 
The composition of the liquid phase was then com- 
puted as a function of C 0  pressure. The data indicated 
t h a t  more than one molecule o f  CO can be absorbed by 
each CiizC1, moleculz. A plot of the data suggests that 
a CO/Cu ratio of 1 would probably be attained at 
sufficiently high CO pressure. 

configuration. Most commonly it 
has a coordination number of 4 arid it tetrahedral 
geometry corresponding to  4sp3 hybrid bonding. In 
strong concentrations of CI- the CuC14 3- species is the 
most abundant." Our spectral and vapor pressure data 
s u p p o ~  t the thesis that, upon addition of CO to such 
solutions, the ion CuC13C02- is formed. This species 
would have tetrahedral geometry and C,, symmetry. 

The CIA' has a 3d' 

1 .  Student participant in the Great Lakes Colleges Associa- 
tion Science Semester, fall 1971, from DePauw University, 
Greencastle, Ind. 

2. Consuitant, Depatment of Chemistry, University of 'Teti- 
nessee, Knoxville. 

3. A. A. Palito, 1,. Landau, anit J. S. Drury, Ind. b'tzg. Chem., 

4. T. G.  Sukhova, 0. N. Temkin, R. M. Ftid, and T. K. Kaliya 
&ocess Des Develop. 10, 7V (15971). 

Rum J. Itiorg. Chern. 13, 1072 (1968). 

SEARCH FOR A NEW SULFUR ISOTOPE 
SEPARAI'ION SYSTEM 

J. S. Drury L. Landau 

In response to  anticipated interest it1 the availability 
of  low-cost, high-purity, stable sulfur isotopes, we have 
undertaker1 the devebprnerit of a suitable chcmical 
separation process. Despite considerable research by 
subsequent invesrigaturs,' the best existirig method3 
for separating stable sulfur isotopes is still the process 
based on the chemical exchange of sulfur. between 
gaseous SOz arid an aqueoiis solution o f  which 
was suggested by 'X'hode in 1938. 'This process, thoi!gh 
superior to other existing systems, suffers from two 
characteristics which prevent its successful application 
to the production of lowcost sulfur isotopes. First, the 
rate of exchange of sulfur between SO,(g) and aqueous 
WSOB- is slow in the solution phase, and poor stage 
heights are obtained even in exchange columns of 
well-designed cascades. Second, Tliiode's process re- 
quires chemical refluxing. Both of these factors limit 
the economic potential of the process and preclude its 
use 111 the production of low-cost, high-purity isotopes. 

The objectives of the present research are t o  identify 
a iwo-phase chemical exchange reaction, preferably 
gas-liquid, which can be thermally refluxed, and which 
has ;I single-stage separatioii factor of about 1 .02 for 

S i 3  S separations. 
'The si.ipuI~ition of a thermally refluxable process is 

crucial; it e1imin:ites tht: necessity and expense of 
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chemical refluxing. It also virtually dictates the con- 
sideration of molecular addition compounds of the 
simple sulfur-containing molecules. We therefore 
planned to examine the 1 : 1 molecular addition com- 
pounds of H2S, R2S, CS2, SO2,  COS, S0C12, SC12, aiid 
SzCl2. From prior experience we believe molecular 
addition compounds having enthalpies of formation in 
the range 10-20 kcal/mole may be best suited to our 
purpose. Because of the basicity of the sulfur atom, 
obvious choices of moieties t o  form molecular addition 
compounds with the above sulfur molecules are com- 
pounds of elements of group IIIA of the Periodic Chart. 
These elements exhibit a wide range of Lewis acidity in 
their trivalent state: thus, for the trimethyl derivatives, 
the order of electron acceptor properties is B < A1 > Ga 
> In > T1. Among this group of Lewis acids we expect 
to find a suitable candidate of the proposed isotope 
separation system. 

From the standpoint of isotope separation theory, the 
electron donor of choice, among the various sulfur 
species previously listed, is H2S. We soon discovered, 
however, that Lewis acids sufficiently strong to form 
stable molecular addition compounds with this mole- 
cule readily abstracted protons from it to form not 
molecular addition compounds, but  more advanced 
reaction products. Thus we soon were obliged to  
replace H2S with its homologue, (C113)2S. This com- 
pound forms a 1: 1 molecular addition compound with 
diborane which is stable at  room temperature, but its 
use was not considered practical because of the hazards 
involved in handling large quantities of the uncom- 
plexed acceptor compound. Boron trifluoride forms 
stable 1 : l  complexes with alkyl sulfides which we 
previously examined during the development of the 
ANCO System for separating boron isotopes. These 
molecular addition compounds are unsuitable for use in 
our proposed sulfur isotope separation system, how- 
ever, because the mechanics of the separation process 
require the Lewis acid to be liquid, rather than gaseous, 
under operating conditions. No triaryl or trialkyl boron 
compounds were found which formed stable 1 : 1 
coordination compounds with (CH3)2S at or near 
ambient temperatures; we therefore turned our atten- 
tion to a class of stronger Lewis acids, the trialkyl 
aluminum compounds. 

No difficulty was experienced in obtaining 1: l  
complexes with (CH3)2S and (CH3)3Al or (C2Hs)3Al. 
The enthalpy of formation of the first adduct is 19 
kcal/mole, and that of the second adduct about 9 
kcal/mole. The latter complex proved stable toward 
chemical decomposition in an inert environment, and 
was sufficiently promising otherwise that it was chosen 
for further investigation. 

To determine if the complex could be used to 
fractionate sulfur isotopes, we equilibrated it with 
(CH3)2S for 1 hr at 47"C, sampling the gas phase 
before and after contact. Mass analysis of these samples 
will indicate the single-stage separation factor for the 
exchange reaction, 

Analysis of the samples awaits the development of a 
satisfactory procedure for quantitatively converting 
(CI-13)2S to a molecular species suitable for mass 
analysis. Initially we planned to convert (CH3)zS to 
SF6 by treatment with F2 and heat, but this procedure 
introduced a by-product which interfered with the mass 
analysis. Recent studies indicate that (CH3)ZS may be 
converted quantitatively to CS2 by pyrolysis, in vacuo, 
at 900°C. When this technique has been adequately 
tested, we plan to apply it in the mass analysis of our 
isotopic samples. 

1. K. E. Holmberg, British Pat. 736,459, Sept. 7, 1955. 
2. A. C. Rutenberg and J. S. Diury, J. Cheliz. Eng. Dnta 9, 43 

3. H. G .  Thode, J. E. Gorham, and H. C. Urey, J. Chem 
(1961). 

Phys. 6, 296 (1938). 

MOLECULAR SPECTROSCOPY 
AND PHOTOCHEMISTRY 

G. M. Begun 

Observations of infrared and Raman vibrational fre- 
quencies of isotopic molecules have been employed 
since the early days of isotope separation to  furnish 
data from which isotopic exchange equilibrium con- 
stants can be calculated. For this reason, and because 
molecular spectroscopy is one of the fastest developing 
and most powerful fields of science, we have built up 
and maintained a capability for research in this area. 
The advent of the laser has hastened developments in 
these disciplines and greatly expanded the uses of 
optical methods. It is our belief that these fields will 
continue to grow at a rapid rate, and that many more 
applications will be found. Our Raman spectrometer 
(originally a Cary model 81 employing a mercury arc 
source) has been modified to  use two laser sources: a 
helium-neon red laser and an argon-ion blue-green laser. 
Our infrared capabilities consist of a Perkin-Elmer 52 1 
spectrophotometer with accessories. 
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The possible photochemical separation of isotopes 
has, since ttie early days of lhe kIanhattan hoject ,  
inspired the imagination of those interested in their 
separation. The experimen~alists, however, have been 
able to obtain significant separation in only otie case, 
that of  mercury isotopes. In  this example, mercury 
resonarice radiation causes reaction of a selected isotope 
lo occur with a substrate in low-pressure gaseous 
mercury. Small quantities (milligram amount 5) of 
mercury isotopes have been photochemically enriched 
in t h i s  way. Kecent proposals suggest the use of laser 
radiation to initiate preferential isotopic reactions. We 
have previouslyi reported our results with reactions of 
chhrine excited by the 5 14.5-nm greeri line from the 
argon-ion laser. In all cases which we examined, a chain 
reaction was initiated by the laser light which made 
isotope eriric timent impossible. The pressures used 
were, however, relatively high, and we linve assembled a 
quadrupole mass spectrometer with the hope of exam- 
ining such reactions at low pressures. The 

'nstrurnent is nearly complete, and t e s t i ~ ~ g  o f  the 
spectrometer will be started shortly. We plan to 

examine clloxine reactions initially, since the argon-ion 
laser is the oxily suitable light source available to us at 
present. Several tunable lasers are now m;lrkel.ed, and it 
is hoped that eventually we may be able to use one of' 
these in o u r  experiments, 

'%'he Molten-Salt Reactor Project at  Oak Ridge Na- 
tional Laboi-atory has resulted in considerable funda- 
mental research on the properties of molten sait 
systems. llaser Raman spectroscopy has proven to be a n  
especially powerful tool for t tie jnvestigation of the 
actual species present in such fused salt systems. We 
have continued our collaborative work in chis field. 

In our previous molten-salt studies,2 , 3  sealed sample 
tubes were wrapped with lengths of Nictirome or 
platinum heating wire spacxd widely enough to  allow 
passage of light between the turns. The sarilple was 
melted by passing current through the wire, and the 
Kaman spectrum was observed. 

This simple method of operation gave good results 
with fused salt samples up to 500'C. In attempting to 
observe the Raman spectrum of fused Cs2ZnC1, at  
611)"C, however, we fourid that thermal losses from {tie 
sample tube became excessive, arid teruperature fluctua- 
tions resulted. It was apparenl that a furnace was 
necessary to ensure even heating of the sample, arid the 
simple l'urnace pictured in Fig. 3 .  I was fabricated from 
grade A Lava4 in a few hours. Good Ksman spectra of 
molten Cs2ZnCle at 620" (see below) were obtained in 
this manner. 

DRN L- D'SJG. 71 -. 9123 

Pig. 3.1. Furnace for fused-salt Rarrran studies. 

The Kaman spectra of molten arid glass ZnC12 have 
been studied by several investigators, and Raman 
spectra of niolteri mixtures of ZnC1, with alkali 
chlorides h:we been examined. Thesc studies shownred 
that ZnC1, is a strong chloride iicceptur. In  nori;tqueou!; 
media the order of acceptor strength of the two 
compounds N C l 3  and %nU2 is different in different 
solvents. 'The question arises, Which of the two com- 
pounds i s  a better chloride ;acci:ptor in the molten 
state? Since both salts are very hygroscopic and molten 
AIClj is highly volatile, direct investigation of the phase 
diagram of this system is very diificult. Palkin and 
Belousovs deduced the phase diagram of the A1Cl3- 
ZnClz systcm from a study of the Al-ZnCL, system. A 
solid compound of the forniula 4MCI3 - ? & X I ,  was 
suggested. 'L'he x-ray examination o f  the system, how- 
ever, failed to give results because of $ass formation in 
the frozen mixture. We have examined the Ramarl 
spectra of molten mixtures and glasses coril aining 
various mole ratios of %nCI,-AICI,. tn addition, we 
have examined the h m a n  spectra of polycrystalline 
and moltmi Cs2 ZnCl4 for c:ompariso!l with the AIC13- 
ZnCI, system. Samples prepared in a nitrogen-filled dry 
box were sealed in quartz tubes. 'The tubcs wcte 
wrapped with heating wire, and the Raman spectra were 
rt.corded using laser excitation. 

Representative Rainan spectra of various molter1 
AlCI3-ZnCI, mixtures, as well ;I:; the spectra of nlolteli 
ZnC12 and AICI,, :ire reproduced in Fig. 3.2. 'The 
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? A M A N  SPECTRA 
488.0 AND 514.5nm 
LASER EXCITATION 

Zn CI - AI C I MELTS 
CARY-81 MONOCHROMATOR 

- 
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A WAVE N U M B E R S  (ern-') 

Pig. 3.2. Ranian spectn of molten or glass AICI3-ZnCl2 
samples, mole 7% AIC13; A, 0;  B, 20; C, 40; D, 50; E, 70; F, 90; 
G, loo. 

ORN L- DWG. 71-99 2 2 A 
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Fig. 3.3. Raman spectra of CszZrtC14; A, molten; B, p o l y  
crystalline. 

frequencies of the peaks observed for samples of various 
mole ratios are recorded in Table 3.3. The Raman 
spectra of polycrystalline and of molten CszZnC14 are 
shown in Fig. 3.3. The frequencies of the peaks 
observed for polycrystalline Cs2 ZnC14 are 1 15, 140, 
288, and 298 cm-' , while the two broad peaks for the 
molten salt center at 1 I O  and 277 cm-' .  Our Kaman 
spectrum of molten CszZnC14 shows a remarkable 
resemblance to that published6 for 2.88 M ZnC1, + 
9.35 M I~ICl in aqueous solution. It appears that with 
both aqueous and iiiolten ZnCI4'- ion the four tetrahe- 
dral vibrational modes merge into two broad bands with 
v 1  coalescing with v 3 ,  and v 2  with v4 .  That this effect is 
due to more than just a broadening of bands in the 
liquid is shown by the lack of resolution of v 1  and v 3  
when the polarization rotator was turned 90". These 
frequencies must be qluite close in the molten spectra. 
Transition from the solid to the liquid state thus 
produces a greater lowering of the antisymmetrical ( F z )  
vibration than of the symmetrical (A  stretching 
frequency. These data also support the contention of 
Quicksall and Spiro6 th.at aqueous ZnC14 *-- maintains 
its tetrahedral structure rather than forming 
ZnCI4(Hz 0)' *- with D,, symmetry as postulated by 
Irish, McCarroll, and Young.7 

The most obvious conclusion from the A1Cl3-ZnGI, 
data is that no appreciable quantities of the discrete 
complex species A1C14-, AI,CI;, or ZnCl,, '- were 
formed in any of the samples. The strong peaks' for 
AlC14- at 35 1 cm-' , A12 Cl; at 3 13 cni-' , and ZnCI, '- 
at 277 cm-' do not appear in any of the spectra. The 
strongest A12C16 peak, the polarized v 2  vibration at 341 
cm'-', remains virtually unchanged in the various 
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Table 3.3. Raman frequencies of the molten AIC13-ZnC12 system 

R K I ~  (mole %) Peak positions 

10 
2 0" 
4oa 
45" 
50 

55 
I 0  
80 
90 

100 

80 w 

102 w 
1 oo w 
103 w 
S l 0 w  

106 w 
104 m,P 
104 m,P 
10.5 s,P 
104 s,P 

178 w 
146 w 176 w 
144w 1 7 4 w  
143 w,P 114 \v,P 

173 w 
1 4 2 w  165 w 218 w 

l l X W  219 w 
11 9 In l h 5  w 218m,P 
119 5 166 w 218 s,P 

273 S P  268 5h 335 sh 
306 rh 

234 \,P 215 sh 342 w,P 
235 s,P 214 sh 342 1x1 P 
240 A,€' 265 sh 341 \ P  
242 r.P 264 sh 342 5,P 
244 5.P 274 \ti 345 ,,P 

310 w,P 
242 5,F 342 >,F' 
2 5 0 \ P  3 1 2 w  340\ ,P 

340 3.P 

201 w 339 \,P 
230 u,P 341 sYP 

456 w.P 
456 w,P 

484 m,P 5 3 6  w 
483 w,P 

488 111,P 
490 m,P 592 w,P 

500 w,P 605 w,P 
51% m.P 608 rn,P 

"Data from glass samples, vccrii'ied by melt spectra. 
*w, wcak; m, medium, s, strong; sh, shoulder: P, polarized. 

ORNL-DWG. 71 - 2!6  
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Fig. 3.4. Raman spectrum of polycrystalline benzene chromium tricmbonyl. 
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mixtures, and we conclude that dimeric Al2C1, does 
not appreciably dissociate or react in the molten 
mixture. The Raman spectrum of pure molten ZnC12 
shows a broad peak centered at 233 cm-' with several 
shoulders on the high-frequency side. The band at 2.33 
cm-' has previously been assigned to the bridged Zn-C1 
stretching frequency of a polynuclear (ZnC12), aggre- 
gate. Higher-frequency bands have been assigned to 
smaller fragments of the tetrahedral ZnCI4 (260-2'70 
cm-I) and ZnC1, (305 cm-')  monomers. As pure 
ZnC1, is diluted with A12C1,, we find a gradual change 
in the major ZnC1, peak frequency from 233 to 261 
cm-' . A reasonable interpretation of this effect is an 
interaction between ZnC12 and AI2& whereby the 

polynuclear aggregate of ZnC1, is being broken up by 
Al, CI6 molecules, resulting in smaller Zn-C1-Zn aggre- 
gates. 

With the development of laser light sources, it is 
possible to obtain Raman spectra of colored com- 
pounds that previously could not be examined. Benzene 
chromium tricarbonyl is such a compound. We have 
recorded the Raman spectra of solid polycrystalline 
samples and of solutions in benzene. The Raman 
spectrum of the polycrystalline solid is shown in Fig. 
3.4. The numerical values of the frequencies are gven in 
Table 3.4 together with the relative intensities and the 
half-widths of the observed absorptions. Based on x-ray 
diffraction results,' which indicate a molecular model 

Table 3.4. Vibrational. frequencies of benzene chromium tricarbonyl 

... solutionC 

in CS2 in C6H, 
._ .... . .......... Freq. No. Species Vibration type Ramana (solid) Infraredb (solid) 

28 E OC-CrCO asyin. def. 110 (96; 30) 
24 E aH-Cx-CO rock 132 (90; 30) 
21 A1 @H-Cr sym. st. 298 (100; 30) 298 (5) 301 P 301 P 
27 E Cr-CO asym. st. 306 ( 0 )  
23 E Cr+I wag 332 (10; 14) 330 (5) 331 D? 332 D 
16 E C-C-C bend 426 (1; 11) 422 (5) 
26 AI Cr-CO sym. def. 486 (78; 30) 483 (6) 477 P 480 P 
25 AI Cr-CO sym st. 535 (12; 535 (10) 532 P? 
34 E Cr-C-0 band 513 (16; 15) 

6 E C-C-C bend 614 (1; 14) 612 (3) 
33 E CrC-0  bend 644 ( 3 ;  17) 633 (10) 
31 A1 Cr-C-0 sym. bend 664 (23; 11) 664 (10) 657 P 
11 A1 C2C-H bend 800 (5; 11) 784 (9) 793 P 
10 E C2C-H bend 842 (2; 11) 965 (3) 
17 E C2C-H bend 902 (1; 17) 902 (6) 

18 E C-C-I1 bend 1017 (5; 11) 1016 (5) 1122 D? 
1 A1 C C  sym. st. 980 (46; 9) 978 (4) 977 P 

15 A1 H-C2-H bend 1152 (13; 1147 (5) 1150 P? 
9 E CC-H bend 1158(14; lo) 1157 (4) 

14 A1 13-C2-H bend 1317 (2; 9) 1314 (1) 
1272 (1; 34) 

1348 (0.6; 23) 1356 P 
1381 (2; 11) 1374 ? 

19 E HC2-H bend 1451 (5; 11) 1445 (10) 1443 D? 
1521 (7; 11) 1516 D? 1517 I)? 

8 E C-C asym. st. 1631 
30 E C-0 asym. st. 1865 (51; 9) 1862 vs 1903 D 1898 D 

1887 (33; 9) 1882 sh 
29 AI C-0 sym. st. 1943 (16; 11) 1967 vs 1971 P 
20 E C-H deg. st. 3023 (3; 14) *3040 w 

*3073 sh 
3090 (9; 40 *3089 s 

*3100 s 

7 E C-H deg. st. 3076 (7; 
2 A1 (2-1-1 sym. st. 

3108 (7; 
......... .................... .................... ......... ................... 

1 
__ 

aThe solid Rarnan data are from 514.5 nin excitation. The numbers in parentheses refer to the relative peak height (first number) 

bData from H. P. Fritz and J. Manchot, Spectrochim. Acta 18, 171 (1962). 
CSolution data using 632.8 and 51 4.4 nin laser excitation. P = polarized, D = highly dcpolarized. 

and the half-width in cm-' (second number). 



with a staggered C,, synimetry, we have assigned the 
vibrational frequencies of the molecule (Table 3.4). The 
assignment of threefold syrnmetry to the molecular 
structure of c6 H6 Gr(COj3 should not be taken to mean 
a distortion of the benLene ring from sixfold to 
ihreefold symmetry. On the contrary, no significant 
distortion of' the 7i-bonded benzene ring from sixfold 
symmetry (D611) is found by the x-ray study. The 
thieefold symmetry suggested for C6H6Cr(C0)3 by the 
vibrational spectra describes the overall molecular sym- 
metry, not a local sytntnetry. Usirig the assignment of 
the vibrations giver1 in Table 3.4, force field and mean 
amplitude of vibration calculations will tie made for 
benzene chromium tricarbonyl. 
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ISOTOPIC MASS SPECTROMETRY 

L. Landau D. Ahlgreri' 

Samples of COz and O2 were derived frorn all of the 
columns and reservoirs of the 70 facility, arid were 
analyzed for ' 7 O  arid ' ' 0  abutidawes, as part o f  the 
shutdown procedure for the plant, prior to transferring 
the enriched material to  the Isotopes Division. 

Samples of COz were examined for isotopic separa- 
tion [actors arising from various rnodifications o f  the 
CYANEX system. Rates of  isotopic exchange in the 
CYANEX system were also monitored under several 
different conditions. 

A study was undertaken to find a suitable molecular 
species for analysis of samples containing isotopically 
fractionated sulfur. Gaseous SF6 was found to behave 
well in 1 he mass spectrometer. The use of a fluoride fur 
this application is advantageous, for, riot having other 

'Table 3.5. Isotopic abundance measurements on SF6 

Nuinber of Ratio 
34s/J s Species measurenwn ts  

95% 
C.L. 

2 SF,' 0.04490 i0.00127 
2 SF3' 0.04495 t0.00064 
2 SJ?2+ 0.04545 tO.00064 
4 SF + 

0104619 t 0 . m  I 5 
5 s+ 0.0588 ! 0.00442 

. . . . . .-. . _... . . ... .. . . . . .......... . .. . . . . . .... ____ 

isotopes, it cannot be fractionated during any experi- 
mental procedure. I n  preliminary work, samples of SF, 
readily pumped out of the mass spectrometer arid errors 
attributable to  memory of previous samples were 
negligible. 

The isotopic abundance ratios fur 34S/"S were 
examined at m/e 34 and 3% tS'), 5 3  and 51 (SF"), 72 
and 70 (SF,'), 91 and 89 (SF;')$ 110 arid 108 (SF4"), 
and 129 and 127 (SF,+). Essentially no SF6+ was 
obscrved; SFSf was the major component of the 
cracking pattern, followed in order by SF3' ,  SF', W 4 + ,  

SF2+, and S+. 
Our ratio mass spectroineter uses exixerncly wide slits 

and would not resolve the peaks at 127 and 120 well 
enougti to run the ratios. The data from the other peaks 
are 1-isted in Table 3.5. The data obtained from mass 
posilions 34 and 32 were not reproducible and were at 
variance with the other data points. Measurements at all 
of the other inass positions appeared to be acceptable, 
and SF' was chosen as the species of preference, 
because we had better resolution in that mass range, 
and 53/5 1 ratios could be run without rnodifications to 

Methods for the preparation of SF6 were invesli- 
gated: apparatus was set up 10 fluorinate elemental 
sulfur directly by passing F2 slowly over S in a stainless 
steel tube. The reaction went readily and a good yield 
was obtained, although some o f  the other sulfur 
fluorides were observed in the infrared spectra. Spiked 
saniples are being prepared, and isotopic constancy will 
be checked. 

1. Student paticipiint in the Great Lakes Colleges Associa- 
tion Science Semester, fall 197 I ,  from DePauw Univercity, 
Greencaatle, Ind. 
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EFFECTS OF N 2  0, NH3, H2 ,  .4ND SF6 
ON OZONE MELDS AND KINETICS 

IN 'THE PULSE RADIOLYSIS 
AND FLASH PHOTOLYSIS OF OXYGEN 

J .  A. Chormley 
C. J. Hochanadel 

J .  W. Boyle 
P. J. Ogrenl 

We had previously shown that small concentrations of 
H20, NH3,  I f 2 ,  and SF6 greatly inhibit O3 formation 
in the pulse radiolysis of 02.2 We have carried out 
additional studies employing both pulse radiolysis and 
flash photolysis in order to determine mechanisms of 
inhibition. 

The O3 yield was measured over the entire composi- 
tion range for (32-SF6 mixtures in order to delineate 
accurately the scavenging and direct-action effects. 
While it is still not clear how to  calculate accurately the 
energy partition in the radiolysis of a gas mixture, a 
simple plot of G ( 0 3 )  vs electron fraction (which is 
nearly equal t o  the stopping power fraction in this 
system) gave a value G ( 0 3 )  = 6.2 on extrapolation to  
zero SF, concentration, compared with 13.8 in pure 
0,. The effect of sF6 has been interpreted3 in terms of 
electron scavenging by SF6 ,  which prevents dissociative 
neutralization of 0,' by 0,- or e - .  The decrease in 
yield of 7.6 is greater than 2G(e-) = 6.6 (obtained from 
measurements of W>, indicating an additional effect of 
the SF6. Similar measurements were made for O2 -NH3 
and O2 -Hz mixtiires for the concentration ranges 
outside the explosion limits (-25 and '75% for NH3,  
and -15 and 9070 for 1-1,). Aininonia has a very marked 
effect, giving an extrapolated yield of -3.3 molecules 
of O3 per 100 eV. Yields were also measured for 
02-Elz0 (up to saturation at -3%) and for 02-NH3,  
0, -€I2,  and 0, -Hz 0 with added SF6. It is clear that, in 
addition to interfering with O3 formation from ionic 
precursors, these additives also inhibit O 3  formation 
from neutral precursors, which may be excited 0 atoms 
[O ('D), 0 (IS), or hot 0 ( 3 P ) ]  or excited O2 
molecules. 

Measurements of the O3 yield in the flash photolysis 
(>1600 8) of 0, in mixtures with He, Ar, N2,  or S1'6 
over the entire composition range showed that these 
molecules act only as diluents, affecting only the rate 
of O 3  formation as third body M in the reaction 0 t 0, 
f M + O 3  f M. The molecules H2,  1-120, and NH3 lower 
the O3 yield. Reaction of these molecules with ground- 
state, thermal oxygen atoms, 0 ( 3 P ) ,  is known to be 
very slow. The molecules H z  and H 2 0  are known to 
react rapidly with 0 ( ID) ,  but the rate with NH3 has 
not been measured. We are studying the reaction of 
these and other molecules with 0 ( 'D) .  The 0 (ID) are 
produccd by photolysis of O3 at wavelengths greater 
than 2300 8 (oxygen-free 2 M NaHr filter). The filter 
prevents photolysis of 0, and the other additives and 
allows adequate absorption by O3 (peak at 2560 8). 
Dissociation of O 3  at A >  2300 8 produces 0 ( I D )  and 
0, ('A). In a system containing mostly 0, (0.04 M) 
with a small amount of O3 (-lo-' M), there is no net 
loss of 03, since the 0 ( 'U)  and 0, ('A) are 
deactivated by 0 2 ,  and the 0 ('P) are then reconverted 
to 03. We observe dissociation of the Q3 by the flash, 
followed by re-formation of the 03. The addition of 
He, Ar, N l ,  or SF6 causes no net loss of 03, whereas 
the addition of NH3, H 2 ,  or H, 0, which react with 0 
( 'D) .  does product a net loss. Most of the decrease in 
O3 concentration occurs during the flash, but with NH3 
or PI2 added, there is an additional small loss on a 
millisecond time scale. The percentage loss of O3 
increases with (1) the ratio of concentration of additive 
to oxygen, since these molecules compete for 0 ( 'D) ,  
and (2) the ratio of concentrations [O,] /[02], indicat- 
ing competition of these two molecules for products of 
the reaction of  the additive with 0 ( I D ) .  

In addition to the absorption by ground-state O3 
centered at 2560 8, we also observe transient absorp- 
tion at slightly longer wavelengths in the range -2500 
to  -3500 A, with a peak at -2800 8. We had 
previously observcd4 this absorption in the pulse 
radiolysis of 0, and attributed it to vibrationally 
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excited 03.  Riley and Cd1il15 disagree with this 
assignment. 'The photolysis system offers simplifications 
for studying this transient, sitice the only primary 
species are 0 ( I D )  and O2 (' A). We are now studying 
the kinetics of fomiation and decay of the traosient and 
tlic effects of varions additives on the transient. Most of 
the trmsierit fornis during the flash, and at 1 atrii of O2 
it undergoes first-order decay with f l  /2 6 vsec, about 
the sane  as for re-formation of  ozone. All of t h e  
additives, including He, Ar,  N2,  SF6,  H2,  NH3, and 
1-120, affect the kinetics of formation arid decay, and a t  
least [.he last three affect the amount of transient 
produced. 

- 
1. Department of Clicmistry, klaryville College. Maryville. 

2. C. J. Hochanadel, J. A. Ghormley, arid P. J. Ogren, Clicni 

3 .  C. Willis e t  al., Catz. J. Cliem. 48, 150.5, 1515 (1970). 
4. C. J.  Hochanadel, J. A. Ghormley, and J .  W. Uoyle, .I 

5. J. F. Riley arid R. W. Cahill, J. Qiem Phys. 52, 3297 

Tenn. 

Dip Anrzri. Pro@. Rep. Mciy 20, 1971, ORNL-4706, p. 102. 

Chcm. Hiys. 48, 2416 (1965). 

(1970). 

ABSORPrION SPECTRUM AND REACTION 

1N THE GAS PHASE1 

( '  J Hochanadel J A Ghorniley P. J .  OgrenL 

Perhydroxyl rddicals were produced in the gab phdse by 
fla\h photolysis of wdtei vapor (3%) 111 J I I  iltmcjspherz 
of hydrogen, helium, or argoii contailling -2% oxygen. 
\Valet IS tlissociated In the first cuntinuum to t i  and 
OH, and O2 converts the Li atoms to H02. Hydiogen 
nearly doubled the amount of HOz pioduccd by  
convertirig OW to H The dbrorption spectrum of IIOz 
is 1 hioad baiid with a peak at 2050 8. The rriular 
eutinctron coetf'icient, emax,  based on measurement of 
the N2O2 formed in thc hydrogen >ystein, IS 1770 -t 
150 hI-' cni-' The late coribtant for the bimolecu1,u 
cornhi~~at i~ in  reaction, HO2 + €IOz -+ fi202 + 0 2 ,  w'ib 

evaluated as 5.7 f 0.5 X 10' iW1 sec-' a1 29X"K, atid 
for the reaction FI02 f OH -> I i 2 0  -t 02,  k = 1 2 t 0 2 
x 10'' M - 1  scc-1. 

Frurii duxiliary measurements o f  the rate of 0 3  

fi)midtiori i t  was also found that m the flash photolysi5 
oli O2 (2%) in H 2 ,  hot 0 atoms ieact w ~ t h  1-1, to fo rm 
OH m d  H w h ~ h  are tlien converted to 11(02. 

KiNETliCS OF THE MO2 RADICAL 

.. . .. .._._I__..__I 

1 .  Abstmct of published paper: J. Cliem. Phys. 56,  4426 

2.  Department of Chemistry, Maryville College, Mnryvilk,  
(19 '1 2). 

TeJlil. 

ELEMENTARY PROCESSES IN THE RADIOLYSIS 
OF AQUEOUS SULFURIC ACID SOLUTIONS: 

K. W. Matthews2 H. A. Mahlman T. J. Sworski 

We have obtained evideiice for the proposal of Boyle3 
that two oxidizing radicals are produced concurtently 
it1 the radiolysis of aqueous sulhric acid solutions: Of1 
and SO4-- radicals that are presumed to result from the 
direct action of i(:mizirig radiation 011 water and sulfuric 
acid ;inions respectively. The evidence is the depend- 
ence of G(Ce"') 011 both cerium(lI1) and either formic 
acid or 2-propanol concentrations in the radiolysis of 
ceriurn(IV)--- ct.riun~(IIl)---f(,iniic acid mixtures and cer- 
ium(IV)--ceriuni(li~T) --.2-propanol mixtures. Go,  and 
Cso4- were determined by using the generalized 
least-squares progrnm (if Lie tzke4 to fit experimental 
data to coniplex kitie tic equations that cuiitaiii u p  to  22 
drpeotieti t variables. 

Validity o f  the kinetic squations was originally 
indicated5 by the excellent agreement for two determi- 
nations in 4.0 il.I sulfuric acid: Cor.r = 1,7h rt 0.19 and 
GSO4- = 0.95 f 0.18 with 2-propai1ol solutions: Go, = 
1.78 f 0.03 and Gso4- = 0.94 k 0.03 wit17 formic acid 
sdulicxis. F~irther validity is iridicatcd by the successful 
evaluation of radical yields in 0.4 M sulfuric acid: Got$ 
= 2.60 .1- 0.04 rind GSO4- = 0.20 0.04. Despite this 
low yield of  SO4- radicals, thert: is gratifying agreement 
between the values obtained it1 0.4 and 4.0 iM SUI furic 
acid scilutions for the relative reactivities ol' SO4-- radical 
with cerium(III), formic acid, 2-propanol. and water. 

The sigriifjcance of  this research is the coricl usion that 
GoH is proportional to energy absorption by water. 
There is no evidence For oxidation or sulfuric acid 
anims by f120 +. a conmmonly assi-irned precursor of the 
OH radical. 

DETERMINATIONS OF BOTH Go,  AND GSo4-'  

1. Abstract c>f yublislied paper: J. Phys. C h m .  76, 1265 
(1972). 

2. Visiting icientist from the Australian Atomic Energy 
Cornmission Rcsearclr Establishment, Lucas Height:;, New South 
Wales. 

3. J .  W. Boyle, Rulliur Res 117, 427 (1962). 
4. M H. Lietzke, .4 Getieralized LfZililst Syiiilres Program for 

5. K. W. Matthews, €3. A. Maillman, snd 'T .  J .  Sworski, Chmz. 
ihc IBM-7090 Computer, ORNL-3259 (hlarch 1962). 

Diu. Antiid. Prop. Rep. May LO. IY69, O K N L 4 4 3 7 ,  p. 52. 

ROLE OF WATER ACTIVITY 
IN SULFURtC ACID SOLUTIONS 

T. J. Sworski 

The rate ut' c:zriurn(IV) reduction by liydiogen per- 
oxide 111 sulfuiic acid solluhorir from 2.0 to 13 0 ilil 
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adheres well to  Eq. (I): 

d[CeIv] /d t  = -2kobs[Ce1v] ' [ H 2 0 z ]  /[CelI1] . ( I )  

A marked decrease in kobs with increase in sulfuric acid 
cmcentration from 2.0 to  8.0 M is quantitatively 
explicable' by postulation of virtual equilibrium be- 
tween H 0 2  and H202+ according to the following 
reaction mechanism: 

with 

ORNL-  DWG. 72-2183 

[SULFURIC A C I D )  

Fig. 4.1. Dependence of the second dissociation quotient of 
sulfiuic acid on the sulfuric acid concentration. 0 Calculated 
values from the data of Young, Maranville, and Smith. Solid 
curve illustrates the least-squares fit of the data to Eq. (111). 

A marked increase in kobs with further increase in 
sulfuric acid concentration from 8.0 to  13.0 M is 
quantitatively explicable' by postulation of virtual 
equilibrium between H 2 0 z  and H 3 0 2 + -  However, as 
previously noted,2 the minimum in kobs occurs at 
about the same sulfuric acid concentration at which 
[SO4 '-1 is a m a x i r t i ~ r n . 3 ~ ~  This qualitative correlation 
suggests a common cause for the minimum in kobs and 
the maximum in [SO4'-]. A search for this common 
cause indicates that both kobs and [S042- ]  may be 
dependent on water activity (u,). 

The second dissociation quotient of sulfuric acid, Q = 
[H'] [S04z-]/[HS04-],  is shown in Fig. 4.1 as a 
function of sulfuric acid concentration. The curve in 
Fig. 4.1 illustrates an excellent least-squares fit of the 
data to  Eq. (111): 

l o g Q = I o g K o  +4A11 /2 / (1  +R1' /2)+ylogu, ,  (111) 

where A is the Debye-Huckel limiting slope of 0.509 at 
25°C for a singly charged ion, KO is the complete 
equilibrium constant 

that contains water as a r e a ~ t a n t , ~ , ~  I is the ionic 
strength, and B i s  an adjustable parameter in an 
extended Debye-Hiickel equation. Values for log KO, B, 
and q are listed in Table 4.1 for the data of Young, 
Maranville, and Smith3 and of Chen and Irish.4 The 
significance of Eq. (111) is the constancy ofKO, even at 
extremely high ionic strengths, with an extended 
Debye-Hiickel equation for activity coefficients. 

Figure 4.2 shows the dependence of kobs on sulfuric 
acid concentration. The dashed curve in Fig. 4.2 
illustrates the least-squares fit of the data obtained by 
postulation of protonation equilibria between H 0 2  and 
Hz 02+ and between Hz O2 and H3 Oz+. The solid curve 
illustrates the least-squares fit of the data to  Eq. (IV): 

Table 4 , l .  Dependent variables in Eq. (111) obtained 
by method of least squares with experimental data 

of Young, Maranville, and Smith (YMS) and Chen and Irish (CI) 
-. . ...~ ~ 

CI 
.I_._ _.... 

Y MS 

log KO -1.92 f0 .02  --2.116 20.007 
B 0.445 2 0.008 0.428 f 0.003 

0.419 2 0.006 9 0.66 P 0.02 
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Fig. 4.2. Dependence of k , b s  on sulfuric acid concentration. 
0 Data of Mahlman, Matthews, arid Sworski; 0 data of Czapski, 
Bielski. and S u t h s  Dashed curve illustrates the least-squares fit 
of the data obtained by postulating protonatiori of both 1-102 
and H2O2. Solid curve illustraies the lcast.-squares f i t  of the 
data to Eq. (IV). 

will1 k l k 5 / k - l  = (1.7 5 0.6) X lo2 fif..’ set..', 
k3Ki1202+/k5 = (4.8 k 1.5) X lo4 M and y =---2.32 i- 
0.09. Least-squares analysis indicaks that the better fit 
of (he data is obtained with Eq. (IV). The applicability 
of Eq. (IV) i s  only further confirmation of  tlie 
discovery of R~mnett’ that the rates of niost acid- 
catalyzed reactions are dependent on water activity in 
moderalely concentrated aqueous acids. 

1. 1%. A. Malilnian, R. W. Matthews, and T. J. Sworski, J. 
Phys. Chem. 75, 1.50 (1971). 

2 .  13. A. Mahlrrian, K. W. Matthew.;, and I’. J. Sworski, Qzem. 
D i i i .  Annu. Proyr: Rep .  May 20, 1968, ORNL-4306, p. 61. 

3. T. F. Young, L.. I:. Maranrille, and €1. $1. Smith in Tkc 
Strrcctrrre of I:lcc.trolytic Solutions, W. J. Harner, ed., p. 35, 
Wilev, New York, 1959. 

4. H. Chen and T). E. Irish, J. Phys. Chem. 75, 2672 (1971). 

5. E. u. Franck, %. phys. Chern. (Frankfurt ani ?l.lrrirz) 8, 107 

6 .  W. L. Marshall and A. S. Quibt, Proc. Nat. Acad. Sci. US. 

7. J. 1:. Bunnett, J. Amcr. (:hein. SOC. 83, 49Sh (1 96 1). 
8 .  G .  Czapski, B. H. J .  Bielrki, and N. Sutin, J. f’fzyr. Chem. 

(19 5 6). 

58, 901 (1967). 

67, 201 (1963). 

RADIOLYTIC DECARBOXYLATION 
OF h,c2-DICAR BOXYLIC ACIDS 

1N THE LIQUID STATE 

A. R. Jones P. S. Kudolpti 

The radiolytic decarboxylatioii of the linear aliphatic 
carboxylic acids 11as bezn extended to  include qw-  
dicarboxylic acids irradiated in the liquid state by 6 o C o  
gamma Iays at 145°C. The dibasic acids studied (C, 
through C 1 6 ,  atid C I 8 )  showed that C(C0 , )  
decreased with increasing chain length, as was observed 
with monobasic acids in the liquid sf ale. ‘Jhese results 
and the comparison are sliotriii in Fig. 4.3. 

If the simple model previoiisly proposed’ s 2  is appli- 
cable to tlie dibasic acids, G ( C 0 2 )  for t i  Le dibasic acids 
of N carbon atoms should be equal to C;(C02) for the 
inonobasic acids of one-half that iiunibcr of carbon 
:ttociis. For exarnple, G(C02)  for the C1 dibasic acid 
should be equal to G(C02) for the C6 monobasic acid. 
‘llie applicability of the -model, on this basis, to  the 
dibasic acids can be seen in Fig. 4.3, wl-tere G(CO?) i s  

6 ,..DIBASIC G C l D S  

0 

“-Y 

’7 
-*\MONOBASIC ACIDS 

1. 
0 4 8 12 16 20 24 

NUMBER OF CAliEON ATOMS IN 1-tiE A C I D S  ( N l  

Fig. 4.3. The 6oCo gamma-ray-induced radiolytic yields of 
CO2 from the liquid lineax monocarboxylic and dicarboxylic 
acids as a function of the total number of carbon atorris in the 
acids. The dots represent the monobasic acids irradiated at 38*C 
(N  = 1 to lo), 57OC ( N  = 11 to IS), and 92°C (/Vi- 16 to 22). 
‘The diamonds represent the dibasic acids, all irrsdiated a t  
14SaC. Thc circlcs represent G(CO2) of the dibasic acids a t  iV/2 
cxbon atoms. 
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plotted as a function of N / 2  for the dibasic acids; these 
points fail on the monobasic acid line within experi- 
mental error. 

The chain length and the energy absorbed by the 
molecule are related to the total number of electrons in 
the molecule (Ne).  A plot of G ( C 0 2 )  vs l / N ,  for the 
a,w-dicarboxylic acids is shown in Fig. 4.4. The slopc 
of the line i s  practically a factor of 2 greater than that 
for the liquid monobasic acids. This is in agreement 
with the previously proposed applied to 
a,w-dicarboxylic acids. 

1. A.  R. Jones, Radiur. Res. 48, 4 4 7  (1971) .  
2. A.  R. Jones, Qiem. Div. Annu. Progr. Rep. hfa-y 20, 1971, 

ORNL-4706, p. 107.  

Fig. 4.4. Radiolytic yields of COz from liquid dicarboxylic 
acids as a function of the reciprocal of the total number of 
electrons in the acids. 



TRANSFORMATION GRAPHS FOK NORHORNYL 
CARBONIUM ION REARRANGEMENTS 

C. K. Jotinson 13. M. Benjamin 
C. J. Collins 

The three most irnportaiit transformations which 
norbornyl cations undergo are Wagner-Meerwein re- 
arrarigernent, 6,2-hytlride shi R, and 3,2-hydride sluif’t. 
Wiicri several substittierits are present on the norbornyl 
cation, a large tiumber of pri)ducrs are possible from 
different combinations of  the three reactions. A n  

o m L - - ~ ~ c i .  72-4959 

MIRROR 
SYMMETRY 

C 

H 

right-handed (+) f o r m  lef t -handed (-)  form 
(a 1 

H + 

Fig. 5.1. (a) Notational convention adopted to represent 
positions OR the right- and left-handed norbornyl cations; ( b )  a 
comparison of the conventional diagramatic representation for u 
particular 6,Z-hydride shift transformation and the abbrevinted 
rymbolism used herein. In this example the first chardcter 
denotes the phenyl position, the second ChdrdLter denotes the 
hydrouyl position, and the third Lhdracter (” or ) designates 
the IiandedneTs of the framework 

5 .  Organic Chemistry 
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exhaustive etiunieratiori of Ilie products and reaction 
paths i s  a formidable task, using the traditional manual 
methods for manipulating chemical forniulas, ;ind there 
is an obvious need foi cornpiiter autonial ion of .this 
process. 

We have devised a mathematical model for the 
norbornyl 1-earl-angenients based on permutations of the 
11 letters A-K,  which designate specilic psitioris in 
the right-handed or left-handed carbonium irtns shown 
in Fig. 5 . 1 ~ .  An abbreviated notation coxitairiirig IZ + 1 
cliaracters is used to represent any configuratiori of tz 
uonliydrogeti substituents on the riglit-handed (+) or 
left-handed &) framework as shown by example in Fig. 
lb .  ‘l’lie algorithm wc devised t u  do the symbolic 
rnanipulatiori was coded i r i  the PL-I language b y  P. R. 
Goleinari (Mathematics Division). ‘Tile output from the 
program’ i s  ;I complete and nonduplicativc list of all 
products and all nonblocked ieactions (see caption of 
Fig. 5.2) starting from :my given precursor. The output 
list can be rearranged t o  f o r m  “symmetric trans- 
formatioii graphs” such as those sliowii i n  Figs. 5.2 arid 
5.3. At present l h e  syrninetrization step i s  performed 
by hand, but we :ire exanlining the possibility o f  using 
group-theoretic methods to mtornate this slep, so that 
the computer output might  be :I Galcoxrip plot of a 
syriirtietrized transform:itioii graph. 

Figure 5.3 may be employed to demonstrate the use 
of the graph by applying it to an older problem. We 
reported several years ago’ , 3  that the diol I ,  in cold, 
concentrated sulfuric acid, yields ketone 2 quantita- 
tively. The initial carbonium ion is 2-phenyl-3-endu- 
liydroxy[2,2,1] bicyclolieptao-2-yl.c3tion, which may 

ORNL- DWF. 72-4961 
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Pig. 5.2. Complete Cransfcmnrmation graph for the monosubstitution case. The broken paths from positions D and 1-1 designate 
blocked reactions, since the substituted group cannot undergo 3,2- and 6,2-shift reactions. The graph contains 22 vertices (products) 
and 31 edges (reactions). 

be abbreviated as BD+ (i.e., phenyl on position B and 
hydroxyl on position 13 of a right-handed cation). The 
rearrangement reactions will terminate with forniation 
of a ketone whenever the hydroxyl group and the 
positive charge occur on the same carbon atom; 
consequently, any syinbol with a B in the second 
position represents a possible product (e.g., AB?, CB?, 
DB?; HB+, and 1B+ in Fig. 5.3). Furthermore, it is 
generally assumed that the 3,2-hydride shift reaction is 
at least 100 times slower than the other two reactions; 
thus the most probable reaction paths are those with 
the minimum number of 3,2-hydride shifts (i.e., one). 
On this basis, the important reaction sequences are 
foiind easily from Fig. 5.2 and may be rewritten as 

BDt +WM/6,2/WM/3,2]--+ C B t  , IQ 

If the symbol for this deuterated isomer is 
written as BDGI+-, then the products corresponding to 
the above reaction sequences become CBGK+, CBGJ-, 
CBEG ~, DBFG-, and DHEG ~ respectively. The major 
product was established by NMR2,3 as CBGKt- (i.e., 
deuterium in the exo-5 and anti-7 positions). A neu- 
tron-diffraction crystal-structure analysis4 confirmed 
this result and also showed that CBGJ? from reaction 
sequence Ib is present, since the deiiterium percentages 
obseivetl. were 85% in exo-5, 80% in nnti-7, and 3% in 
syn-7. rhe  fact that the product CBEG- corresponding 
t o  reaction sequence IC was not detected in the neutron 
diffraction experiment may reflect a kinetic isotope 
effect, since the rate-determining step in Ib is the 
3,2-hydride shift, while IC contains a slower 3,2- 
deuteride shift. The products derived from IZa and Ilh 
were not detected as major components of the reaction. 

BD+ - [ W ~ I / 6 , 2 / ~ / 6 , 2 / 3 , 2 / W M / 6 , 2 ] -  CB- , Ib 

__.. . . . . .- 
RD+ ------[WM/6,2/W~~/6,2/WM/3,2/6,2]-, CB- , IC 

BD+ -[6:2/3,2/6,2]+ DB- , '1' Program). 

BDt ------[6,2/WM/3,2/WM/6,21--, DB- . 

1. Hcnccforth this program will bc referred to  as 
ORNOCARE (Oak Ridge NOrbornyl CA tion REni-rangctnent 

2. C. J. Collins, 2. K. Chcema, R. G. Werth. and B. M. 

3. B. M. Benjamin and C. J. ColIin5,L Amer. Chern. SOC. 88, 
1Ib Benjamin,J. Amer. Chem. SOC. 86, 4913 (1964). 

15.56 (1966). 

1967, ORNL-4164, p. 115. 
The products from an isomer of Kr)+- containing 

deuterium in the exo-5 and exo-6 positions have been 
Q. C. K. Johnson, (:hem. niv. Annu. Progr. Rep. May 20, 
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Pig. 5,3. Partial transforniation graph for thc dibubstitution c a s  using the conventions shown 111 Figb. 5. I and 5.2. rhe complete 
l ~ a n ~ t o r m a t ~ o n  maph contans 21)4 verticcs. Connections to the remaining portions of the graph me indimted by open rircles The 16 
produ~ t s  with both rubttituenrs on the w n e  carbon atom (I.c. CD’, F G+. I f [+ ,  dud JK’ with perm~rt.it~ons) form n sepdlntr g a p h  
‘The total of 22(J produLr, refle~ls the t ac t  that there arc’ 1 I ’ / Y l  = 110 linear squenccr o f  11 oblects, 9 of which nre idenlr~al. 
Introducinq ~liirality bring? the tola1 to 220 
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MECHANISM OF HYDRIDE SHIFTS 

V. F. Raaen B. M. Benjamin 
C. J. Collins 

Last year’ we reported on the fates of the deuterium 
label in the products ( 2  and 3, Charts I and 11) obtained 
when 1 -methyl-7,2-cxbolactone-2-d ( I )  is treated with 
concentrated sulfuric acid. We formulated the trans- 
formations 1 -+ 2 and 1 + 3 as proceeding through the 
pathways shown in Charts I and 11. It was apparent at 
once that the three processes by which these cations 
can interconvert namely, 6,2-, and 3,2-hydride (or 
dcuteride) shift and Wagner-Meerwein rearrangement - 
could conceivably produce many more intermediates 
than the ten cations shown. It is therefore conceivable 
that the pathways shown in Charts I and I1 are not 
unique, and that other routes exist which are also 
compatible with the experimental results. In collabo- 
ration with C. K. Johnson (Chemistry Division) and 
P. R. Coleman (Mathematics Division), a computer 
prograni’ was therefore adapted for determining the 
total number of possible intermediates and the path- 
ways interrelating them. From the program we learned 
that 204 cations are possible, starting from 1 containing 
no deuterium, and that 1836 species are possible if a 

single deutcrium label is included. The route from 1 to 
2 shown in Chart I [62; WM; 62;  321 is the only simple 
pathway connecting the two compounds. 

3 is much different. In addition 
to the route [32; WM; 62; WM; 321 showii in Chart II ,  
another route [32; 62; WM; 62; 321 gives the same end 
result. Further, there is an easy alternate pathway, 
namely, [62; 32; WM; 62; 321, which places the 
deuterium in the exo-2 position of lactone 3, but which 
clearly is not used. 

The pathways involved may be summarized as fol- 
lows: 

‘The situation for 1 

Path 1 32 *A4 -6% WM 

Path 2 32 6 5  WM- 62 3-25 

Path 3 -6-2 32- JFb-x4- 62 32 

Those processes which are common to all three routes 
have been crossed out, from which it is clear that path 1 
diffeis from paths 2 and 3 only by Wagnei-Meerwein 
rearrangement vs 6,2-hydride shift. Paths 1 and 2 both 
are consistent with the experimental result, whereas 
path 3 is not; we believe path 1 to  be the route 
followed, since the Wagner-Meerwein rearrangement 
should proceed with much lower activation energy than 
the 62 
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C.Yi<m. Diu. Annu. Progr. Rep. Muy 20, I971, ORNL-4706, p. 
116. 

2. ORNOCARE: Oak Ridge Norbornyl Cation Rearrange- 
ment Program; C. K. Johnson, B.  M. Benjamjn, and C. J. 
Collins, “Transformation Graphs for Norborriyl Carbonium Ion 
Rearrangements,” the preceding contribu Lion, this report. 

3. $1. Saunders, P. von R. Schleyer, and G. A. Olah, J. Anter. 
Clzem. SOC. 86, 5680 (1964). 
4. G. A. Olah and A. M. Wiiitc, J. Arrier. Chem. SOC. 91, 3957 

(1969). 
5 .  G. A.  Olah; A. M. White, J. R. DeMeniber, A. Cornmeyras, 

arid C. Y. Lui, f. Amer. C k m .  Sa. 92,4621 (1970). 

REACII’ION OF ~-~.~u-HYL)ROXY-~-PHENYL-~-~.~~U- 
NORBORNYLAMINE WITH NITROUS ACID 

B. M. BeriJamin C. J.  Collins 

In 19’70 we ieported’ that the title compound ( I )  on 
nitrous acid deamination in acetic acid yields, anlong 
other products, 1.8% of‘ the mo11o;icetate of 2-exo- 
phenyInorbornane-2,5-cis-c?nc~o-diol (2 )  ‘1 his wds an 
unpiecedented observation, quite m cuntradiction to 
what would be predicted on the basis of  Winstein’s 
original fomulatiun2 of “hot” carbonium ions as the 
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intermediates in such deaminations. Seemingly, the 
originally produced cation had undergone Wagner- 
Meerwein rearrangement and then had been attacked 
from the endo direction to  give the monoacetate of 2. 
The mechanism just described is shown in Eq. (1) 
together with the expected result of deuterium labeling 
in the exo-2 position of the starting amine 1 : 

ORNL-  D'NG. 72-4529 

The observation3 of Huckel and Kern that endo- 
fenchylamine, on treatment with nitrous acid, yields 
3.5% of borneol provides evidence for the possibility of 
an alternate pathway from 1 + 2 :  and this alternate 
pathway is shown in Eq. (2) together with the expected 
result of deuterium labeling: 

ORNL-DWG.  72-4528 

2 

We prepared compound 1 labeled with deuterium as 
shown, and determined with NMR that within experi- 
mental error of about 276, the product 2 contained 
deuterium only in the No. 4 bridgehead positron, 
corresponding to  the mechanism shown in Eq. (1). 

1. C. J. Collins and B.M. Benjamin, J. Amer. Chem SOC. 92, 
3182 (1970). 

2. I). Semenow, C. II .  Shih, and W. 6. Young, J. Amer. 
Chrm. SOC. 80, 5472 (1958), give Prof. Winstein credit for 
proposing t o  them the "hot" carbonium ion. 

3. W. Huckel and H.-J. Kern, Justus Liebigs Ann.  Chem 728, 
49 (1969). 

P-DEUTERIUM ISOTOPE EFFECT IN THE 
REACTION OF ol-PHENYLF,TAYILAMINE-cu-d 

WITH NI'FRBUS ACID 

F. A. Shirley' V. F. Raaen 
C. J. Collins 

The amine-nitrous acid reaction is unique among 
those organic reactions which proceed through 
carbocations, for the rate-determining step precedes 
cation formation:' 

RNHz + N2 O 3  --t RNI-1; NO + NOz- , (2) 

KNH3+N0 + RNHz NO + H' , ( 3 )  

RNHz NO -+ RN-NOH , (4) 

RN=NOH -+ RNz' + OH- , (5) 

RN,' + O H - +  R' -1 OH- + N2 , (6) 

R +  + OH-+ ROH -1- other products. (7) 

Thus of the equations [(l) (7)] which describe the 
appropriate processes, it  is either reaction (1) or 
reaction (2) which is presumed' to  be rate determining, 
depending upon the initial concentrations of the reac- 
tant and the acidity of the solution. This poses a 
problem in studying the mechanism of the reaction, for 
usual kinetic techniques cannot be employed. Thus the 
reaction has been studied, historically, by product 
ana lyse^,^ and the older upon which the 
mechanism [Eqs. (1)-(7)] rests has seldom been 
challenged. We therefore decided to  study the isotope 
effect during reaction of PhCD(NH2)CH3 with nitrous 
acid, using techniques previously4 invcnted by us. In 
the experiment, PhCD(NH2)CH3, also labeled with C 
in the phenyl group, was mixed with an excess of 
PhCH(NH2)CH3, and the mixture was treated with 
sufficient nitrous acid to  react with less than 10% of the 
anline; solvents used were acetic acid-sodium acetate 
solution and an aqueous solution containing 1.1 mole 
of HCI per mole of amine. Carbon-14 assay of the 
a-phenylethanol or a-phenylethyl acetate so produced 
and comparison with the molar radioactivity of the 
starting amine allowed calculation of the isotope effect. 
We found a normal P-deuterium isotope effect of 2.4 5 
0.1% when acetic acid-sodium acetate was tlic solvent, 
and no isotope effect at all in dilute aqueous hydro- 
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chloric acid A subsidiary experiment for the form a t' ion 
of' the acetare of (~-plieriyletfiylanntie in acetic acid 
;icelic anhydrtde showed an isotope effect of 2.5%. The 
Implications of these expcriments are not fully under- 
stood, and the studies will be conhnued 

1. Student participnn t in the Great Lakcs Colleges Associ- 
ation Science Semester, fall 197 1, from L)e€'auw University, 
Greencastle, Ind. 

2. J. H. Ridd,Quart. Rev. Chem Soc. '15,418 (1961). 
3 .  For reviews, see H. SOU, in Houben-Weyl, Methoderr cler 

orgmischr Chcmie, E. Muller, ed., Georg Thieme, Stuttgart 
X1/2, 1958, pp. 133--81; C:. J. Collins, Accounts Chem. Res. 4, 
315 (1971). 
4. V. F. Raam, r. K .  Dunham, 1). I). 'Thompson, and C. J. 

Collins. J. Amer. Chem. Snc. 85, 3497 (1963). 

VINYL CATIONS 

13. M. Benjamin C. J. Collins 

I o  continuation of our study of tlie properties of 
vinyl cations,' we prepared the trifluoromethylsul- 
fonate (.triflate) ester of two vinyl intermediates, 
4C-labeled triphenylvinyl arid 1,l-diphenylpropene. 

We were interested in producirig viiiyl cations by 
solvolysis of these tritlate esters and in determining the 
ainourit of rearrangenieri t in the produc:ts produced by 
reactions of the resul~ing vinyl cations with solvent. Tlre 
degree of rearrangement was expected to give us sonic 
insight into tlie structure of the cationic intermediates 
;md to  help us desigii future experiments to study the 
stereochemistry of the intermediates. 'The stereo- 
chemistry of intermediates is essential to  the under- 
standing of their structures and is a field which has been 
neglected in the study of vinyl cations.' 

During preparation of tlie triflate ester from 
benizbydryl-' "C phenyl ketone the 4 C  label becanie 
scrambled to the extent of 1%. Hydrolysis of tri- 
phenylvinyl triflate in 60% acetone-water containing 
potassium carbonate produced benzhydryl phenyl 
ketone with no further scrambling of the 4C. Solvol- 
ysis of triphenylvinyl triflate in the less nucleophilic 
solvent, acetic acid saturated with sodium acetate, 
produced triphenylvinyl acetate with 3% scrambling of 
the 1 4 C .  I t  appears that the positive charge in the 
triplienylvinyl cation is highly localized. 

'The hydrolysis, in water-acetone mixture, of 1,1- 
di~~l1er1ylproperie-3-1.rifluoromett1yl sulfonate (2,2- 
diphenyl- l-methylvinyl triklate, a viscous oil) produced 
a .SO-SO mixture of benzhydryl methyl ketone (re. 
arrariged product) ;md 2-'henylpropiopl~erione (unre- 
arranged product). Solvolysis of 2,2-diphenyl- 1- 

nicthyiviriyl triflate in acetic acid sodlum acetate 
mixture resulted in more than 99% reairangernent to 
produce alniost e.iclusivcly 2-phenylpropioptierione. 
Tlieiefore iearrangement is favoied in the less 
ri ucleophilic solvent 

1 .  B M BcnJarmn and C J ColI~ri\, Chrm DLV Arrnu Progr 

2 M Handch, A< counts Chern. Res 7, 209 (1970) 
R?p Muy 20, 147I .  ORNL-470b, p. 113. 

PYROLYSIS OF ACETOPHENONE-2-' C 
IN THE PRESENCE OF lRON 

V F. Kaaen 

Lo an earlie1 ieport' I descnbed tlie kctonic. de- 
cdrboxyldtiori o f  the iron(11) rdlls of aromatic carbox- 
ylic acids, in no instance was the expccted symmetrical 
ketone isolated. Thus only 1 ,d'-diriaphthyl ketone was 
obtained when iron(1l) naphthoate was pyrolyzed. 

I t  therefore seemed important tu de ternline whether 
the urisymmetricd ketones were iormed by thermal 
rearrangement of symmetiical ketones of the type 
expected. Compounds such as 4,4'-dtmethyl- 
benzophenone were unaffected by 24-hr heating w t h  
iron powder (in excess) at temperatuies ;IS high as 335" 
Prolonged (one month) heating o f  acetopheuone results 
it] 8% conversioii to condensation prodwts. water, and 
char Two major products of the acztophenvric 
pyrolysis arc 3-phenylbutyrophenorie (1 )  m d  1,3,5- 
triptieriylbenmrie (2 ) .  The :uom.iti~ation rcaction that 
leads to 2 may be responsible for the reduction t h ~ t  
occurs in the formation of I; it IS accompanicd by 
scrambling of the '"C. Oxidation of 2 produces 
radioac tive benzoic acid. 
____I__ __ 
1 W II R a e n ,  Chern Diu . 4 m u  Progr R e p  Muy 20, 1967, 

ORNIL-4164, p 46 

PREPARATION AND PURIFICATION 
OF p-SEXIPHENYL 

W. H. KaltLwin P. T. Peidue' 
J. H. Burns 

The lineal molecule p-seriphenyl I S  being studied 
because of its superior properties as ;I sciritillator for 
particle counting.' The imporhnce of isolation of the 
product from the rcaction mixture has already been 
emplrasi~ed.~ Ir i  ;I quest of further punficiirion of 
sexiplienyl, the product of highesi purity was sublimed 
in a helium atmosphere at  elevated temperature to grow 



crystals. Two different crystal forms were obtained, 
thjn plates and dendrites. Sainples were separated 
mechanically and examined. 

Thc plates melted at 490°C, while the dendrites 
melted over a range 450 to 480°C. Mass spectra of the 
two samples were nearly identical; the largest yield of 
ions corresponded to the sexiphenyl parent, with small 
yields of ions corresponding to heptaphenyl, penta- 
phenyl, quaterphenyl, and an even smaller yield corre- 
sponding to monochlorosexiphenyl. 

In the preparation step, two terphenyl moleciiles are 
condensed in the presence of aluminium chloride and 
cupric chloride. The compounds containing 4, 5, and 7 
phenyl groups in the chain result from chain scission. 
Chlorination also occurs to  a small extent in the 
condensation step. A measure of the quantity of Cu (64 
ppm) and C1 (4 ppm) in the material before crystal 
growth was obtained by neutron activation analysis, 
emphasizing the small yield of chlorinated products. 

Infrared spectra of the plates are identical with those 
reported by Cade and Pilbeam3 for sexiphenyl. The 
spectra of the dendrites show additional absorption 
peaks at 6.8, 7.0, 11.3, and 13.2 1-1. These spectra, in 

conjunction with the other data (above) and the 
method of preparation of the compound, show that the 
dendrite$ are composed chiefly of molecules with six 
rings per chain and with partial hydrogenation of one or 
more rings. 

The formation of plates by crystallization is typical of 
long  molecule^.^ Brief x-ray crystallographic examina- 
tion of a single plate confirms the presence of a long 
repeat distance perpendicular to the largest face of the 
plate and a short repeat distance within the plate. These 
data are consistent with the expected properties of 
p-sexiphenyl. The dendritic crystals are unsuitable for 
single-crystal x-ray studies. 

1. Health Physics Division. 
2.  W. H. Baldwin and P. T. Perdue, Chem Div. Annu. Pi-ogr. 

3 .  J. A .  Cade and A.  Pilbeam, J. C'heitz. Soc. London 1964, 

4. C. W. Bunn, Chemical Crystallography, p. 219, Oxford 

Rep. h4uy 20, 1971, ORNL-4706, p. 117. 

114. 

University Press, London, 1958. 



6.  Physical Chemistry 

M. H. Lietzke M. D. Danford 

h i  a previous paper* we reported the results of a 
study of the thermodynamic properties of aqueous 
I-lCl-LaC13 mixtures in the temperature range 25 --- 
175°C in solutions of total ionic strength ( I )  0.5 and 
1 .Q. Recently we have made a study3 of the T-ICl-NaCl- 
IsC13 system to I = 5 over the temperature range 
25 ---75"C. In connection with this latter study, we 
found it desirable to  extend the n~easurements in the 
HCl-LaC13 systern to I = 5 but only in the temperature 
range 25-70". Using the new data, we have recalculated 
the activity coefficient of both the HCI and the LaC13 
in the mixtures. Although at I = I the values of log 
'yHC1 were affected but little, inclusion of the data at 
the higher ionic strerigths resulted in considerable 
change in the values of log yLaCI3 at the higher 
fractions of acid. Hence, it seems desirable to report 
separately our recent results on the HCI-I,aG13 systern 
to 1 = 5. As before, emf measurements o f  the cell 

have been combined with values of the activity coef- 
ficient o f  LaC13 obtained i~opiestically~ to compute the 
thermodynamic properties of both FICl arid LaCI, in 
the HCI-LaCl, mixtures.' 

'Yhe treatment of the data followed that used pre- 
viously.2 The activity coefficient corresponding to each 
experimental emf value E was calculated by using the 
Nerrist equation and previous values5 of the standard 
potential E" of the Ag, RgCl electrode. 

In this equation m, and m3 are the molalities of HCI 

AQUEOUS SYSTEMS and LaC13, respectively, while the reniaining quantities 
have their usual significance. The total log y values are 

TNERMODYNAMIC PROPERTIES OF AQUEOUS obtained by adding a Debye-Hiickel term to the 
HCI-bCII SOLUTIONS TO IONIC STmNGTH 5.0' appropriate expression used for the excess activity 

coefficient (y); these excess expressions are identical 
to Eqs. ( 5 )  and ( 6 )  of ref. 2. Even at the higher ionic 
strengths, I-Iarned's rule appears to  hold for the IlCl in 
the mixtures. 

The activity coefficients of HCl in the HC1-LaCl3 
mixtures (jricluding both the present and former data) 
were fitted by the method of least squares using an 
equation identical to  Eq. (5) of ref. 2, simplified by the 
introduction of fiarned's rule. Over the wide range of 
total ionic strengths covered, the temperature dzpend- 
ence of the coefficients in the activity coefficient 
equations could be expressed by an algebraic series 
lsimilar to Eqs. (7) and (8) of ref. 21. The form of 
these equatioiis gives rise to excess enthalpies varying 
linearly with temperature and excess entropies varying 
liriearly with log 7: The values o f  the paranielers of 
these equations were obtained directly by the least- 
squares fit.' The additional parameters needed fo r  
calculating log y3e were obtained either by the applica- 
tion of Warned's rule or by evaluation by the method of 
least squares using activity coefficient data on pure 
laC13 s o l ~ t i o n s . ~  Since the activity coefflicient of 
LaCI3 has been measured only at 25"C, it was possible 
to compute the activity coefficient o f  LaCI3 in the 
tKI-LaCI, mixtures only at 25". 

Plots of log ~ ~ ( 2 1  vs fraction ofLaCI3 in the mixmes  
at constant total ionic strength are all very similar to 
those previously reported2 at I = 0.5 and 1.0. At all 
total ionic-strength values and temperatures in the range 
investigated the log yHC I values become more negiitive 
as the fraction of LaClj in the mixture increases. 

As mentioned above, inclusion of data on the 
HCl-Lael, mixtures to a total ionic strength of 5 results 
in a considerable change in the values o f  log yLsc;13 
previously reported' when data onLy ai I = 0.5 and L.0 
were available. The values of log yLaCL3 calculated 
from the derived parameters' are shown plotted in Fig. 

75 
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Fig. 6.1. Plots of log 7 ~ ~ ~ 1 ,  vs X H C ~  in HCI-LaCl, mixtures. 

6.1 vs the fraction of acid in the mixtures. As the 
fraction of HCl increases in the mixtures at constant 
total ionic strength, the log -yLaC13  values increase 
(become less negative), the effect being greater the 
higher the total ionic strength. Hence the plots now 
resemble the corresponding plots of log -ysalt in 
HCI-NaC16 and I-ICI-BaCI2 mixtures, also shown 
plotted in Fig. 6.1. 

1. This is an abbreviated veision of part of a paper being 
prepared for publication. A more complete text, including 
values of derived constants, is available at once from M. H. 
Lietzke. 

2. M. H. Lietzke and R. W. Stoughton, J. Phys. Chern. 71, 
662 (1967). 

3. M. H .  Lietzke and M. D. Danford, "Thermodynamic 
Properties of Aqueous HC1-NaC1-LaCl3 Mixtures," the following 
contribution, this report. 

4. R. A. Robinson and R. H. Stokes, Electrolyte Solutioris, 
2d ed. (revised), p. 489, Butterworths, London, 1965. 

5. M. 1-1. Lietzke and R. W. Stoughton, J. Phys. Cheni. 68, 
3043 (1964). 

6. M. H. Lietzke, H. B. Hupf, and R. W. Stoughton,J. Phys. 
Chem 69,2395 (1965). 

7. M. 11. Lietzke and R. W. Stoughton, J.  Phys. Chern. 70, 
756 (1966). 

THERMODYNAMIC PROPERTIES OF AQUEOUS 
HCB-NaCI-LaCI, MIXTURES' 

M. H. Lietzke M. D. Danford 

Very little is known about the thermodynamic 
properties of aqueous electrolyte mixtures containing 
trivalent ions. One such mixture which has been studied 
isopiestically is the NaCi-I,aCl3 system.* As far as we 
know, no aqueous three-electrolyte system containing a 
trivalent ion has been reported. Hence it seemed a 
logical. extension of our program of investigating the 
properties of three-electrolyte systems to  combine the 
results of the isopiestic study of the NaC1-LaCl3 system 
with emf measurements of the cell 

I-"t-H,(p = 1)IIICl(rn2), NaCl(m3), I,aC1,(m4)IAgC1, ,4g 

to calculate the activity coefficient of each component 
in HCI-NaCl-LaC1, solutions. With these results a direct 
comparison can be made with the activity coefficient 
behavior of each component in the previously studied 
HC1-NaC1-MgC12 s y s t e n ~ , ~  differing only in the poly- 
valent electrolyte. 

The treatment of the emf data was the same as that 
used with the I-ICI-NaC1-MgCI2 system. The derivation 
of the equations used for expressing log 7 ~ ~ 1 ~  log 
Y N ~ C I ,  and log Y L ~ C I ~  in the mixtures also p;irallels 
that used previously and will not be given. 

'The activity coefficients of NC1 in the HCI-NaC1- 
LaC13 mixtures (along with the values for pure HCl,4 
for IICl in HCl-NaC1 mixtures,' and for HCI in 
HCl-LdCl, mixtures6) were fitted by the method of 
least squares. Over the wide range of total ionic strength 
covered, it was found possible t o  express the tempera- 
ture dependence of both the B and C coefficients by an 
algebraic series [similar to Bqs. (8) and (8') of ref. 31. 
I'hc form of these equations gives rise t o  excess 
enthalpies varying linearly with temperature and excess 
entropies varying linearly with log T. The additionai 
parameters needed for calculating log 7 N a C l  and log 
Y L ~ ~ ~ ~  in the HC1-NaC1-LaCl3 mixtures were obtained 
by fitting isopiestic data on NaCI-l.aC1, solutioiis.' 

Plots of log yFICl vs total salt fraction in the mixtures 
at I -  1.0 and 5.0 and at temperatures of 25 and 70" are 
shown in Fig. 6.2. As can be seen, the plots are 
essentially linear at 25" at both total ionic strengths 
(Le., Harned's rule is obeyed by the acid in the mixtures 
at 25"). At higher temperatures, however (e.g., 70"), 
the plots are slightly concave downward, the amount of 
curvature increasing as the total ionic strength increases. 
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Fig. 6.2. Plots of log Y H C ~  vs X 3  + Xq (total salt fraction) in 
WCi-NaCI-LaC13 mix tures. 

This downward curvature is similar to that displayed by 
the FiCl in the I-lC1-NaC1-itZgGlz system" at all tempera- 
tures and ionic strengths. 

The calculated variation o f  the logarithms of the 
activity coefficients of NaCl and IiiC13 in the I-IC1- 
NaCI-LaC13 mixtures with Xz, the fracliori of I'iC1 in 
the mixtures, at I = 1 .O and 25" is shown in Fig. 6.3. As 
the fraction of L;iC13 in any of the mixtures increases at 
the same total fraction of acid, the activity coefficieiit 
o f  the NaCl increases. The same is true with the LaC13 
activity coefficient: as ttie fraction of NaCl increases at 
constant fraction of acid, the activity coefficient of the 
l X I 3  also increases. These trends are exactly in the 
r;me directioii as those observed for ttie correspondirig 
salts in the I3CI-NaCI-MgCl2 ~ y s t e r n . ~  At higher iortic 
strerigths the same relative orders are preserved. 

1. This is an abbreviated version of part of a papeer being 
prepared for publication. A more complete text, including 
values of derived constants, is available a t  once from M. H. 
Lie tzke . 

2. A. N. Kirgintsev and A. V. Luk'yanov, &. t;iz K h i m  39, 
744 (1965). 

3. M. €I. Lietzke and K. J. Herdklotz, J. l m r g .  Nucl. Chern. 
33, 1649 (1971). 

Fig. 6.3. Plots of the logarithms of the activity coefficiedts of 
NaCl and LaC13 in HCI-N;1CI-LaCI3 mixtures vs Xz at I =  1.0 and 
2 5 Y .  

4. M. I i .  Lietzkc.aid R. W. Stoughton, .I Phys. Chem. 68, 
3043 (1 964). 
5. M. H. Liefzke, 11. B. Hupf, and R. W. Stoughton,S. Phys. 

Chem 69, 2395 (1965); also ref. 4. 
6. M. H. Lietzke and R. W. Stoughton, J. Phys. Chem. 70, 

756 (1966); aLso M. H. Lietzke and M. D. Danford, to ht: 
sub mi t ted. 

THERMODYNAMIC PROPERTIES OF AQUEOUS 
HCI-KCI-CaCI, MIXTURES' 

M. H. Lietzke Cynthia Daugherty' 

Emf measurements of the cell 

have been combined with isopiestic nieasurenierits of 
the system KCl-CaC12 to compute the 'ictivity coetii- 
cicnt of each component in ,iqucuiis HCI-KCl-CaCl? 
rnixtures The emf measurertients  ere carried out in 
the range 25 75"G, using a water bath controlled tu  
better than i-0 1"C, on solutions of total ionic streiigth 
1.0, 3.0, arid 5.0. At each lotdl ionic stlength, solutions 
were prepared containing 0.75. 0.50, diid 0.25 ioiiic 
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strength fraction of HCI. The salt fractioii of each 
solution consisted of approximately equal ionic 
strength fractions of KCI and CaCl,. Isopiestic data on 
the KC1-CaCI2 system were taken from the l i t e r a t ~ r e . ~  
The reported osmotic coefficient values were fitted by 
the method of least squares to  an equation suggested by 
S ~ a t c h a r d . ~  The parameters estimated by this fit were 
then converted to  the additional coefficients needed to  
calculate the activity coefficient of each salt in the 
mixtures, as described by Hupf.' 

As before, the neutral-electrolyte treatment4 has been 
used in fitting the data. The activity coefficient -yt of 
HC1 corresponding to  each emf value E was calculated 
by using the Nernst equation and previous values6 of 
the standard potentialb" of the Ag, AgCl electrode. 

Plots of log Y ~ . ~ ~ ~  vs the total salt fraction in the 
mixtures at constant total ionic strength and tempera- 
ture were linear, indicating that Harned's rule was 
obeyed by the acid in the mixtures. Hence the equation 
used for fitting the log 7 H C l  values, as derived from the 
neutral-electrolyte treatment, will not contain any cross 
terms or quadratic terms in the ionic strength fraction 
of either salt in the mixtures. 'The equation used in 
fitting the log Y H C ~  values was 

(B23 

where the Bj, and Cijk are interaction coefficients, X 3  
and X4 are the ionic strength fractions of KCI and 
CaCl, respectively, I is the total ionic strength of the 
solution, ST represents the Debye-I-Iiickel limiting slope 
at temperature 7' for a univalent electrolyte, and p is 
the density of water, which corrects I to  a volume basis 
as required by the Debye-Huckel theory. The equations 
for representing the log Ysalt  values in the HC1-KC1- 
CaCI, mixtures were the same as those used in the 
HCI-CsC1-BaC1, ~ y s t e m . ~  The additional coefficients 
needed for calculating values of log  KC^ and log 
ycaclz in  the mixtures were obtained by fitting 
isopiestic data on KCI-CaCI,  mixture^.^ 

Since the isopiestic measurements on the KCI-CaC1, 
solutions were made a t  25" only, the activity coeffi- 
cients of the KCI and the CaCI, in the HCI-KCI-CaC1, 
mixtures could be computed at this temperature only. 
However, the emf measurements were performed in the 

temperature range 25-75O, and hence the variation 
with temperature of the activity coefficient of the IICl 
in the mixtures could be computed. In order that all thc 
emf data could be used simultaneously in estimating the 
values of the B and C coefficients in Eq. ( l ) ,  it was 
necessary to  make these coefficients temperature 
dependent. Over the wide range of total ionic strengths 
covered, the temperature dependence of the coeffi- 
cients in Eq. (1)  could be expressed by an algebraic 
series [similar to  Eqs. (8) and (8') of ref. 71 . The form 
of these coefficients is consistent with excess enthalpies 
varying linearly with temperature and with excess 
entropies varying linearly with log T. 

Values of the logarithms of the activity coefficient of 
HC1 in HCI-KC1-CaC12 mixtures a t  various temperatures, 
total ionic strengths, and fractions of acid and salts in 
the mixtures may be calculated using Eq. (1) and values 
of the B and C coefficients obtained by least squares. 
When these values are plotted at constant total ionic 
strength vs the fraction of salt in the mixture at a fixed 
ratio of salt fractions, the plots are linear. [This is 9 

consequence of the omission of terms in X3 ', X4 2 ,  and 
X3X4 from Eq. ( I )  for the reason previously stated.] 
Hence the behavior of the HCl in this system, where 
Harned's rule is obeyed, is in contrast t o  the behavior in 
HC1-NaC1-MgC12  mixture^,^ where the corresponding 
plots are concave downward, and to  the behavior in 
HC1-CsC1-RaCI,  mixture^,^ where the corresponding 
plots are concave upward. 

The variation of the logarithms of the activity 
coefficients of KCI and CaCI, in the HCI-KC1-CaC1, 
mixtures with X 2 ,  the fraction of IICI in the mixtures, 
at I = 1 .O and 25" is shown in Fig. 6.4. As the fraction 
of CaCl, in any of the mixtures increases at the same 
total fraction of acid, the activity coefficient of the KC1 
increases. This trend i s  the same as that observed for the 
activity coefficient of NaC1 in HCI-NaCI-MgCI, mix- 
tures at all fractions of acid and for the activity 
coefficient of CsCl in HG1-CsC1-HaCI2 mixtures at 
fractions of acid below about 0.06. Whereas in both of 
the latter systems the log ?NaCl and ycscl vs X2 plots 
show pronounced curvature a t  both high aiid low 
fractions of the bivalent salt, the plots of log y K C r  vs 
X, are all nearly linear at I = 1.0. Evcn at ionic 
strengths of 3.0 and 5.0 the curves show very little 
curvature. 

When the fraction of KCI at any one ionic strength 
increases at the same total fraction of acid, the activity 
coefficient of the CaCl, decreases. This is just the 
reverse of the corresponding trend in log Y I \ . I ~ c ~ ~  in 
HCI-NaCl-MgC12 mixtures and the same as the trend 
displayed by the log yBaClz in HCI-CsCI-BaCl, mix- 
tures. 
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Fig. 6.4. Plots of the logarithms of the activity coefficients of 
KCI and CaClz in HCI-KCI-CnCl2 mixtures vs X2 at Z = 1.0 dnd 
25°C. 
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EXTENSION OF THE TWO-STRUCTURE 
CONCEPT FOR ELECTROLYTE SOLUTIONS 

TO OSMOTIC COEFFICIENTS 

M. H. Ltetzke D. W. Gosbin' 
R. w. Stoughton 

Previous work2 in the development of a two-structure 
model for electrolytic solutions showed that at conceti- 
trations of the order of a few tenths molar the 
Debye-Huckel term contributed only very slightly to 

the activity coefficient of an electrolyte in solution. 
The same holds true for the osmotic cvefficieiit of a 
solution. We have detnonsfrated, using isvpiestic data 
on a variety of electrolytic solutions, !hat the ionic 
strength (f) dependence o f  the osmotic coefficient (4)  
may be expressed by an equation of the type 

about as well as by the usual expression containing a 
Debye-I-Iiickel term. 'The quadratic and cubic terms 
contribute significantly to the value of 6 only at higher 
ionic strengths. 

in integrating the activity coefficient expression for 
an electrolyte to obtain the corresponding expression 
for the osmotic coefficieii t, a definite numerical rela- 
tionship is seen to  exist between the coeLficients of 
terms involving the same power of the ionic strength. If, 
in the two-structure model, the coefficient of the f' I 3  
term in the activity coefficient expression is R 1 ,  then 
the A coefficient in the osmotic coefficient expression 
[ Eq. (l)] is given by B1 /4; that is, B1 = 44 . 

When osmotic coefficients were fitted using Eq. ( I ) ,  it 
was found that the coefficient A I  had ai l  average value 
of ca. -0.1676 for 1-1 electrolytes aiid a value of G I .  

-0.2608 for 2-1 and 1-2 electrolytes. The correspond- 
ing L3, coefficients are then --0.67 for 1-1 electrolytes 
and - - -  1.04 for 2- 1 and 1-2 electrolytes. These values are 
in excellent agreement with the valuzs -4.66 and - - - I  .07 
obtained previously in fitting activity coefficients di- 
rectly with a two-structure cquatioii. This agreement is 
gratifying, since the activity coefficient expression did 
not contain terms in 1' and f 3 .  The consistency 
demonstrates the importance of the Z1 /3  term arid adds 
support. to the two-structure concept of electrolyte 
s o h  tio ns. 

Future work in this area will include an extension of 
the two-structure concept to electrulyte mixtures. 

1. Graduate atudent, Chemistry Department, University of 

2. bl. H. Lietzke, R. W. Stoughton, and R. M. Fuors, Proc 
Tennessee, Knoxville. 
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RECALCULATfON OF THE STANDARD 
POTENTIAL OF THE Ag, AgCl ELECTRODE 

M. H. Lietzke 

The standard potential E" of the Ag, AgC1 electrode 
has been determined as a function of temperature both 
in and in medta. In all 
cases except ref. 6, the Eo values were determined by 
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extrapolation or calculation at each of a number of 
temperatures separately. In ref. 6 all emf data at each 
temperature and concentration of acid were used 
simultaneously in one least-squares fit to calculate the 
E" of the Ag, AgCl electrode both in €IC1 and DCl 
media. Although the data of Greeley et were used, ~ 

slightly different values of E" (at variance with the 
other values) were obtained. 

In using the emf data at all temperatures and 
concentrations simultaneously, the thermodynatnic 
assumption was made that AC, for the cell reaction was 
independent of temperature. An attempt to fit the data 
with the further assumption that AC, showed a linear 
dependence on temperature was not successful at that 
time. Recently, however, the calculations were repeated 
in double-precision arithmetic on the IBM-360 com- 
puter and were completely successful. The equation 
describing the temperature dependence of the E" value 
in protonated media is given by 

E" = 0.477241 ~ 0.008666641" 

+ 0.00162255Tln T -  4.8048 X 10-6T2 , (1) 

Table 6.1. Eo values far the Ag, AgCl electrode 
in protonated niedia 

Temperature 
(" C) 

25 
50 
60 
90 

125 
150 
175 
200 

Eq. (1) 

0.2225 
0.2045 
0.1965 
0.1697 
0.1326 
0.1019 
0.0676 
0.0296 

EYV) 
Ref. 1 Ref. 2 

0.2224 0.2223 
0.2044 
0.1962 0.1965 

0.1696 

- .......... __ 

............ .... 
Ref. 3 Ref. 4 

0.2224 
0.2047 
0.1965 
0.1697 
0.1330 
0.1033 
0.0706 
0.0349 

0.2225 
0.2044 
0.1964 
0.1694 
0.1325 
0.1025 
0.0691 
0.0338 

Table 6.2. E" values for the Ag, AgCl electrode 
in deuterated media 

Temperature 
(" C) 

25 
50 
60 
90 

125 
150 
175 
200 

0.2099 0.2127 
0.1918 0.1931 
0.1833 
0.1533 
0.1110 
0.0767 
0.0393 

-0.0009 
................. .- 

while that for deuterated media is 

E" T 0.528448 t 0.022694T 

- 0.00364466Tln T t  1.83884 X 10-6Tz . (2) 

Values of the standard potential E" in volts of the Ag, 
AgCl electrode both in protonated and in deuterated 
media as reported by different investigators are given in 
Tables 6.1 and 6.2. Both sets of values are on a molal 
basis. The reason for the discrepancy between the two 
sets of values in Table 6.2 is unknown. 
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THE TETRAD EFFECT IN LANTHANIDE(II1) 
ION EXCHANGE REACTIONS 

G. E. Boyd' Q. V. Larson' 9' 

The effect of a half-filled shell in the electronic 
structure of the lanthanide(II1) ions on their reiative ion 
exchange affinities has been known for some time.3 
Recently, however, Peppard and coworkers4 ,' have 
found a more complex atomic number, Z, dependence 
of the partition of Ln(ll1) and An(II1) between various 
immiscible solvents. In addition to a break at the half- 
filled shell, discontinuities in the logarithm of the liquid- 
liquid separation factors also appear to  be present when 
the 4f shell is one-quarter and three-quarters filled re- 
spectively. This novel behavior contrasts with the Z de- 
pendence of many of the physical chemical properties 
of the rare earths in aqueous solutions observed by 
Spedding6 and others. It has been explained by 
Nugent' on the basis of a stabilization by interelectron 
repulsion and by Jbrgensen' as a consequence of a 
variation of the nephelauxetic ratio in the third decimal 
place. 

In 1957 Surls and Chopping conducted a systematic 
investigation of ion exchange equilibria involving the 
lanthanide(II1) cations in dilute perchloric acid solu- 
tions and reported that the relative affinities decreased 
from La to Dy but that from Dy to Lu almost no 
change in the log Kd with crystallographic radius was 



81 

observed. Not only were no *I4 or '4 point discuntinu- 
ities evident in their data, but neither was a half-filled- 
shell effect seen. We have repeared the work of Surls 
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Fig. 6.5. Dependence of the mass law concentration product 
quotient, K L ~ C ~ ,  on tlie lanthanide(ll1) atomic number. Sym- 
bol diameter indicates maximum error except as hwn 

. . . .. . . 

and Choppin, arid, additionally, we have measured the 
integral heat of ion exchange with a sensitive solutiun 
calorimeter. Our results are presented in Figs. 6.5 and 
6.0. Although data are yet to  be obtained with Pm, it 
would appear that a tetrad effect exists in the equilib- 
rium constant as approximated by the mass law 
concentration product quotient. The integral heat of 
excharige, QLnCe, showed an uriexpected dependerice 
on Z with maximum exothermicity 3t Tb. Neither a 
tetrad nor a dyad effect can be discerned in the 
variation of QLnCe with Z. Values of AC", AH", and 
ASo will be derived from the data given in Figs. 6.5 arid 
6.6 when the measurements of solute activity coeffi- 
cients in, atid apparent molal heat contents of, aqueous 
rare-earth perchlorate solutions are completed. 
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Fig. 6.6. Dependence of the integral heat of ion exchange between C@I) and Ln(111) cations on atomic number. 
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APPLICATION OF LASER RAMAN 
SPECTROSCOPY TO THE IDENTIFICATION 
OF COMPLEX IONS IN ION EXCHANGERS' 

G. E. Boyd2 

A knowledge of the identity of ions in ion exchangers 
is an essential prerequisite to  the formulation of the 
chemical equation for an ion exchange reaction, and 
hence to the quantitative formulation of mass law 
expressions to describe ion exchange equilibria. Meas- 
urements of visible and ultraviolet absorption spec- 
tra3 ,4 and infrared transmission spectra' have been 
employed to identify ions in ion exchangers. However. 
the use of Raman spectra should have substantial 
advantages over either of the foregoing techniques, as 
measurements can be performed easily at the small 
frequencies which characterize the binding of heavy 
atoms together to -form complex ions. Further, scatter- 

ing by water is negligible, and the use of high-intensity 
gas laser light sources for excitation makes feasible the 
examination of quite small samples because of the small 
diameter and nondivergent character of the laser beam. 
In the work described below, Kimax glass capillaries 
were employed to  contain microcrystalline powders, 
microliter volumes of aqueous solutions, or single ion 
exchanger spheres which were illuminated with 4880-8 
laser light to excite the Karnan spectra. Tyndall (Le., 
refractive index) scattering and sample fluorescence 
gave difficulty when strong-acid cation exchangers were 
examined. However, satisfactory results were obtained 
with strong-base anion exchangers. 

The first complex ion system examined was that 
formed by Au(l1l) with concentrated solutions of 
chloride ion. Trivalent gold has been known since the 
work of Kraus and Nelson6 to  be strongly absorbed by 
anion exchangers from aqueous HC1 and LiCl solutions. 

ORNL-DWG.  11-8291 
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Pig. 6.7. Raman spectra of ( A )  KAirC14(c);(B) AuC14- in Dowex l-X8; (C) AuC14- in 6 N HCl. 
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Presuniably, Au(lI1) is extracted as AuC14-, as this 
complex ion i s  exceptionally stable. On the other hand, 
Au(1II) is a strong oxidizing agent, ;ind reduction to  Au 
metal may occur. Other gold halocomplex ions, such as 
A u B ~ ~ ~ - ,  are known to be formed by the reaction of 
AuBr4- with bromide ions in nonaqueous solvents; 
conceivably AuClG3- also may be formed and taken up 
by the anion exchanger in ptefererice to AuC14-. 
Evidence for the nature of the Au(Il1j complex ion in 
aqueous solutions and in anion exchanger gels is given 
in Fig. 6.7, where typical recordings of the Raman 
spectra of crystalline KAuCI,, of Au(lI1) in 6 NHCl,  
and of Dowex 1 in equilibrium with the foregoing 
aqueous solution are given. 

X-ray diffraction results with KAuCl,(c) have estab- 
lished that square planar AuC14- ions occur in the solid. 
'The point group symmetry of a square planar ion is 
D,,, and from group theory there should be three 
Ramart-active vibrational frequencies, one of which, the 

21 3 

symmetric stretch frequency, v, , should be polarized. 
The polarized line was shown to be that at 346 cm-I ,  
which Lq the strongest line. The other two lines at about 
170 and 322 cm-' can be assigned to  v3 and v5 
respectively. If AuC14- were tetrahedral (Td point group 
symmetry), there should be four Raman lines. There is 
no evidence for AuC16"-, which, if it were a distorted 
octahedron, would possess five Raman-active lines, two 
of which would be polarized. Note the similarity 
between spectra B and C (Fig. 6.7): The spectrum for 
the ion exchanger is virtually identical with that fur the 
aqueous solution except for the absolute intensities of 
the lines. The spectrum, A ,  for the solid differs in that 
the frequency of the vg planar deformation vibration is 
shifted to 184 cm-' . This ca. 16 cni-' shift reflects the 
effect of the crystal environment. 

Ramin spectra for another very similar ion, AuBr4-, 
are given it) Fig. 6.8. The AuBr4- ion is even more stable 
than AuC14-, and it possesses the same symmetry, D,, . 

CRNL-DWG.  71-8290 
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Fig. 6.8. Raman spectra of (A) KAuBr4(c); (B)  AuSr4- ill Dowex 1-XI ; (0 Au(l1l) in 4 N HBr. 
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The ion A u B ~ , ~ -  has been reported to be formed in 
nitrobenzene soluti.on in the presence of excess 
bromide, and frequently, the same ions are taken up by 
ion exchange resins and organic extractants, so that a 
search for A u B ~ , ~ -  in Dowex 1 seemed justified. A 
three-line Kaman spectrum characteristic of square 
planar Au(II1) complex ions was observed, with one 
frequency strongly polarized and the other two depo- 
larized. There was no evidence for a higher complex 
bromoanion. The line pattern resembles that for 
Ai1CI4-, except that, as expected, all frequencies come 
at lower values. Again, the spectra for the aqueous 
solution and the ion exchange gel are very similar. 

A complex anion known to  possess tetrahedral 
symmetry (Td)  in the solid state was chosen as the next 
example (Fig. 6.9). Indium(II1) has been reported’ to 

133 

k c ,  

I 

I 
f l  187 , 

be strongly absorbed (Kd - 2 X lo4) by Dowex 1 from 
4 M HI solution, where presumably the Id4 -  ion is 
formed. Four Rarnan-active lines, one of which should 
be strongly polarized, are expected for a species with 
T, point group symmrtry; such a spectrum was 
observed with the aqueous solution, where scattering at 
low frequencies is minimal. Interestingly, in the solid 
the degenerate v 3  ( F z )  band a t  187 cm-’ is split 
because of crystal field effects. The suggestion that this 
same band may be split by interactions in Dowex 1 is 
tempting. Further work on this point is required. In its 
general character, however, the Kaman spectrum for the 
anion exchanger closely resembles that for the aqueous 
HI solution. 

A complex ion with octahedral symmetry in its 
crystals was chosen (Fig. 6.10) as a final example. The 
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Pig. 6.9. Raman spectra of (A)  KInl,(c); (B)InId- in Dnwex l -Xl ;  (C)  In(lI1) in 4 M HI. 
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I C:  ReCl:-in 2N HCI 

4880 d I 
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Fig. 6.10. Raman spectra of ( A )  KzRd&(c); (B)ReC16'- in Dowex I-XI ; (0 Re(IV) in 2 1%' HCI. 

point group symmetry of an undistorted octahedron is 
Oh, and the Raman spectrum is predicted to consist of 
three lines - - -  one of which, the symmetric stretch, or v i ,  
vibralion, should bc polarized. The spectrum of aqueous 
2 N lFIC1 solution of Kz KeCI, conForins to this expecta- 
tion, and the lines a t  346, 295, and 160 crn-' can be 
assigned to the fundamental vibrational modes. The band 
;it 427 cin-' cannot be assigned; it did not appear in the 
spectrum for  crystalline K2 ReCl,. This frequelicy may 
be caused by a hydrolysis product of ReC16'-, and 
further study seems to be necessary. Again, except for 
the uiiassigned 427-cm-' band, there is a iiear identity 
of the spectra for the aqueous HC1 solution arid fur the 
exchanger gel phase. 

The principal conclusion from the limited observa- 
tions reported is that measurements of R:unan spectra 
constitute a direct method for the identification of 
molecular ions in strong-base anion excli.ingcrs. The 
Rainan method surpasses the infrared method and is 
distinctly superior to  chemical methods, which depend 
on the chemical analysis of changes in solution compo- 
sition, for infer ring coinylex ion stoichiometry. How- 
ever, there are limitations in the employment of Rarnan 
spectroscopy. 111 some cases, spectra caonol be observed 
because of the strong absorption of the exciting laser 
radiation. Solutions of U(W) are an example. Further, 
deductions of the symmetry o f  the ion in solutjon or in 
ion exchanger gels from the riuinbei and polarimlion of 
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1.2 

b 

the Raman lines observed are not invariably unambigu- 
ous. 

- -  
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EXTENSION OF THE RADIOMETRIC 
POROUS-FKIT METHOD TO THE MEASUREMENT 

OF DIFFUSION COEFFICIENTS OF 
NONRADIOACTIVE COUNTERIONS IN 

ION EXCHANGE MEMBRANE§' 

Lawrence Dresner 

A way is suggested by which the porous-frit2-6 
method may be used to  measure the diffusion coeffi- 
cients of nonradioactive counterions in ion exchange 
membranes. The (nonradioactive) counterion, whose 
diffusion coefficient in the membrane is to be deter- 
mined, is used to elute from the membrane another 
(radioactive) counterion of known diffusion coefficient. 
The transient, rather than the asymptotic, time be- 
havior of the membrane activity is recorded. For very 
short times, the fractional decrease in the activity of the 
membrane is proportional to the square root of the 
elapsed time of elution. The dependence of the coeffi- 

/ 

Fig. 6.11. Time dependence of the tracer activity of the 
membrane for early times. h is the thickness O S  the membrane. 

cient of proportionality on the ratio of the diffusion 
coefficient of the nonradioactive ion (1) to that of the 
radioactive ion (2) has been calculated and is shown in 
Fig. 6.1 1. 
. ... - . . . . . . . . . . . . . . 
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SELF-DIFFUSION COEFFICLENTS OF Na+ IN 
POLY(ACRY1,IC ACID)-\VATER MIXTURES' 

A. J.  Sho? 
H. 0. Phillips 

D. C. Michelson 
R. E. Meyer 

As part of our study of transport properties in 
water-organic mixtures, we have been studying self- 
diffusion coefficients of sodium ion in poly(acry1ic 
acid)-water mixtures. Two techniques have been used 
for these studies, the radiometric porous frit t r~ethod"~ 
and the open-end capillary method. In the former 
method, a rectangular porous frit saturated with a 
solution containing a tracer of interest is placed into the 
center of a tube through which an identical solution not 
containing the tracer is pumped. The rate of removal of 
the tracer is monitored, and diffusion coefficients are 
calculated after appropriate calibration with a tracer of 
known diffusion coefficient. A flow regime has to  be 
selected under which diffusional resistance in the 
boundary layer at the surface of the frit is small and 
reproducible, and appropriate allowances for this dif- 
fusional resistance must be made. Because there were 
some questions as to  the applicability of the radio- 
metric porous frit method to  highly viscous solutions, 
such as poly(acry1ic acid)-water mixtures, a second and 
independent method of determining diffusion coef- 
ficients seemed desirable. The open-end capillary 
method was selected for its simplicity and for its 
suitability to highly viscous solutions. In this method a 
small-bore capillary, open on one end and closed on the 
other, is filled with the solution containing the radio- 
active tracer. This capillary is immersed in a bath 
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Table 6.3. Self-diffusion coefficients of sodium ion in 
poly(acrylic acid) -water niixtures (0.1 m NaCI) 

63 x IO5 (crn2/sec) ... 
Temperature 

25% PAA, 25% PAA, 40% PAA, 56% PAR, 
capillary capillary capillary (" (2) 0% PA4.4 f r i t  

25 I .28 0.617 0.673 0.51 0.37 
40 1.78 0.928 I .04 
60 2.58 1.43 1.43 
85 3.82 7.02 
...... 

containing an identical but nonlabeled solution. After a 
time interval, the capillary is removed, and the reduc- 
t i o n  in total activity, Ct/C,, is determined. The 
diffusion coefficient L1 js calculated from the relation 
ln (.'Cc;/XC,) = --n2 i31/4L2, where L is the length of 
the capillary and t is the time interval of immersion. 

Table 0.3 shows some of Ilie results we have obtained 
so  far. At 25" and 40°C the open-end capillary method 
yielded slightly higher results than the frit method, but 
at Cj0"C the results were identical. The lower tempera- 
ture solutions are more viscous than the higher tempera.. 
ture solutions, anti the differences in the diffusion 
coefficients might be due to an incornplei e allow;int:e 
for the diffusional resistance in  the boundary layer for 
the porous frit method. More detecrninations are 
planned to confirm these results and i o  extend them t o  
higher temperatures. 

1. Research sponsovcd by the Office of Saline Water, U.S. 
Department of the Interior, under Union Carbide Corporation's 
contxact with the 17.5. Atomic Energy Commission. 

7. On loan from the Reactor Chemistry Division. 
3.  F. Nelson,J. Polynt. Sci. 40, 563 (1959). 
4. F. Nelson a i d  K, A. Kriius, pp. 191---213 in Production 

and Use oJ' Short-Lived Isotopes from Reactors, vol. I, IAEA, 
Vienna, 1962. 

5. A. E. Marcinkowski, F. Nelson, and K. A. Kraus, .1. Phys. 
C'ilefn 69, 303 (196.5). 

THE RkIODYNAMICS OF WATER-ORGAN IC 
SOLVENTSALT SOLUTlONS. 

POLYELECTROLYTE ORGANICS' 

R. E. kleyer J. Csurny 

The solubility of sodium chloride iri water nuxtules 
of a number of organic materials was determined by it 

packed-column technique in which the organic-water 
mixture siowly fluws over pure NaCI. The organic 
materials include a sodium polymethacrylate (pll 0.6, 
M.W 5000), a poly(acry1ic acid) (PAA, M.W. lSO,OOO), 
sodium acryIdte, drrd acrylic acid (CH, Cl-lcOOr I). 

Recause the polyelectrolyte soluti~ms were highly 
viwms, the solubilities were deterriiiriecl at 50°C 1 o 
i n ~ r e a 3 ~  the flow of solutions t h o u g h  ihc column. The 
solublbties of NaGl 111 watet mixtwes of acetic, dnd 
piopionic acids were a h  determined, but a t  2 5 ' ~ .  
Solubilities were deteirnined by analysis of  the chloride 
ion in the solutiori thaL passed through the coluinri All 
of these solutiw> were selected JS possible mociels to i  
hyperfiltration niernbianes contaming PAR. 

Sodium polynirtthacryldte PS available as ii watei - 
organic mixture of 70% water content, and P A 4  as a 
75% watei mixture. khgher r)rganiL contents could be 
vbtmied by evapnration o f  the water, bul the resvlhng 
solution would be too v~'rcous lo pass through the 
column at 50". In ordet to obtain m n e  data a t  bigti 
orgarii~ content, wlubilines weie also determined in 
water-organic mixLure5 of monomeric acrylic acid. I n  
thi5 case, data w e ~ e  obtained only f o r  organic conknts 
greater than 75%, in the presence of u~diuxri chlonde, a 
mtwibility gap appeadred at lower orgdruc contents 

Only one mneasurernent was obtained for poly(acry1ic 
acid), at 95% wawr. At higher oiganic contents, 
puly(acrylic acid) appeared to salt ( x i  i as the solution 
passed through the column of sochum chloride 

The results for the different compounds caii be 
coinpared in terms ot an activity ctxffic,ient raiio I'* = 
ylt-*/yi, where the activity coel ticierit rn the mixed 
solvent, y+*, is corriputed 011 the 331ne b m s  ;IS h a t  in 
waler (rid, namely, by using the same standard stdte as 
in water and expressing concentrations i n  moles p e r  
kilogram of water. The I?" thus n~casures the relative 
selectivity o f  Ihe nieclium for salt and watei, it IS a 
useful quanttty for evaluation of motlel solutions for 
hyperfiltration rnernhraoes. 

The activity coefficient ratios can be calculated2 fruin 
the relation r* = 1 / 2 7  wheie 
ldq is the ntoldlity of sodium chloride i n  a satiirated 
100% aqueous solution (6  274 yy1 at TOOT), fw IS the 
fractional water content of the water-organic mixture 
(kg of water pel kg of solvent), and mNJ+t(o) and 
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Fig. 6.12. Activity coefficient ratios in water-organic mix- 
tures. Dotted portiun of curves calculated from interpoldtzd 
solubilitic?. 

mcl-(o) are the molalities (moles per kilogram of 
solvent) of Na’ and C1- in the water-organic mixture. 

Activity coefficient ratios for all of the mixtures 
studied here are shown in Fig. 6.12. For the case of the 
sodium salts of acrylic and poly(methaciy1ic acid), the 
activity coefficient ratios are close to  unity. ‘This is not 
unexpected, for the solutions are cornposed of salts at 
high water contents. In addition, the ratio for the single 
determination with PAA is also close to unity. Again, 
this is not unexpected because the water content is so 
high. I t  would be desirable to determine activity 
coefficient ratios at hgher organic contents, but the 
salting out of the PAA at  high concentrations of NaCl 
precludes these measurements. 

Knowledge of activity coefficients allows calculation 
of minimum asymptotic salt rejection R ,  by hyper- 
filtration membranes. The limiting rejection R ,  of a 
membrane at sufficiently high fluxes of water through 
it is related to a distribution coefficient D* at the 
entrance interface by R ,  = 1 ~ OD*. Here /3 is a 
coupling coefficient which for neutral membranes is 
usually presumed to be between 0 and 1 ; the miniirrum 
value of R occurs for p = 1. The distribution coefficient 
(for neutral membranes) is related to the activity 

coefficient ratio by D* = l / P .  IIence R ,  ( p =  1) = 

Thus, insofar as these acid solutions can so m e  as 
models for neutral membranes formed from poly- 
(acrylic acid), asymptotic salt rejections can be com- 
puted from the solubilities. From the solubilities in 
water acrylic acid mixtures, a rejection of about 90% is 
computed at a water content of 576, and a rejection of 
about 50% at 25% water (0 = 1). For propionic acid- 
water mixtures, the corresponding rejections are slightly 
higher, and for acetic acid somewhat lower. 

1 ~ 1 p * .  

1. Research sponsored by the Offict: of Saline Water, U.S. 
Department of the Interior, under Union Carbide Corporation’s 
contract with the U S .  Atomic Energy Commission. 

2. W. H. Baldwin, R. J. Raridon, and K. A. Kraus, J. Phys. 
Chem 73, 3417 (1969). 

FILTRATION AND ADSORPTION 

F. Nelson H. 0. Phillips K. A. Kraus’ 

In the development of cross-flow filtration* in this 
laboratory, two principal objectives were hoped to be 
achieved: the removal of finely divided (highly dis- 
persed) materials from feed streams, and the removal of 
low-level contaminants by a combination of adsorption 
on such finely divided materials and removal by 
filtration of the “loaded” material from the feed 
stream. The application of cross-flow filtration to 
sewage treatment in the presence of a clarifying agent 
such as hydrous iron oxide3 belongs to this latter class 
of applications. For practical applications, the filtration 
rate should be as large as possible; the hydrodynamic 
control implied in the term “cross-flow filtration” was 
hoped to assist in the attainment of high production 
rates per unit area at modest pressures by preventing 
buildup of a thick filter cake on the filtering surface 
(“porous support”). 

The cross-flow filtration equipment developed at this 
laboratory, while achieving the objectives originally set 
and at the same time being suitable for pilot-plant 
studies, seemed too cumbersome and expensive for 
“bench-top” research designed for the rapid evaluation 
of the many important variables and of the many 
system to which it should be applicable. In a search for 
a relatively simple desk-top device, we developed a few 
years ago the “axial filter” by which the hydrodynamic 
aspects of cross-flow filtration might be approximated 
without the need for large pumps and loops. In the 
axial filter the filtration surface is located on the 
outside of a small (about a 1-in.-diam) rotor which spins 
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in a cylindrical chamber made from a section of 
transpalent pipe. The annulus between jacket a id  rotor 
(the filter chamber) cixitaim the feed under rrioclest 
pressure. Filtrate flows radially from the annulus 
t.liroug11 the filter to the axis of the rotor, where it is 
collec1.ed. 'The device has so~ne  sirriilarities to an 
experimental arrangement developed by Sherwood *and 
co-woIkers4 for the study of concentralion polarization 
in hyperfiltration. It is similar to a device developed by 
Wilke and co-wotkers5 prirriarily for the study of 
t'ermeo tatiori at high CXAI clertsities (Rotorfermeo 

We hwe used the axial filter for a variety o f  studies 
duruig the year. I t  can t ie operated in three principal 
modes, which we shall briefly illustrate. 

In l i e  fjrst. mode the axial filter is used to filter 
continuously a dilute slurry containing a finely divided 
material. In this case the rotor is operated at high 
rol.ational speed to pi-event thickening of the filter cake; 
the filtered solids concentrate as a slurry in the filter 
chamber. While we operated this device on a semicon- 
tin~rous basis, it car1 in principle be operated on 3 
continuous basis by controlled withdrawal of concen- 
trated slurry from the ruinulus. 

M o s t  of the experimen ts in this mode of  operadon 
dealt with filtration charackristiis of freshly precipi- 
tated hydrous oxides of metallic ions, such as those of 
Fe(.Ill) and Mg(I[). The filtration rates were in the range 
0.5 1.0 2 cin/rnin j180 to 700 gallons peK scpare foot 
per day (gfdj] at applied pressures between 10 an.d 30 
psi. Presumably because of compaction o f  the thin 
residual layer of solids adhering to the porous supporl., 
fluxes were relatively independent of applied pressure. 
Fluxes depended strongly on rotational velocities; the 
fluxes quoted apply to rotational velocities largzr than 
3000 to 4000 rpin (1 3 to 17 fps linear velocity j. 

I n  an attempt to "model" h e - s o d a  softening of 
brackish waters, an extensivc si:ries o f  experitnents was 
caxied out on axial filtration o f  freshly precipitated 
mixtures of magnesium hydroxide and calcium c;trho- 
[late. As expected, at a given rotational velocity, 
calcium carbonate filters very much Faster than mag- 
nesium hydroxide.. In the mixtures, calcium carbonate 
s e e m  to act its a "filler aid," and f luxes are in general 
higher than for pure magnesium hydroxide. 

In  a second mode o f  operation, finely divided 
adsorhetits are first ititroduced into the filter chamber, 
r i d  then a clear solution containing a contarninant is 
introduced. The rotor is operated at sufliciently high 
speed to minimize deposition of the adsorbent particles 
arid to stir the rnixture in the filter chamber. This 
opexa1,iori simulates a single-pia te ctiromatographic 
process. 

This technique was tested on a variety o f  solutions 
selected because of their connection to pollution 
control problems. The experimsntal progrtini included 
reinoval of Cu(ll j from dilute solutions, using Dowex 
50 ;md the .chelating resin Chelex- 100 as adsorbents; 
removal o f  Hg(I1) fronl 0.1 to  5 itl NaCl solutions by 
adsorption on Dowex 1; adsorption oFCd(1I) 011 Dowcx 
SO from (filute chloride solutions; a id  adsorption of 
Cr(V1) by Dowex 1 i'roni dilute a m i n c ~ ~ i ~ r n  sulfate 
solutions in the pH range 3.5 to 8. 

Two of these systems wete studied i n  considerable 
detail by M U  Scliool of Chemical Engineering Practice 
teams.738 As one might expect, in this mode of 
operation, mass transfer f rom the solution to the 
adsorbent is strongly dependent on rokitional velocity 
(mixing), on the volurne fraction of adsorbent, and on 
its particle size. Under favorable conditions I~atlsorption 
ol' trace Cu(l1) by Dowex 501 , decontamination factors 
in excess of 100 ccxild be achieved al production rates 
of the order of 40 an/min (14,000 gfd). 

In ii lliirtl mode of operation, finely divided material 
i s  introduced into the chamber of' the axial filter; the 
rotor is stationary or (preferably) rotates at sufficiently 
low velocity to allow builtlup of a uniforn~ filter cake of 
significant thickness. The solution to be decoti Lami- 
nated i s  then caused to pass by the application of slight 
pressure from the filter chamber tliirough this cake, 
which operates as a thin niul-tiple-plate cbrorriatograp~iic 

colunm." With micron-sized particles, a layer of a f c w  
rriillirrieters thickness constitutes a bed with a very large 
riuriibcr o f  theore t.ical ph tes .  [n addition, with such 

i' 

( Free Volume o f  Cell = 175 rnl , F-ilter Area 25crn') 
J .  Carbon s l u r t y  : I.5 y Aqua N!xhur A?,  2500 RPNl 

T h r o u g h p u t  rate 2.7cn i /min  
Feed : 1.79 x K - " M  phenol .- 0.0 iH NaCi  

Thruuyhput  rutr : ( 3  cm/min 
E. Carbon Cuke - t . 5 g  Aqua Nilchar 0 ,  25 RPM 

Feed : 1.74 x 1 0 P M p h e m l  - 0.01 M NoZi 

Fig. 6.13. Adsorption of phenol by activated carbon in an 
axial filter. 
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layers very high flow rates can still be achieved at 
modest pressures. 

With this mode of operation, some experiments were 
carried out with “beds” of finely divided ion exchange 
resins, but most of the experiments were with pow- 
dered adsorbent carbon with average particle size of the 
order of 3- ~5 I-(. The adsorption characteristics were 
tested with dilute solutions of phenol and chloro- 
phenols. Excellent removal can be achieved in this 
system at very high flow rates. A typical breakthrough 
curve is shown in Fig. 6.13, where phenol was adsorbed 
by a 2-mm-thick layer of Aqua Nuchar-A at a flow rate 
of 13 cni/min (4600 gfd) at 20 psi. For comparison, 
Fig. 6.13 also shows the “breakthrough curve” when 
this system is operated at high rotational velocity, 
where the carbon is present as a dilute slurry. 
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ADSORPTION OF Cr(V1) AND Cr(lf1) BY ORGANIC 
AND INORGANIC EXCHANGERS 

F .  Nelson D. C. Michelson 
13. 0. Phillips 

Because of current interest in the removal of chro- 
mium and particularly of Cr(V1) from waste streams, 
several series of adsorption studies were carried out 
with organic anion exchangers and with a variety of 
hydrous oxides, which can be operated as anion 
exchangers. While a few experiments weie carried out 
with supporting electrolytes containing monovalent 
anions, principal interest was on sulfate-containing 
solutions, since these simulate cooling-tower wastes 
which have been treated with sulfiiiic acid to control 

K. A. Kraus’ 

pH. 

Adsorption o f  Cr(V1) by Dowex B from 
Sulfate Solutions 

In this system, two types of experiments were carried 
out: measurement of adsorbabilities at trace chroniate 
concentrations as a function of ammonium siilfate 
concentration, atid measurement of adsorbability of 
chromate at constant ionic strength as a function of 
conversion of the resin from the sulfate to the chromate 
form (range of chromate loading from 0 to 80Gh). The 
measurements were carried out neai pII 8 with Dowex 
1-Xl0 in the sulfate form. Charactelistics of this resin 
have been described earlier.’ 

Distribution coefficients D (amount per kg dry 
resin/amount per liter solution) deciease from about 
11 00 to 20 as the concentration of ammonium sulfate 
increases from 0.018 to 5.4 m. 

From these distribution coefficients and the known 
water contents, the activity coefficient ratio 

may be determined2 for the chromate-sulfate ion 
exchange equilibrium 

With our usual assumption that the standard states of 
all components are the same in the aqueous and resin 
phases, the relationship between the various measured 
quantities is given by 

ORNL-DWG.  72-5649 r---- I I I I 

Fig. 6.14. Activity coefficient function for trace Cr04*-. 
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T r i  these equations, suhcript  r designates the resin 
phase, m is moles per kg of water, and C* IS ciipaciiy 
(equivaleniss/kg watei). 

A plot of log [/I’ vs wzs04 is shown in Fig. 6.14;log 
1 jl’ increases almost linearly with rnSo4.  While sepxa- 
lion of the xtivity coefficient tcrms is not possible, we 
suspect t h t  the change in Ill’ with mSo4 is largely due 
to variations of the activity coefk ien t  ratio in the resin 
phase. 

The Gliromate -Sulfate-Dowex 1 System 
at High Loading 

Adsorbabili ties of Or(VI) were measured from an- 
moniurn sulfate -ammonium chromate mixi ures at con- 
star1 t molality m = 0.1. The distribution coefficients D, 
(moles per liter of bed/nioles 1x1 liter solution) decrease 
only tnoderately with Cr(V1) loading; D, is 85, 56,  and 
23 at 0, 50, and 90% Cr(V1) loading. ‘Thus, effective 
removal of CrlVI) niay he accomplished with neatly 
complete utilization of  resin capacity. Pig. 6.15. Adsoxption o f  1i2Cr04 and l i ~ S O 4  by a strong- 

base anion exclrauge resin. 

Effect of Acidity on Cr(V1) Adsorption by DOtveX 1 

il riunihei of years ago -we showed that anion 
exchangers m polyvalent anion form are capable of 
adcorbing ,’ A Lypical reaction studied in lhe 
past was the adsorption of sulfuric acid by the 
sulfrrte-form cxchatigei according to the equation 

In this reaction the sulfate form of the exchanger 
chmges to the bisulfate form. A similar conversion of 
the excliaiiger from the chromate form to the di- 
chromate form was to be expected according to thc 
equation 

To demonstrate the occurrence of this or sinlilar 
reactions, adsorption of chromic acid by the ch roinate 
form of nowex 1 was studied. The results ale sutn- 
niariAed in Fig. 6.15, which also includes the earlier 
results on sulfuric acid adsorption on the sulfate foixi 
of the exchanger. Distribution coefticients of chromic 
acid are much higher than those of sulfuric acid, 
implying that (except for slow oxidative degradatron o f  
the resin) this technique of cbrumiurri rernoval hould 
be more successful than the equivalent sulfuric acid 
adsorption reaction (which has since beeti named by 
others the Sul-Bisul process). 

Pig. 6.16. Adsorption of H2CrQ4 and HzS04 by a strong- 
base rnion exchange resin. 

Figure 6,16 summarizes the results of Fig. 6.15 in 
terms of moles of IIzCr04 (or H2S04) adsotbed per 
equivalent of  exchanger. One expccts that on complete 
conversion to the €iCrOa-(Crz O7 ”) form, 0.5 inole of 
I-I2CrO4 should be adsorbed per equivalent of ex- 
changer. Actually, a t  higli chromic acid concentrations 
this ratio is stgnificantly laiger, implying that cliionlic 
acid adsorption occurs beyond the dichromate forin of 
the resin. If the resin would contain the species 
MGI? 07-, the ralio would become 1.5. 
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Fig. 6.17. Recovery of M2CrQ4 with a strong-base resin. 

Adsorption of chromic acid by the chromate-form 
exchanger can, of course, be reversed by a suitable 
increase in pI-1 of the medium. These properties allow 
development of a unique separations and recovery 
procedure for chromium wherein Cr(V1) is adsorbed at 
low pII and eluted at high pH while retaining the 
exchanger at all times in the Cr(V1) form. A column 
experimeilt demoristrating this technique is shown in 
Fig. 6.1’7; Cr(V1) was adsorbed to breakthrough from 
0.05 M H2CrO4 and eluted with 1.5M NH3. Elution 
was extremely rapid and essentially complete in two 
column volumes. In a similar experiment with 0.005 M 
H2 C r 0 4  feed, the recovered (NM4 )2  C r 0 4  solution was 
concentrated by more than a factor of 100 compared 
with the feed solution. 

Adsorption of Cr(VI) by We‘ak-Base 
Anion Exchange Resins 

11 has been suggested that weak-base anion exchangers 
have advantages over strong-base exchangers in the 
recovery of chromates, since in principle they are ea&, 
to regenerate with base. Three experimental weak-base 
exchangcrs were supplied to us by the Dow Chemical 
Company. They were compared on the basis of relative 
capacities. The results are given in Table 6.4. The 

Table 6.4. Adsorption of Cr(VI) on ?some experimental 
weak-base resins 

___ .... ~ __..-..____ 

Capacity‘ 
_..__ ~ 

Dowex resin Type 
~- - ......... 

FPS-4004 L Tertiary amine 1.45 
FPS-4015 L Modified tertiary amine 1.56 
FPS-4024 1. Tertiary amine 1.48 

“Moles o f  Cr(V1) per liter of bed. 

capacities were determined by passing 0.05 i l z  

(NH4)2Cr2 O7 solutions (pH 4.0) into small beds of the 
exchangers and determining breakthrough curves. With 
all three exchangers the adsorbed Cr(V1) could be 
removed essentially quantitatively by elution with 1 to  
2MNB3. 

During the adsorption cycle, a small amount of 
chromium (0.1%) “leaked” through the columns. This 
presumably represents slow reduction of Cr(V1) to  
Cr(II1) by the exchanger; Cr(I1l) is expected not to  
adsorb under these conditions on organic anion ex- 
changers. 

Adsorption of Cr(VI) by Hydrous Oxides 

Hydrous oxides in their anion exchange mode have 
long been known4 to be excellent adsorbents for 
chromates, at least when the supporting electrolyte 
contains principally monovalent anions. Hydrous oxides 
might offer some advantages over organic anion ex- 
changers for the recovery of Cr(VI), since they would 
not be oxidized by chromate as are the organic 
exchangers and since, in principle at least, they are 
cheaper than organic exchangers. Use of the hydrous 
oxides in the past for such applications has been 
retarded because of unavallability of commercial 
hydrous oxide particles of sufficient size and strength 
to permit column operation. It was hoped that the 
materials could also be used in colloidal form or as 
flocs, provided that adsorption could he combined with 
reasonably rapid filtration. We 3re attempting to do the 
latter under another part of the program.’ We have 
evaluated the “capacity” for chromate of a large 
number of simple and mixed hydrous oxides (Table 
6.5). 

Table 6.5. AdSQrptim of Q(W) on freshly 
pmcipitated hydrous oxides 

(0.005 M Na2S04) 

Hydrous oxide 
~ ....... ____- 
AI(II1) 
HI(I I1 )  
Cr(II1) 
Fe(1ll) 
La(II1) 
Sn(IV) 
Th(1V) 
Zr(1V) 
1 Bi(II1)- 1 Zr(1V) 
1 Cr(II1)- 1 Zr(1V) 
2 Mg(II)-l  Zr(1V) 

D M  

400 

200 
250 
500 

25 
2000 
1000 
6000 

300 
200 

...... __ ...... 

1 0“ 

D PH 

8 X  I O 3  6 
4~ lo4  6 

2.5 x lo3 6 
3 x  io3 6 
3 x i o3  (7.5-8) 
2 x lo2 3.4 
8 X lo3 5-6 
8 X  lo3 6 
3 x lo4 6 
3 x lo3  6.5 
3~ 103 6 
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To determine chromate uptake by the hydruus oxides 
and the effect of pH on it, dilute slurries of freshly 
piecipitatetl hydrous oxides were mixed in beakers in a 
ratio o f  1 mole of Cr(V1) to  10 moles of metal and the 
systems titrated with acids and bases. At cotivetiient 
intervals, samples were withdrawn, centrifuged, and the 
supernatants analy~ed f o r  chromium by atomic absorp- 
bon spectroscopy. Typical titration curves for hydrous 
Lircunium oxide are shown in Fig. 0.18. This system as 
well as most, though not all, of the others seems 
reversible; that is, distribution coefficients observed 
Juring the titrations with acid were, within expen- 
mental error, equal to those observed during titratwn 
with base. Figure 6.18 shows three curves. Very high 
distribuiion coefficients were observed with 0.05 
M NaCl as supporting electrolyte. Substantially lower 
distribution coefficients occw in 0.005 M NazSO, and 
si111 lower values in 0.05 M Na, SO,. The sulfate system 
was expected to show substantially lower distribution 
coefficients than the chloride system. 

The distribution coefficient pH functions show pro- 
nounced maxima, which in the sulfate system are 
located near p€I 6. Presumably in the lower pfl range, 
adsorption is decreased because of conversion of chro- 
mate to dichromate in the aqueous phase and because 
presumably Hero4- is less strongly adsorbed by these 
hydrous oxides than the divalent ion CrOa2-. Adsorb- 
ability decreases at pH values above the niaxitna 
presumably because of the competition from the 
hydroxide-chromate exchange reaction. 

......... I i 1 I I 
1 2  3 1 5  6 7 8 9 10 

Pt.l 

Table 6.5 lists for various hydrous oxides the PI-I 
values and distribution coefficients at the absorption 
maxima. Two sets of distribution coefl‘icients are listed: 
D,, which is [amount of Cr(V1) adsorbed per mole of 
metal] / [aniount per liter o f  solution] ; and D, which is 
lamount per kg of (anhydrous) oxide] / [anioun t per 
liter of solution] . 

The rclatively acidic and comnion hydrous oxides 
AI(III), Cr(ILI), and Fe(ll1) seem to have values DM of 
the order of several hundred. The hydrous oxide of 
Sn(IV) has a value of DM about an order of magnitude 
smaller, while the hydrous oxide of  Zr(1V) has L), 
about a factor of  5 larger. Adsurbabilities by the very 
basic oxides, Th(lV), Bi(lII), and La(lII), are substan- 
tially higher. While with the basic oxides Cr(V1) is 
cbfficult to  elute by treatment with excess base, such 
removal seems satisfactory for the more acidic oxdes.  

A few experiments were also cariied out with lead 
oxide. Adsorption o f  Cr(VI) from these solutions [5 X 

M Cr(VI) originally] was extremely good. In this 
case, however, we presume that we are dealing with 
conversion of lead oxide to lead chromate rather than 
with an anion exchange adsorption reaction. 

For the m x e d  oxide Bi(llI)-Zr(iV) (mole ratio 1 l), 
adsorption seemed to be sirrrilar to that with Hi2 O3 ; the 
mixed matenal, however, is easier to handle than 
R i z 0 3 .  The 1: 1 mxture Cr(iII)-Zr(IV) seemed to 

O R N l  - D:G 72-15098 ........... ~ _ ......... ,-. 
c - 
“7 

Fig. 6.18. Adsorption of Cr(Vi) by freshly precipitated Fig. 6.19. Adsorption of Cr(V1) and Cr(II1) on hydrous 
hydrous ZrCLV) oxide. Fe(ll1) oxide. 
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behave more like Cr(II1) oxide than Zr(1V) oxide. The 
Mg(II)-Zr(IV) mixture with 2: 1 mole ratio was investi- 
gated because it was hoped that in this mixture 
advantage might be taken of the very basic character- 
islics of Mg(l1) hydrous oxide. This did not seem to be 
the case. 

Adsorption of Cr(II1) by Hydrous Oxides 

One of the advantages of hydrous oxides for the 
removal of chromium is the possibility of finding a 
single adsorbent which would remove both Cr(1II) a i d  
Cr(V1) in a practical pEI range. I t  was anticipated that 
Cr(111) would adsorb strongly on acidic hydrous oxides 
such as Fe(ll1) or Zr(1V) oxides if the pH was high 

This expectation was confirmed, and distri- 
bution coefficients L) of the order of lo5 and lo6 were 
found when the plI of the solutions exceeded about 6. 
A comparison of adsorption of Cr(I11) and Cr(VI) by 
hydrous Fe(II1) oxide is given in Fig. 6.19. 

1. Director’s Division. 
2. F. Nelson and R. A. Kraus, J.  Amer. Chem. SOC. 80,4154 

(1958). 
3. F. Nelson and K. A. Kraus, J. Ariier C h e w  SOC. 7 7 ,  329 

(1955). 
4. K. A. Kxaus, I I .  0. Phillips, T. A. Carlson, and J. S. 

Johnson, Ion Exchange Properties of Hydrous Oxides, Fro- 
ceedings of the Second United Nations International Con- 
ference on the Peaccfirl Uses of Atomic Energy, vol. 28, pp. 
3--16, United Nations, Geneva (1958). 
5. F. Nelson, 11. 0. Phillips, and K. A. Kraus, “Filtration and 

Adsorption,” the previous contribution, this report. 

FILTRATION TECIINlQUES FOR TREATMENT 
OF AQUEOUS SOLUTIONS 

R. E. Minturn 
C. G. Westmoreland 
J.  Csurny 
Neva Harrison 
J. S. Johnson 
G. E. Moore 
A. J. Shor‘ 
L. L. Fairchild’ 

P. M. Lantz 
K. A. Kraus’ 
J. T. Day3 
W. H. Baldwin 
C. E. Higgins 
S. Amin3 
S. D. Harms3 
W. D. Franklin3 

Development of filtration methods for desalination 
and for pollution control applications continued to 
occupy much of the attention of the Water Research 
Program. Support for non-AEC applications came from 
the Office of Saline Water (OSW)/Research and from 
the OKNL Environmental Program, funded by the 
National Science Foundation-RANN. 

Desalination 

’The focus has been on development of dynamically 
formed hydrous Zr(1V) oxide-polyacrylate mem- 
b r a n e ~ ~ - ~  [Zr(lV)-PAh] for use with typical brackish 
waters. A concurrent program, sponsored by the 
OSW/Membrane Division, on engineering development 
of dynamic membranes, has added impetus in this 
direction; this program, carried out by D. G. Thomas’ 
group in the Reactor Division, culminates in a 1000-gpd 
pilot plant, to be field tested at  the OSW station in 
Roswell, N.M. 

One area of emphasis has been on location of poroirs 
supports suitable for practical application. Much atten- 
tion has also been given to  detailed delineation of the 
deleterious effects of polyvalent counterions [mainly 
Ca(I1) and Mg(ll)] on performance of Zr(1V)-PA.4 
membranes and the alleviation of these effects by 
pretreatment to  remove various fractions of these ions. 

A 55-day run exemplifies efforts toward these objec- 
tives. The membrane was formed on a ceramic tube, 
under development by Selas Flotronics for practical 
modules. Outer dimensions of the tube are 3/8 in., and 
in it are seven ‘I1 -in. channels, on the surface of which 
membranes are dynamically formed. This configuration 
allows feed pressurized to  about 1000 psi t o  be 
circulated on the inside, an unusual capability for 
ceramic tubes. A s  we outlined in last year’s report? 
initially a hydrous Zr(1V) oxide meinbrane is formed by 
circulation of a solution containing the colloidal oxide, 
and an organic polyanionic layer is then attached by 
exposure to poly(acry1ic acid) soln tion at  acidic p1-I. 
The p1-I is then gradually raised to neutrality by 
additions of base. 

The first membrane formed on the tube was tested 
for 121 hr with a simulated pretreated Colorado River 
water, and performance was satisfactory until Ca(I1) 
and Mg(T1) concentrations were increased to the 
amounts normally found in the water. The first 
membrane was stripped from the support by chemical 
washes, and a new membrane formed. This membrane 
was tested for 584 hr with a variety of solutions 
simulating treated and untreated natural waters. Again, 
fluxes and rejections were good except for those cases 
when appreciable concentrations of divalent cations 
were present. Water recoveries of from 60 to 73% were 
carried out at various times throughout the run. 

A third membrane was formed, and a chronological 
record of a 524-hr run is given in Fig. 6.20. The feed 
brines, indicated by name at the top of the figure, are 
simulated natural waters in which the divalent cation 
concentrations had either been reduced by chemical 
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Fig. 6.20. Hyperfiltration of simulated pretreated brackish waters by Zr(1V)-PAA membrane on M a s  ceramic tube. RD/T  is the 
ratio of divalent cation concentration to total ion equivalent? in fecd (950 psig, 15 fps, 25OC, pl l  S). 

treatment to precipitate CaC03 and Mg(OH)2, which 
weie then removed by cross-flow filtration, or omitted 
entirely when the feed was prepared. The valiue of 

is the ratio of the equivalents of divalent cation 
to total ion equivalents: for Roswe!l water the normal 
value of RD,T is about 0.38, total salinity being 2010 
ppm, wliilc for Colorado River water it is about 0.47, 
with total salinity of 1060 ppm. 

At certain times during the 524-hr test, we discarded 
product and thereby increased brine concentration. 
These periods are indicated in the central portion of the 
figure by increase$ in water recovery. For example, at 
18 hr we began to concentrate the feed, a simulated 
Roswell water with no divalent cations, and had 
removed about 73% of the water by 38 hr. During this 
period, all rejections being nionitored dropped from 
about 90% to about 8070, and the flux decreaqed from 
about 95 gfd to about 91 gfd. Both rejections and 
fluxes recovered, however, when the concentrated brine 
was replaced with fresh solution of the original compo- 
sition. 

After more than 400 hr of operation, the rejections 
had fallen somewhat, with chloride rejection the lowest 
at 84%, while the fluxes remained greater than 90 gfd. 

At that point we rinsed the simulated pretreated 
Rosweli water from the loop and replaced it with a 
simulated Colorado River water that had been cross- 
flow filtered7 after chemical treatment. At this point, 
I<D,T was 0.012. The flux increased abruptly, probably 
because of the water rinse, but soon fell tn values neai- 
thusc for the Roswell water. The rejection of total 
cations increased, although the rejection of chloride ion 
fell to about 8%. Again, fluxes and rejections de- 
creased as feed concentration increased. When a pre- 
treated Colorado River water which still contained most 
of the hlg(H), but little of ihe Ca(II), was added ai  447 
hr, rejections decreascd, but fluxes were not appre- 
ciably affected. In subsequent experiments, attempts to 
complex the Mg(1I) in the feed by adding an equivalent 
amount of plyphosphate did not give promising 
results. 

After 55  days of operation, the ceramic tube was 
removed and placed in a small loop for lifetime tests of 
the support. 

For brackish waters whose Ca(I1) and Mg(I1) content 
i s  not too high for economical removal, these results 
indicate that adequate rejections can be attained by 
Zr(1V)PA.j membranes which generally givc fluxes 
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much higher than those with usual coniniercial hyper- 
filtration membranes. Prospects for availability of cheap 
porous supports also appear good; besides the Selas 
ceramics discussed here, Union Carbide is investigating 
carbon tubes, while Ferro ceramics have given excellent 
rcsults in modules developed by Thomas’ group for the 
Roswell pilot plant. 

Membrane forrnatiuii procedures were optimized for 
Acropor and Millipore filter diee ts, and performance is 
favorable with these at higher divalent cation coticeti- 
trations than with membranes on potentially practical 
supports. It may be that delineation of the best 
procedures for ceramic and carbon supports will de- 
crease the level of pretreatment needed. 

7 7 5  - 3200 

io00 - 5000 

Pollution Control Applications 

Major participation by us in the evaluation of 
dynamic membranes for textile dyeing wastes8 has 
been completed dunng the year, arid the results have 
bcen reported. Our Clemson University collaborators 
are cuntinuing the work, hopefully with support from 
the Environnieiital Protection Agency. 

Our heaviest effort at present, carried out in collabo- 
ration with the International Paper Co., is on treatment 
of wdste streams generated in the kraft pulping process. 
One example is hyperfiltration by Zr(IV)-PAA mem- 
branes of tfie waste eflluetils from the bleaching of 
kraft pulp, specifically the caustic exlraction stage 
effluent neutralized with the acidic bleaching waste. 

............................ 

CONCENTRATE REJ ECT lON 

COLOR 
( P t -  Co Units) 99.9 9000 - 45,000 

OHNL- DWG. 7 i - 9 6 7 7 A  

PRODUCT 

71 

40 501 
0 INITIAL 0 BASE WASH, CARBONATE 

M EM B R A N E REFORM ED WASH,  
70 r pH - 10 

O Q  
0 0  0 

0 

I I I 0 
5 10 15 20 25 

30 

TIME , h o u r s  

FEED : CAUSTIC EXTRACT, 

SUPPORT: 6 C  CARBON TUBES, UNION CARBIDE 
PRESSURE : 950  p s i g  

CIRC. VEL. : 12.4 f p s  

ACID BLEACH ADDED TO pH 7-7.5 

TEMPERATURE : 5 8 - 6 7 ° C  

Fig. 6.21. Hyperfihation of bleach plant wastes from kraft pulping process by Zr(lV)-PA4 membrdnes on carbon tubes in small 
protomodule (950 psig, 12.4 fps, 58-47?, pH 7-7.5). 



Figuie 6.21 summariLes some results obtained with 
mnembtanes formed on porous carbon tubes in a small 
protornodule tnade by Untoo Carbide Corporation. 
HyperGltratioii w3s carried out at typical process 
temperatures, 5 8 4 7 ° C .  Water recovery was carried to 
about 8Wh, and the rejection of color remained above 
99.9% throughout. while that f o r  total carbon varied 
from 97% with the dilute feed to about 94% wilh the 
coacenlrated feed. Chloride rejection was 80 to 0% 

throughout the run. Membranes were regenerated twice, 
once by washing with base and acid and reforming the 
rnetnbrane i n  situ, and once by simply rinsing the 
membrane with bicarbonate at pEi 10. In the latter case, 
no membrane re-formation was necessary, arid the 
subsequent flux decline, when once agam the inem- 
brane was subjected to the kraft waste, was slowel that] 
before regetieration. 

The process described above, hyperfil tration of kraft 
wastes at high pressure, w3s designed to yield a product 
pure enough to be returned t u  the environment or to be 
recyclcd m the process Another possibility IS to  
operate under conditions whete color and otlier or- 
ganics in the waste are removed atid the peirneate 
retnixis fhe piocess salts. The salts could thus be reused, 
whale the organics, in more concentrated form, would 
be more amenable to disposal. An example o f  th is  
approach is summarized in Fig. 6.22, which shows it pI-1 
scan (the pH of the caustic extract was adjusted with 
acid bleach waste) during a low-pressure hyperfiltration 
by a single-layer hydrous iSr(lV) oxide membrane on a 
porous caibon tube. There is good separation between 
the organics (color and carbon) and the salts (con- 

I__ I I .................... L ..... ~~.~ ........... 1 2 
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Fig. 6.22. Low-pressure hyperfiltration of kraft bleacliing 
waste ab a function of pH. Cniisttc extract with added acid 
bledch; Zr(1V) nieinbrane on porous c a h o n  tube (200 psig, 9 
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fps, 6.5OC). 

ductivity and Cl-) with high tluxes, cangrng from 80 to 
100 gfd. Ilydrous Zr(1V) oxide tnembranes arc ex- 
pected to reject salt poorly in this pH range and at this 
pressure. 

Applications of Nuclear Energy Interest 

Cooling tawer blowdown. Blowdown f r o m  coohng 
towers c011 tains chromate at  concentiations from 10 to 
270 ppm, and in the past hias been dischaiged into 
streams and riveis Chromate is now recognised as ’1 
dangerous contaminant and will, in the tuture, have to  

be removed from any effluent released to the environ- 
ment. We tried with some success to iemove chromate 
from aqueous wastes either by cross-flow filtiation or 
by liyperfiltration. However, the most pi on~ising 
approach appears to be that of removing other contam- 
inants, fol example, calcium, rriagnesium, and m c ,  
from the blowdown and iecirculatrng the chiomdte and 
softened water to the tnwet Cross-flow till I ation after 
additiun of xppropriate amounts of carbonate and base 
to precipitate C;iC03 and Mg(OH), and of Hz O2 to 
convet t reduced chrornnin to Cr(V1) appears to be  ail 

effective way of attaining a’lmost complete conscrvation 
of the chromium in the cooling tower water. 

Waste stxeanis with l o w - b e l  radioactivity. We have 
also addressed the pro blerri ot piocessing low-level 
wastes, exemphfied by ORNL process water. By a 
two-stage prucess, a softening step involvmg cross-flow 
filtration followed by hyperfiltration, we were able to 
remove about 99~96% of the ’“Sr (final value 0.062 
dpm/rnl) arid i n m e  tliari 09.8% of the p u s s  beta 
activity, while the gamma activity was remuved ti) 
below hackgound leveh. Vcry little alpha activity was 
found 111 the feed !,olutiori. ‘I%e hyperfiltratlon w3s 
carried to 90% water recovery at fluxes from 40 lo 75 
gfd. A process involving softening as in thc first stage 
above, with adhhon of Fe(lll) a s  a specdic adsorbent 
for “‘SI, also appears 10 be promising. This should be 
cheaper. since only cross-llow filtiation is required. 
Here 99% of the 90Sr was rernovcd. Fluxes wele from 
350 to 500 gfd at 10 psig. 
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STABILtTY OF THE EXTENDED NERNST-PLANCK 
EQUATIONS IN THE DESCRIPTION OF 

HYPERFILTRATION THROUGH 
ION EXCHANGE MEMBRANES’ 

Lawrence Dresner 

One of the most interesting features of nonlinear 
differential equations is that their solutions may depend 
discontinuously on the initial conditions. Such be- 
havior, which is related to the stability of the differ- 
ential equations, is found when the extended Nernst- 
Planck equations (ENPE) are used to describe the 
hyperfiltration of multicomponent solutions through 
ion exchange membranes. The case most thoroughly 
analyzed is that of two counterions and one coion. In 
this case, there are two different kinds of solutions of 
the ENPE, distinguishable by their behavior in the limit 
of infinite membrane thickness: the limiting behavior of 
the first kind may be easily calculated from certain 
algebraic equations related to the E W E ,  but the 
limiting behavior of the second kind cannot. In the 
limit of infinite tnenibrane thickness, there is complete 
rejection of a particular one of the counterions from 
any feed which leads to  a solution of the second kind. 
Under certain circumstances solutions of the first kind 
exhibit negative rejection of the other counterion. 
(Negative rejection means that the effluent solution is 
more concentrated in the particular ion than the feed.) 
An experiment is quoted in the paper on which this 
summary is based exhibiting both of these phenomena. 

In an earlier paper,2 also discussed in last year’s 
annual ~ e p o r t , ~  I found an approximate solution of the 
EWE, which turns out to be an approximate form of 
the solution of the second kind. From this approximate 
solution, I recognized the possibility of complete 
rejection that is associated with solutions of the second 
kind in the present paper. The earlier paper was based 
on the restrictive assumption of good coion exclusion 
from the membrane, an assumption that is dropped in 
the present paper. 

-. ................... ...... 
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PRELIMINARY ANALYSIS OF 
DONNAN SOFTENlNG’ 

Lawrence Dresner 

Donnan softening2 is a name given to a dialytic 
method of removing divalent cations from the feed 
water of desalination plants. The feed to the plant and 
the brine from it flow countercurrent to each other in 
adjacent channels, the common wall of which i s  a 
cation exchange membrane.3 Divalent cations migrate 
from feed to brine, while univalent cations migrate in 
the opposite direction. In a variation of the proces,  the 
brine is enriched in a salt of the univalent cation from 
an external source. Donnan softening of ihe feed water 
would be extremely valuable in suppressing scale 
formation in desalination plants. 

The paper on which this summary is based presents a 
simplified economic analysis of Donnan softening. 
Only the costs of the membrane and added salt are 
considered. Four specific examples are discussed, based 
on using electrodialysis membranes to  soften the feed 
waters at Yuma, Ark., Webster, S.D., Roswell, N.M., 
and a synthetic seawater. Table 6.6 summarizes the 
costs estimated in the examples, together with tbe cost 

Table 6.6. Summary of cost estimates (d/kgal) 

Feed 

cost of 
chemicals for 

soda-lime 
softening softening softening 

50% 90% 

50% 100% 

No 7.87 14.7 1.67 7.65 

Salt 6.34 

- ...................... ................... .. 

Yuma 
salt 

Webster No  23.8 32.0 6.80 13.6 

Salt 5.14 9.87 

Syn. seawater No 49.4 156 6.80 13.6 

salt 

salt 
Salt 144 

Roswell No  25.4 66.5 5.20 18.8 
salt 

Salt 
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of cheniicals for 50 aid IO@% softening by the 
suda-lime process. 111 appears that Dorinan softening 
with present-day electrohalysis tnenibnuies is too 
costly for use with feed walers of high salmly, for 
example, seawater or the wawr at Koswell. h e n  vdth 
less saline walers like thme at Yurna or Webster. 
Donnan softening does not always compete favorably 
with the soda-lime process. I t  seems fair to say that 
with present-day electrudiaiysis niernhranes, Donnan 
softening is nut very interesting economically. However, 
a drastic rcduction in niembrane cost, for example, by a 
factor of 10, would rnakc Donnan softening an atlrac- 
tive carididate for intensive developnient. 

‘The most hopeful avenue for drastically reducing 
nieinbrme costs is to make the mcnibraiies thinner. The 
typical thickness o f  a preseri t-day electrodialysis rnern- 
brarie is 200 p. A tenfold reduction in thickness to 20p, 
h i  example, would pertnit a tenfold reduction in 
membrane area required. ‘This would be retlected in a 
terifold reduction in cost when (1) no salt is added lo 
the brine, and (2) the cost per uni t  area is the same for 
the tliinner as for the thicker membrane. The savlngs 
could conceivably be even greater, since the thinnei 
membrane would have only a tenth 3s much material 
per unit surface area as the thicker membrane. With a 
very dieap niernbrane surface, salt addition to the brine 
would probably not pioduce any savings. This is good, 
since addmg salt inay complicate the brine disposal 
ptobletn of inland desalting plants. Finally, it  may be 
noied that ordinary dialyis rrernbranes are often 
inaiiufactured in the form of  tubes. and such a 
cot16gura tion appears an excellent choice for Donnan 
softening. 

1. Research sponsored by the Office of Saline Water, U.S. 
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contmct with the U S .  Atomic Energy Commission. Submitted 
to Indirsirial and Engirieeririg Chemislry Process Desiyn arid 
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2. I. 1,. Eisenmann and J .  Douglas Smith, D m n m  Softening 
as a Pretreatment to Desalination Processes, OSW R&D PtogKeliS 
Report No. 406, U.S. Government Printing Office (February 
IY’lO); J .  U. Smith, Exchange Di/fiision (Donuran Softening) as 
a Pretreatment to Desalination Rncesses, OSW R&D Progress 
Report No. 655, U.S. Government Printing Office (May 1971). 

3. ‘The use of ion rxchanp membranes as dialysis membr;mzs 
in separations processes was pioneered by R. M. Wallace, .1. 
Phys. Chctn. 68, 2418 (1964); 70, 3922 (1966); frrd. Eng. 
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SORP’ITON OF CATIONS BY POLYAMINORESINS 

Neva Ilarrison W. H. Baldwin C. E. IIiggins 

Interest m polyarninoresins for chelation or for use as 
polyelectrolytes was expressed previously.’ Some of 

fhese resins weie eyudibrated with aqueous solutions to  
de titie the 1 irnitati t e  s (1 f rorp  i ion. 

Inwluhili~ed PEll Polymers 

I-’oly(ethylmz imine) W;IS msolubilj*ed by reaction 
with inethyl acrylate as described The solid was 
equilibrated mnth aqueous electrolyte solutions 10 meas- 
ure their distribution between solid md liquid. F,qwlib- 
num was a t t m e d  [n times significantly less than 1 hr 
wlieii the mixture was turnbled end ovei end at the rate 
(it 20 rprn. 

MercuryClI) was sorbed from 1 M HN(3, solutions 
with distribution coetficients in the iangc 7, to 10, 
deperiding on the Hg(1I) cori~eiirr;itioii. The distribu- 
tion coefficient is defined here as the ratloJ of the 
concentrahon of  Hg(T1) in the dry resin to the 
concentration per nil uf wlution 7tie concentration of 
&(TI) in the aqueous feed solutions ranged from 0.005 
to 0.07 hI. 

Copper (11) was soltied on the same kind o f  ~ e s m  wrth 
larger distribution coef ficieti ts 111 favor of the resin. I I 
appears from these prelimindry tests that the sorptiori 
of Cu(l1) IS more sensitive than that of IIg(l1) to the 
acidity of the solution. 

C,idiniurn(lI) was not sorbed on the resin from 
solutions rdngirig in HNOj concentration f rom 0.3 to 2 
M. 

Poiy(vinylpyridine-co-divinylbenzene) 

Vinylpyritline (:4 g) was copolymerized with divinyl- 
benzene (1 g) and ground to a powder suitable for 
equilibration tests. Distribution coefficients of the 
order of  5 were observed when this resin was equili- 
brated with 0.05 iM Hg(11) in 0.1 M .FINO3. This rzsult 
identifies anothe I‘ polyriier that has properties favorable 
for the sorption of cations. 

1 .  W. 1%. Bnltlwin, Nevn Harmon, and C.  F,. Ilggrna, Chew 
Div. Annu. Progr. Rqi. MUJJ 20, I Y 7 I ,  OKNL.4706, p. 145 

TEMPEUTUKE EFFECTS ON EQlJlLlHRIA 
IN THE SYSTEM: POLY(HYDK0XYPKOPYL 

GLYCOL D[METHACRYLATE), 
WATER, AND ELECTROLYTE 

e. b. Higgiris 

ACRYLATE -CO TETRAETHYLENE 

W. H. Baldwin 

During our investigation of uiifarniliai propcrties of 
polymers ttiai may be related to desdtrng of aqueous 
electrolytes, the cffect of temperatiire on t tie absoip- 
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tion of aqueous sodium chloride by poly(hydroxy- 
propyl acrylate co  tetrae ethylene glycol dimethacry- 
late) was tested. Rods of the polymer were prepared as 
described] ,* from the monomers hydroxypropyl acry- 
late and tetraethylene glycol dimethacrylate in the 
weight ratio of 19 to 1. 

The polymer was equilibrated with water at  24°C and 
then transferred to a large excess of 0.5 MNaCl at 1°C. 
The weight of the polymer increased by 43%, but this 
was accompanied by 34% rejection of sodium chloride. 
The blotted cylinder of polymer was then warmed to 
24°C. The exudate that separated was 0.45 M in NaCI, 
representing another 70% rejection during this step. 

Although this polymer does not appear useful for 
desalination by thermal cycling, it should be an 
interesting candidate for a dynamically formed mem- 
brane. 

. . .. .. . . . . . . . . . 
1 .  N.  Harrison, J .  Csurny, C. E. Higgins, and W. H. Baldwin, 

Chem. Div. Arinu. Progr. Rep.  Muy 20, 1970, ORNL-4581, p. 
112. 

2. C. E. I-Iiggins and W. H.  Baldwin, J. App l .  Polym. Sci. 12, 
1471 (1968). 
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CROSS-FLOW FILTRATION 
OF MUNICIPAL SEWAGE 

H. A. hlahlman 
W. G. Sisson' 

J. S. Johnson 
K. A. Kraus' 

Neva Harrison 

Results last year3 indicated that cross-flow filtration, 
combined with physical-chemical clarification, had 
great promise in treatment of municipal sewage. 
Hydrolyzable salts, for example of Al(II1) and Fe(II1). 
are added to the effluent from primary settling, and the 
effluent is then circulated past filtering surfaces. The 
cross flow hinders the thickening of filter cake and, 
consequently, slows flux decline. One attempts to 
recover most of the water in the filtrate and to retain 
impurities in a concentrated stream. Filtrate quality 
usually exceeds that given by biologkal secondaiy- 
processes and is comparable with effluents from several 
tertiai~y treatments: turbidity near that of tap water 
(JTU < 1); phosphate, a fraction of a ppm; and organic 
carbon, typically 5 to  15 ppm. 

, During the past year, we have made considerable 
progress toward delineating conditions for efficient 
cleanup and good flux. Besides the cross-flow variables 
(primarily pressure, circulation velocity, filtration 
medium, and backwash intervals), such conditions as 
additive level and manipulation of pH appear impor- 
tant. 

ORNI.-D\VG 72-5635 ~. ..,........ ..... ~. 

2.0 1 7 0 0  
21 f t  /sec 

18 f t / sec  

5 i o  
PH 

Fig. 6.23. Effect of pH on cross-flow filtration of primary 
sewage effluent. Fire hose jackets, 40  psi, 100 ppm Fe(il1). 

In earlier work, acidic conditions (pH 3 to 4) seemed 
necessary for best removal of contaminants at high flux. 
We have since found that, although a cycle to acidic pH 
indeed improves performance, flux is greater, with 
product quality at  least as high, if pH is again increased 
before filtration. 'The effect of increasing and then 
decreasing pH is illustrated in Fig. 6.23 for sewage 
effluent that had been digested overnight at pH 3 after 
addition of Fe(II1). There is hysteresis, but the trend to 
higher flux a t  higher pH is clear. 

Figure 6.24 summarizes a run carried out by pro- 
cedures so far found to be favorable, though they are 
by no means established as optimum. Primary effluent 
was introduced into the feed tank at pH 6, after 
addition of 100 ppni of Fe(II1) and digestion for about 
1 hr. As filtrate was removed, the tank was replenished 
with similarly treated sewage effluent. About 93% of 
the water introduced into the system was recovered as 
filtrate. Organic carbon buildup does not completely 
reflect this recovery, probably owing to bacterial 
action. After 20 hr operation with no backwash, flux 
was still 500 gal day-' f f 2 .  From a preliminary 
analysis carried out during the year,4 such a production 
rate should make cross-flow filtration quite feasible 
economically. Product quality, as the table below the 
figure indicates, was excellent. 

'The filter snrfaces were fire-hose jackets. supported 
inside by porous metal tubes, with pressurized feed 
circulated in an annulus outside. Filter-aid pretreatment 
of these fabric supports has been found greatly to  
increase the efficiency of backwashing in restoring flux, 
and woven materials are at present favored for this 
application. 

Further reduction of organic carbon can be effected 
by a second-stage treatment with powdered adsorbent 
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HOURS GI’ f7LTRATION 
PSE 24 tc 53 JTU ; Product a.42 to 0.30 JTlJ Turbidity : 

Phosphate PSE 11 to49ppm ; Product d0.01 ppm 
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Fig. 6.24. Cross-flow filtration of primary sewage effluent. 
l’ire-hose jacket, 40 psi, IS fps. 

cdrbon, followed by cross-flow filtration. I t  is not clear, 
however. that in most cases sucl-i further processing will 
be needed. 

1. Cllemical ‘iecl~nology Division. 
2. Director’s Division. 
3. H. .4. Mahlman, I(. A. Kraus, and W. G.  Sisson. Chem. Dcv. 

Atinu. Prog. Rep. May 20, 1971, ORNL-4706, p. 148. 
4. P. i-I. Wadla, K. A. Kraus, A. J. Shor, and L. Dresncr, 

Yrelimircury Economic A rialysis of Cross-bTow Filtration, Oak 
Ridge Natioiial Laboratory report ORNL-4729 (1971). 

Momm SALTS AND RELATED 
NONAQUEOlJS SYSTEMS 

NONIDEALITY OF MIXING IN ALKALI METAL 
TETRAFLUOROBERYLLATE-IODIDE SYSTEMS’ 

A. S. 13worh11 ?VI. A. Bredig 

Effects of ion size, charge, and polarizability in 
systems with a complex anion, UeF4’-, were studied by 

determining the phase diagriims of the systems 
M2SeF4-MI (M = Ei, Na, Cs). These art: shown in Fig 
6.25, together with ideal diagrams where the l\cll atid 
M2BeF4 liquiduses are cdciilated for one particle per 
solute niolecule (unclissockited BeF4 2-  or 1.- respec- 
tively, rz = t).  The calciilated effect o f  complete 
dissociation of BeF4’- to uric Be2’ and four ions (?E 

‘]The experimental iodide liquidus is similar in the 
three systems. The BeF4’- seems to  show a high degree 
of dissociation otily in very dilute solution. At the 
lowest concentration measured, about 3 inole (& 
MI BeF4, only about 10 to 15% dissociaiioii is indi- 
cated. The rate at which the degree of dissociation 
decreases with increasing kl2 BeF4 concentration is 
difficult to estimate because of the nonideal mixing of 
1- and BeF,+2- ions evident a t  and mar  the eutectic 
cornpixitioil, The Cs? liquidus appears slightly less 
cuived than the NaI or the LiI liquidus. The positive 
deviatiori f rom ideality for tlie iodide liquidus, that i s .  
excess partial free energy of mixing p E M I  >> O,  at 
concentrations greater than about 20 mole ”/o M2BeF4 
(and probably at even lower concentrations) may be 
compared with that for the LiF liquidus in [lie 
LiF-Li2BcF4 system, which is ideal up to approxi- 
mately 45 mole %I of Li2BeF4.’ ~n mixtures with a 
common anion the overall increase in the polarization 
of the anion on mixing ustially makes the oveiwhelnling 
(negative) contribution to the interacl.ion potential, 
that is, stabilizes the mixture. On the other liarid, the 
much sniallec interaction potenrials for mixtures with a 
coninion cation result from a delicate b;ilance between 
the positive contribution of  the change in the VBII der 
Waals (e.g., I-) or multipole (:e.g., BF4J interactions 
betwcen anions, tlie negative contribution of th,: 
increase in anion polarization, and the positive or 
negative contribution of thc change hi the anion-atiion 
Coulomb repulsion. It is tempting to offer an explana- 
tion for the more positive deviation from ideality when 
L,i2BeF4 is added to Lil than to LdF by juggling the 
changes in magnitude of the effects above with a change 
frorn t to F-. However, we must also remember that 
the djfferences reflected i n  the phase diagram are due 
to  partial excess f P m  evzwgy of mixing atid not 
necessarily to  the enthalpy of nixing, which determines 
the interaction potential. ‘The explanation for differ- 
ences in degree of nonideality must, then, include 
differences io tlie entropy of mixing, for which few 
data exist for these systems. 

The Mz BeF4 liquidus lines dl show positive deviation 
from ideality, although to ;3 much lesser extent thm the 
IvIF liquidus in MF-M1 mixtures,’ especially in the 

= 5) is also shown. 
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Fig. 6.25. Experimental and ideal phase diagrams of the systems LizBeP4-Li1, Naz BeF4-NaI, and Cs2BeF4CsI. 

dilute MI region. An interaction parameter 

is 900, 1950, and 150 cal for the lithium, sodium, and 
cesium systems respectively. Again, an explanation for 
the differenccs in nonideality will depend on a knowl- 
edge of the entropies of mixing. 

Fusion enthalpies of NazBeF4 and Cs2BeF4 were 
calculated from the initial liquidus slopes to be 6.5 and 
11.0 kcal, with a probable error of +5%. Fusion 
entropies, 7.5 and 10.5 cal deg-' mole-', are consid- 
erably less than the AS, = 14.5 cal deg-' mole-' for 
Liz BeF4 . This is as expected, considering that crystal- 
line NazBeF4 and CszBeF4 are isostructural with the 
corresponding alkali metal sulfates while the Liz ReF, , 
with a structure similar to HezSiO4 and very low 
tetrahedral coordination of the cations, must suffer 
much less profusion disordering than the former 
crystals. 

1. This work has also been reported in MSR Program 

2 .  M. A. Rredig, Chem. Div. Annu. Progr. Rep. May 20, 1971, 
Semiannu. Progr. Rep. Feb. 28, 1972, ORNL-4782. 

ORNL-4706, pp. 155- 56. 

THE LITHXUM FLUORIDE- 
TETRAFLUOROBORA'FE PHASE DIAGRAM 

A. S. Dworkin M. A. Bredig 

Detcrrnination of this phase diagram rounded out the 
studies of the alkali metal fluoride-tetrafluoroborate 
binary systems at ORNL. The diagram shown in Fig. 
6.26 must be considered tentative because capsule 
failure precluded measurements between 10 and 50 
mole "/o LiBF4 as well as confirmation of the reported 
high-temperature point. However, we believe the dia- 
gram to be correct in its esszntial character and will 
perform experiments with capsules of improved design 
to confirin this. 

A comparison of activity coefficients calculated from 
Fig. 6.26 with those for the sodium, potassium, and 
rubidium systems calculated by Moulton and Rraun- 
stein' shows an increasing positive deviation from 
ideality with decreasing cation size. At 1000°K and 
mole fraction X B F ~ -  of 0.2, 0.4, and 0.6, activity 
coefficients Y L ~ F  = 1.16, 1.32, and 1.40 whilc Y N ~ F  = 
1.10, 1.20, and 1.23. The potassium system shows 
slight positive deviation, while the rubidiiim system is 
essentially ideal. This trend most likely reflects the 
smaller distance and consequently greater multipole 
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Fig. 6.26. Phase diagram of the system LiF-LiRF4. 

intcraction between BF4 ions in the presence of 
smallcr cations. 

1 1) M. Moulton and J Braunstcln, MSK Proiyai77 S m i a n n u  
Progr. Rep brh 28, lQ71, 0KNL.-4676, p. 100. 

ENTHALPY OF LITHIUM 
TETRAFLWOROHORATE 

A. S.  llwo~kiri 

The enthalpy measurements for lithium tetrafluoro- 
borate reported previously' were corrected for the 
presence of 3 mole %I LiF TEiermdl an,ilysis showed two 
breaks, a t  304" and 300"C, indicating a liquidus and 
eurectic in the LiBF4-LiF system. Fi om the liquidus 
temperature, the molz '% LiF impurity as detcrinined by 
chcrnicd analysis, and the heat o f  fudon uf LiBF4, the 
true tempeiature of fusion of L&F4 is calculated to be 
3 10°C r;31her than 304" as reported earlier 

The l'ollowing equations represent our mc:isured 
enthalpy data foi LIBF, (corrected foi LiF mipuiity) in 
calones per mule 

AIf~us,on = 3,460 cal/mole; 

a9'fucion = 5.94 cal deg-' mole-' (583'K) 

H, - 112 P H  = 11,490 + 40 17'(583 -700°K) 

'Tie correction amounted t o  about 0.5% for enthalpies 

below the melting point and about 1.5% for those 
above. 

1 A. S. Dworkin, Ciiem. Div. A r i n i r .  P r o p  Rep May 20, 
1971, OKNI-4706,  p. 154. 

EVALUATION OF FWMON ENTROPIES OF 
URANIUM AND ZIRCONIUM TETRAFLUORIDES 

A. S Ihvoikin M. A Bredrg 

We have shown' the entropy ot fusion of UF4 to be 
about 4 e.u (32%) le,s t11an that for  ~sostiuctuial ZlF4 
The difference in S o z Q 9  between llFs and ZrF, (for 
IJF, about I 1 e u. greater than for Lrbq) is due to the 
difference in size, mass, and magnetic entropy. From 
I o c m  temperature to the melting poults the eotxopy 1s 
very siinilar We conclude. therefore, that the d11 h e n c e  
i n  '-lSfurron ieflccts ionic v j  niulecu1,tr stluctuie of UF4 
arid ZiF4, respectively, it1 their molten states The veiy 
large vcilutne cliangz on melliiig for ZrF4 as contiasled 
to thc small change for IIF4 (atid Thb4)  lends further 
ciedeiice to this conclusion. The melting of ZrF4 may 
be compxed with thi t  of A1CI3, where the large 
entropy change m d  volume change c ~ t i  melting reflect 
tile change from :in ionic d i d  to a molecular liquid, 
A12C16 We would predict that the ejectrical conduc- 
tivity of molten ZrF, 19 small. 

1 h S Dwnrbin, I Inorg Nuci C h m  34, 1'35 (11972) 

THE FREE ENERGIES OF FORMATION 
OF LANTHANIDE HALIDES 

BY AN EMF TECHNIQUE 

H. R. Bionstein 

The free energies of 'ndiclc furmation of the fission 
pioduct Lantbaoides are of grez~t importance l o  the fix1 
reprocessing technology of both the Molten-Salt Breeder 
Reactor and the Liquid-Metal Fast Breeder Reactor but, 
at present, are not too well established. The free energy 
values which now appear it) the literature are fur ihe 
mosl part  derived from estimates and contradictory 
incasured data. Commonly, the standaid Ree eticcgy of 
formation, AG"f, of 3 compound at zlevated tempera- 
lure IS derived from third-law entropies 2nd heat data, 
namely, the beat of formation a t  room teniper;i ture as 
well as the enthalpies above room temperature and tieat 
capacities below rooin ietnperaturz of the compound 
and of the elements fiom wliich i t  is formed 
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One direct method of obtaining this information is 
the use of galvanic cells of the type 

R.E. metal/molten R.E. halide/halogen electrode ( 1) 

where E' = E" = -AG"f/nF, with all reactants in their 
standard states. However, since the rare-earth inetals are 
somewhat soluble in their molten halides,' the above 
eel1 cannot give the correct information. Cclls of the 
ty Pe 

R.E. meta1/0.005 mole % R.E. halide in molten 

LiX-KX eutectic/halogen electrode (2) 

where the solubility of the rare-earth metal is quite 
negligible, have been used to obtain activities, activity 
coefficients, and the partial molar entropies of mixing, 

with the assumption of the correctness of the standard 
free energy of formation (and, therefore, E")  in the 
literature. 

If the activity of the rare-earih metal is decreased 
substantially by alloying with a more noble metal, for 
instance nickel, its solubility in the pure rare-earth 
halide would be so reduced as not to  interfere with the 
emf measurement of the ccll 

R E .  halide R E .  metal alloy / (molten) /halogen electrode ( 3 )  

The needed activity of the rare-earth metal in the alloy 
may be obtained by substituting the alloy electrode for 
the halogen electrode of cell 2. Cell 3 would then give 
the free energy of formation of the pure rare-earth 
halide, 

AGOf = nFE" = nFE + RT In aR.E. meta l  in alloy 

where E is the measured voltage and uR.E ,  is the 
activity of the rare-earth metal in the alloy. 

A cerium-nickel compound of cnmposition CeNiS ,2 

melting point 131S°C, was prepared, and the cerium 
activity in the compound was determined by measuring 
the emf of the cell 

1 mole % CeC13 
CeNi5/99  (111 01 mole ten) 5% KCIICe'  at 806°C (4) 

The activity of the cerium in this compound was 
calculated from the equation 

E = -RTlnnCe;  ace = 3.7 X IO-' 

Further experiments are planned where the solvent for 
the CeC13 will be varied, such as using the eutectic melt 
of KC1-LiCl, in order to show that the voltage of cell 4 
is independent of the solvent. The cerium activity will 
be determined as a function of temperature, and then 
cell 3 will be measured to give the standard free energy 
of formation of the raie-earth halide. 

1. J. D. Corbett in Fused Salts, en. B. R. Sundhcim, pp. 

2. M. HanFen. ed., Constilution of Binary AIloys, 2d cd., p. 
341-407, McGraw-Hill, Nevi York, 1964. 

457, McGraw-Hill, New York, 1958. 

CALORIMETRY 

PREPARATION OF CERTAIN OXIDES 
OF TECHNETIUM 

A. Y .  Herrell' I<. H. Busey 

The need to prepare very pure technetium heptoxide, 
Tc2 07, has arisen in the course of an extensive research 
study to determine the enthalpies of formation at  25°C 
of the oxides of technetium by solution calorimetry. 
The thermochemical scheme to be employed in this 
study follows that used by King et al.' to determine 
similar data on the oxides of rhenium by solution 
calorimetry. According to  the literature, the oxidation 
of technetium metal in oxygen at moderately high 
temperatures leads only to 'Tc2 O7 .3 This behavior 
would be anticipated by comparison with the reaction 
of rhenium metal heated in oxygen, where only R e 2 0 7  
is ~ b t a i n e d . ~  We have observed, however, that the 
combustion of technetium in oxygen is complex, lead- 
ing to  some side products i n  addition to T c 2 0 7 .  A 
preliminary account of the products of the combustion 
process will be briefly presented in this report. 

The Pyrex combustion tube, in which the Tc was 
heated by an electric furnace (temperature controlled) 
in an atmosphere of pure, dry oxygen, was attached to  
a high-vacuum line so that all traces of moisture and air 
could be removed before oxygen introduction. The 
oxidation of the Tc was carried out in a manner similar 
to  that used for production of Re2O7; using a 
combustion tube closed at one end. Invariably, the 
initial product that sublimes out of the furnace during 
the oxidation is a highly volatile pink or red oxide. 
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Altliougb it is most evident in the initial stage? o f  the 
oxidation, this side product is produced during tlie 
entire course of the oxidation This red oxide is a little 
mole volatile than T c z 0 7  and tends to collect farthest 
from the furnace. 

Fried arid observed a pink volatile 
compound when they burned Tc in oxygen but did not 
chariicteriie their pioduct. since they were only inter- 
ested in the combustion process as a puiific.ition 
procedure. Boyd and coworkers3 obt:iined only pale 
yellow Tc,07  with no mentiun o f a  darkei product. We 
have varied conditions in ;in attempt to rcduce or 
ehriiinate the small ainounl of red oxide formed dunng 
the combustion but w t h  no success. We have used Tc 
metal made 110th frotn KTc04 and from NFI4TcO4, 
metd formed at relatively luw temperature (about 
500°C), and metal heated to 1000°C in a high vacuum 
to ieinove any trace of hydrogen. Thc riaction Lone has 
been increased by employing a lone furnace, thus 
iiicreasirig the residence tiine of the red product 111 the 
hot  ZOllC. 

In an attempt to  separate the volatile red oxtde fiom 
our desired TcZO7. we havr einployed d two-fiirnace 
drr:ingement, one furnace a1 500°C prowding the 
leaciioii  one to oxidize the Tc, and the second furnace 
at 150°C acting ;is a condenser for the Tc207 but 
tubliming the red oxide on down the tube. This 
arrangement also produced ;I second technetium oxide 
by-product, which collected a purple compound 
between the two furnaces, where liquid Tc7 0 7  sliould 
and did collect. 

The red oxide can be produced in apparently pure 
form by low-temperature oxidatioti of Tc A sarnple o f  
Tc metal has been heated in oxygen at 150°C for 
approxmia tely three montlis, during which time a 
significant amount o f  voldtile red oxide has collected. 
An analysis of this product as well as the state of the 
reclinetiurn within the furnace will be made soon. 
tow-temperatuie oxidation of  rhemuni over dn ex- 
iended period of time yields only nonvolatile Reo3. 
The vokitihly o f  the red rechetium oxide tends to  iule 
out its being Tc03. At tile ptesetit time we feel t l ta t  h e  
red oxide IS probably the pentoxide, although the 
svtdence is too involved to present in this preliminary 
report. Future expzrimetits iiie planned to establisli the 
idenkty of this oxide. 

We liave prepared and chaiactcrized Tc03 for the first 
iirnr anywhere. Rhenium trioxide (Reo,) may be 
przpiired by reduction of Re,@ with CO at 175" to 
280°C.7 When t h i s  meihod was tried lo r  pioducing 
'Fc03, only technetium metal resulted. Obviously ii 

mlldei reducing agent is required, and reference to free 

energy t;ibles indicated that the S02-S03 system might 
be suitable. Tlie use ot SO2 as the reducing agent 
resulted in successful prodiiction o f  Tc03. The oxida- 
tion s td te  was established by ceiic perchlorate titration, 
diid the technetium content was establistied spectro- 
pliotonie~rically after oxidation to Tc04-. Technetium 
trioxtde appears black but under certain conditions 
(e.& thin films) hds  a reddisti-[)urp~e ~ d u i  I n  some of 
our uwddtions of technetium, we obtained a mal l  
amount of lnoxide along wtti the led oxide as side 
pioducts. A considerable quantity of trioxide waj 
apparently produced when the two-iurnace arrarige- 
merit descnbed above was used in tlie technetium 
oxidation. 

A procedurz lids beer1 developed to make very high 
purity Tc2 07. Ihe  essential atid rizcessary step i n  the 
proceduie involves .ieahng oft wth a torch that portilm 
of the Pyrex cornbustiuti tube which cuntains the 
products of the comnbus~ion ( ~ ( 1 1 1  tamrialed with lower 
oxides) under a picssure of 1 atm of oxygen. jYhis tube 
is placed wholly within ii  furnace and heated to  400°C 
Under these conditions the Lower technetium oxides are 
kept in the leachon zone in the presence of oxygen and 
converted Io the hepto~ide.  When this step LS incorpo- 
rated iii the preparation proceditre, oniy pale-yellow, 
high-purity Tc2 O7 tesultq. 

1. National Science Foundation Science Faculty Fellow, 
Wayne State University, Detroit. Mich. 

2.  E. C. King, D. W. Richardson, and R. V. Mrazek, I J S .  Bur. 
Mines Rep. Invest. 7323, 1969. 

3 .  G .  E. Boyd, J .  W. Cobble, C .  M. Nelson, and W. T. Smith, 
Jr., .1. .4mrr. Ciiem. SOC. 74, 556 (1952). 

4. A. D. Welaven, J. iv. Fowle, W. Brickell, and C. F'. tiiykcy, 
Inorg. Syn. 3, 188 (1950). 

5. S. Fried, A. H. Jaffey, N. 1'. Hall, and L. E. Glendenin, 
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HIGH-TEMPERATURE ENTHALPY OF 
POTASSIUM PERRHENATE 

K. A. Gilbert 

In a previous c e p i t '  it was noted that the use o f  
Nichrome V capsules as containets for enthalpy deter- 
minations could lead to systematic errors even Itiough 
the capsules were made from adjacent sections of  1 tie 
Same rod. For this reiison, new data using platinum 
10% rhodium capsules were ub tamed f(J1 the enthalpy 
of KRe04 at selected ternperalures over the iange 
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0-900°C to correct for such an error possibly present 
in the original measurements on this compound.' These 
new data differed by (0.3 .+ 0.1)% from the previous 
values. The enthalpy and entropy of fusion are un- 
changed, but the melting point is increased to  828.5"K. 

1. C. W. Ljnsey, R. A .  Gilbert, and R. H. Busey, Chem. Div. 

2. R. 14. Busey and R .  A. Gilbert, Chem. Div. Annu. Progr 

. .-. . . . . . . . . 

Annu. Prog.  Rep. Muy 20, 1970, ORNL-4581, p. 122. 
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(TiOH), =+(TiO), + I H + t  e -  (2) 

('TiO), -+ TiO' + e - (rate-determining) (3) 

(4) (TiO), t H2 0 =+ (TiO- OH), + H+ 1- e-  

ELECTROCHEMISTRY 

THE ELECTROCHEMICAL BEHAVIOR 
OF TECHNETIUM AND OF IRON 

CONTAINING TECHNETIUM 

G .  €1. Cartledge 

Studies on the electrochemical behavior of pure 
technetium and of iron containing 0.1 wt % technetium 
in sulfuric acid solutions were completed. I t  was found 
that evolution of hydrogen on technetium has a 'Tafel 
slope approximating -40 mV/decade. At overvoltages 
noble to the hydrogcn-cvolution potential, oxidation of 
technetium or its surface oxides has a rate of ca. 
A/cm2 until the potential becomes high enough to  form 
soluble pertechnic acid. The current density then rises 
rapidly. 'The presence of technetium in iron modifies 
the electrochemical behavior because dissolution of iron 
leads to enrichment of the surface in residual techne- 
tium. 'Ths causes the open-circuit potential to  ennoble, 
with lowering of the overvoltage for evolution of 
hydrogen. Passivation is also rendered more difficult 
and much less effective in lowering the passive corro- 
sion current density. De tailed results of the investiga- 
tion have been published in the Journal of the 
Electrochemical Society. 

1. G. H. Cartledgc, J. Elecrrochem. Soc. 118, 1752 (1971). 

ELECTROCHEMICAL BEHAVIOR OF TITANIUM 

E. J .  Kelly 

On the basis of steady-state electrochemical polariza- 
tion measurements described in earlier reports,'-' a 
mechanism for the active-state dissolution and passiva- 
tion of titanium in acidic sulfate solutions has been 
proposed.6 Reduced to its essentials, the mechanism 
niay be represented by Eqs. (1)-(6): 

( 6 )  (TiO-OH), =+ ('Ti02)s + H+ + e -  

where the subscript s indicates a surface intermediate. 
According to  this mechanism, the steady-state anodic 
current density corresponding to  the oxidation of 
titanium to Ti(II1) ions in solution increases, reaches a 
maximum (i,ll) at the "critical potential," E,, and then 
decreases (passivation) as the potential of the titanium 
electrode, initially at the open-circuit or corrosion 
potential, is made increasingly positive (noble). The 
steady-state current-potential relationship is given by 

where O.rio  is the fractional surface coverage by TiO, E 
is the potential of the titanium electrode relative to ai 
arbitrary reference electrode, and the other symbols 
have their conventional sipificance. In the vicinity of 
E,, , we have 

where K = k , k , / k ~ - 6 k 5 .  Moreover, OTio + Orio, 1 
and O , ~ O / Q T , O ,  2; that is,  UT,^ "/,. Equations (7) 
and (8) are consistent with the experimental facts that 
d log i,/d pI-1 = - '//, and d In im/dEm F/2RT. 
Passivation results from the increase in BTiOz at the 
expense of O T i o .  

In order to obtain further evidence in support of the 
postulated mechanism, a study of the non-steady-state 
(transient) polarization behavior of titanium was ini- 
tiated. A typical potentiostatic current vs time curve is 
shown in Fig. 6.27, together with the corresponding 
total charge vs time curve. The observed current (i) is 
given by 

i = if - R,C(rli/dt) , (9) 
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Pig. 6.27. Potentiostatic current vs time and total charge vs 
time transient on btanium in 1 N H2SO4. Area = 0.124 cm2, I' 8 

= 30°C. 

6 
where /is i s  the resistance of the electrolyte between 
the titanium surface and the reference electrode, C is 
the double-layer capacitance, arid if IS the current 

Pig. 6.28. Differential capacitance as a function of potential 
for titanium in I I\, I12S04 Ared 0.1 24 Lmz, 7 = 30'C 

associated with Faradaic (charge-transfer) reactions. A 
study of nuinerous transients in the tnicrosecond time 
region has established that (d In i/dt)t+O is a constant 
wtilch, if if = 0, would be equal to -I/R,C, according 
10 Eq. (9). However, from the known values ofK,, the 
calculated values of C are niuch too great to be 
attributed to just the double-layer capacitance. More- 
over, as shown in Fig. 6.28, the calculated capacitance 
values are a l'unction of potential and exhibit a 
maxiniuni at E,, thus reflecting the reaction niech- 
anssni in addition to double-layet charging. Since the 
values of Id In i/dtl are less than l/R,C, it can be shown 
that if must be of the form 

~ - .  I - I _ _ - _ _ I  l._..........LJ 
0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

POTENTIAL (volts) vs S.C.E. 

where ,8 is the surface concentration (rnoIes/cm2) per 
unit coverage of the surface intermediate formed by the 
fast reaction. 

Equation ( ( 2 )  ~hows the origin o f  Eq. (10) and the 
meaning o i  C,. Consequently, one concludes that the 
early stage (up to 1 tnsec) of the current-time curve 
shown in Fig. 6.27 reflects both double-layer charging 
and a fast charge-transfer reaction IEq. ( l ) ]  . The charge 
corresponding to  tnonolayer coverage is ca. 2 X 
coulomb for the electrode x e a  used in the experiment 
shown in Fig. 6.27. At the elid of 1 msec, the total 
charge vs time curve in Fig. 6.27 shows that the 
electrode ieaction responsible for C, involves the 
formation of less than 5% of a monolayer of the 
intermediate. Since BTIO end 8,,-io2 are virtually 
constant during this time regon and since O,,, + 
0 ~ ~ 0 ~  1, this result is entirely consistent with the 

where C, is art adsorption pseudocapacitance. Insertion 
of this value o f i ,  into Eq. (9) leads to  

t i  In i/dt = - I/R,(C + C,) , (1 1 )  

idendfication of C, with the i'ltsl reaction [Eq. (l)] . 
From approximately 1 sec onward, the slow decrease in 
current results from the slow increase in B T ~ o ~  at the 
expense of O T i o  [cf. Eq. [7)]. The double-layer- 
charging process is essentially coniplete by the end of 1 
rnsec [Le., d$/dt 2 0 (cf. Fig. 6.29)], and, conse- 
quently, i is equal to if at tiines greater than 1 msec. 

which is in agreement with the experimental data. If if 
corresponds to a very fast non-late-determining reaction 
[Eqs. (1) o r  (2)] which is in pseudoequilibrium for all 
values of $ (the potential difference between the metal 
and a point just inside the electrolyte phase), then, at  
constant E, if i s  given by 

The drop in current between L nisec and 1 sec cannot 
be attributed to  the fast reaction [Eq. (l)] nor to the 

(12) slowest reaction (conversion of Ti0 to  Ti02)  and 

i,- = flF(dO/d$) (d$/dt)  

= C&f$/df) = -R,Ckdi/dt) , 
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Fig. 6.29. Double-layer charging. Plot of Ad//AE vs time for 
the data shown in Fig. 6.27. 

therefore corresponds to a second relatively fast 
charge-transfer reaction [i.e., to  the reaction shown in 
Eq. (2)].  Thus tbe results of the transient mensure- 
ments appear to support the postulated reaction 
mechanism. 

1. E. J .  Kcl!y, Chem. Div. Annu. Prog. Rep. May 20, IY67, 

2. E. J. Kelly, Chem. Div. Atinu. Prop.  Rep. May 20, 1968, 

3. E. J .  Kelly, Chem. Div. Annu. Piogr. Rep. May 20, IY69, 

4. E. J .  Kelly, Chem. W v .  Annu. Prog. Rep. May 20, 1970, 

5. E. J. Kelly, Chem. Div. Annu. Bog .  Rep. May 20, 1971, 

6. E. J .  Kelly, “Anodic Dissolution of Titanium in Acidic 
Sulfate Solutions,” 5th International Congress on Metallic 
Corrosion, Tokyo, May 22, 1972. 

ORNL-4164, p. 90. 

ORNL-4306, p. 108. 

ORNL-4437, p. 89. 
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PO‘I’EN1‘IOSTATIC ME’TI-IOD FOR THE 
DETERMINATION OF SPECIFIC CONDUCTANCE: 

APPLICATION TO MOLTEN SALT ELECTROLYTES 

E. J. Kelly II. R. Bronstein 

The basic principles involved in the potentiostatic 
method for the determination of specific conductance, 
together with the application of the method to aqueous 
electrolytes, have been described in earlier reports.’ ,* 
The method may be understood by reference to the 
schematic drawing shown in Fig. 6.30. The potential 
( E )  of input A with respect to circuit gi-ound is 
determined by a precision variable “reference voltagc” 
source. Any voltage difference detected between the 

frJ r 

D 

P , Fas t - r i se  Potent iostat  
Q , F a s t - r i s e  Osci l loscope 
D , Cell W i th  Capi l lary Conductance Tube 
T, R, C , Test, Reference and Counter 

E lect  rod e s  
E , Reference Vol tage 
A, B, I n p u t s  t o  Vo l tage  D i f f e r e n c e -  

R, , C, , C u r r e n t  ( i  1 Measur ing  
De tec to r  S t a g e  o f  P o t e n t l o s f a t  

P rec i s ian  R e s i s t o r s  and Capac i to rs  

Fig. 6.30. Schematic diagram of potentiostatic tilethod for 
specific conductance rneasirrements. (P) Fast-rise potentiostat, 
(Q) fast-rise oscilloscope, ( D )  ccll with capillary conductance 
tube, (T. R ,  C) test, reference, and counter electrodes, (E) 
reference voltage, (A, B )  inputs to voltdge-difference-detector 
stage of potentiostat, (R,,,, Cm) current (i) measuring precision 
resistors and capacitors. 

inputs A and B of the voltage-difference-dctcctor input 
stage of the potentiostat results in a change in thc 
output current (i) in such a direction as to  redtrce the 
voltage difference to “virtual” zero. Since essentially no 
current flows in the high-iesistance inputs, the potential 
of a test electrode with respect t o  a reference is given 
by 

where V is the potential difference between the test 
electrode and a point just inside the electrolyte phase, 
R, is the electrolyte resistance be tween the test and 
reference electrodes, and 0 is a constant which depends 
upon the particular reference electrode used. To meas- 
ure specific conductance, E is abruptly changed (<1 
psec) from an initial value, E l ,  to a second constant 
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value, E 2 ,  and the resulting current-time ttansient a t  .KZ 
is displayed on ai oscilloscope and recorded on film. 
The quantity ( i 2 ) t - o ,  the current at E2 for t = 0, is 
de ternlined by extrapolation of the conent-time curve 
in the microsecond time region to t = 0. At t = 0, 
(AQ-,, = 0 (cf. refs. 1 and 2), and, consequently, i t  
follows from Eq. ( I )  that the electrolyte resistance IS 
gven by 

The specific conductance of the electrolyte, K ,  is 
cdlculated 011 the basis of the relationship R,  = k/K, 
where k, the cell constant, depends onLy on the 
geometry of the system. The cell constant is determined 
by measuring K, for a reference electrolyte, usually a 
standard KC1 solution. 

In view of certain advatitages over the conventional ac 
bridge it was thought that the potentio- 
static method should be of special value in determining 
specific conductances of moiten salts. To test its 
applicability to such systems, the specific conductance 
of niolten KN03 was meaaured over a temperature 
range from 350 to 550°C. A lypical current-time 
trartsient is sl-iown in Fig. 6.31, where i t  i s  apparent 
from the upper curve that nu difficulty is encountered 
in obtaining an accurate extrapolation to t = 0. The 
small current overshoot observed in the first few 
nucroseconds is instrumental in origin, has no effect on 
the accuracy o f  the measurement, and can be eliriii- 
iiared by choosing the proper value for C,, (cf. Fig. 

Fig. 6.32. 

6.30). As in the work on aqueous systems, it was shown 
that Eq. (2) was obeyed; that is, (Aj)t-o was a linear 
function of AE for a given cell constant and ternpera- 
ture. 

If R ,  is too small (roughly speaking, less than 1 62), 
tiot only do  the lead resistances beconie significant, but 
the current decay becomes too rapid to permit an 
accurate determination of (A&=,,. Siiicc the specific 
resistance of molten KN03 i s  low, a capillary con- 
ductance cell (cf. Fig. 6.30) was eniployed to obtain 
adequately large values of R,. %e enhanced conductiv- 
ity of soft glass at high temperatures introduced errors 
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in the initial experiments, and, therefore, quartz was 
chosen for the conductance cell. Platinum electrodes 
were used as a matter of convenience, not of necessiiy. 
The results are shown in Fig. 6.32. For comparative 
purposes, the data of Robbins and Braunstein are also 
shown.3 The agreement in the two sets of data can be 
appreciated by comparing them with the results of 
others, results which show differences of as much as 5% 
at 3510°C.~ To prove conclusively that the measured 
values of R ,  corresponded to the electrolyte resistances 
only, two capillary cells were used, the length of one 
capillary being roughly half that of the other. The cell 
constants for the two cells werc accurately determined 
by use of a standard 1 demal solution of KCI. The ratio 
of the cell constants was 1.687. At 35 1 .O"C, the ratio 
of the measured resistances of molten KN03 in the two 
cells was 1.685. 

Two important areas of application of the potentio- 
static method remain to be investigated. First, the 
method should be applicable to solid-state electrolytes. 
The second area of interest embraces those highly 
conducting electrolytes for which satisfactory (Le 
nonconducting and resistant to attack by the electro- 
lyte) capillary- materials cannot be found, electrolytes 
such as the molten fluorides and the alkali--~alkali halide 
systems. The potentiosiatic mcthod may permit the use 
of metallic capillaries, thereby eliminating the problem. 

1. E. J .  Kelly, Chcm. Div. Annu. B o g .  Rep. May 20, 1971. 

2. E. J. Kelly and H .  R .  Bronstejn, C'hern. Div. Annu. Progr. 

3. G. D. Robbins and J. Braunstein, J. Electrochem. Soc. 

ORNL-4706, p. 175. 

Rep. May 20, 1971, ORNL-4706, p. 177. 

116, 1218 (1969). 

AN ELECTROCHEMICAL METHOD 
FOR MONITORING THE OXYGEN CONTENT 

OF AQUEOUS STREAMS AT THE 
PART-PER-BILLION LEVEL 

R. E. Meyer F. A. Posey 
P. M. kantz 

Determination of the dissolved oxygen content of 
aqueous streams in the 0 to  50 part per billion (ppb) 
range has always been a difficult problem. Because the 
corrosion properties of chemical process equipment 
depend so strongly in many cases on the dissolved 
oxygen content of the aqueous strcams contained by 
the metallic materials of construction,'" it can be 
important to monitor the oxygen concentration with 
considerable precision. The principal requirements for a 
desirable method of determination are precision of 1 or 

2 ppb and simplicity of operation so that highly skilled 
technicians are not required. 

At present this analysis is usually carried out either by 
the classical Winkler method or by a modification of 
the polarographic Sensor. The Winkler method is a 
difficult wet-chemistry method requiring a skilled 
analyst. The polarographic sensor relies for its operation 
on electrochemical determinalion of the dissolved 
oxygen which diffuses through a plastic membrane 
(usually Teflon) permeable only to  gases. The response 
of this dcvice therefore depends on the properties of 
the membrane, the temperature, and the concentration 
of oxygen on either side of the membrane. Current 
sensitivity is low, on the order of to lo-' A for 
dissolved oxygen contents in the low ppb range. These 
difficulties can be overcome to some extent, but only 
by increasing the complexity of the instrument and by 
periodic recalibration, usually by the Winkler m e t h ~ d . ~  

we have 
developed a device for determining the dissolved oxy- 
gen content of flowing streams in the ppb range which 
is self-calibrating and does not possess the disadvantages 
of the polarographic sensor. '4s in the polarographic 
sensor, our device couples an electrochemical sensor 
with a permeable membrane. i\ schematic diagram of 
this device is shown in Fig. 6.33. The test stream flows 
through an exchanger (B)  which contains the gas- 
perrneable membrane. This exchanger is used to equili- 
brate the oxygen content of the test stream and a 
solution which ultimately passes through an electro- 
chemical sensor. An exchanger is used in our device in 
order to separate dissolved oxygen from other reducible 
substances (such as iron and copper ions) which might 
be contained in the s t ream to be monitored and in 
order to avoid fouling of the electrochemical sensor by 
various substances. The sensor stream is allowed to 
remain in the exchanger long enough for it to  attain 
essentially the same dissolved oxygen content as the 
test stream. The sensor stream is then passed through 
the electrolytic sensor (C) at a known flow rate, and the 
dissolved oxygen is completely reduced by a packed- 
bed cathode of finely divided silver. The current 
required to reduce the oxygen is a measiure of the 
oxygen content, which may be calculated from the 
relation 

In continuation of studies reported 

c = I/?IFU , 

where C is the oxygen concentration (moles per cubic 
centimeter), I is the current (amperes), n is the number 
(4) of electrons required for complete reduction of an 
oxygen molecule, F IS Faraday's constant (coulombs 
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Pig. 6.33.  Schemat~c diagram of laboratory model of ppb 
oxygen monitoring device. (A) Test solution inlet arid exit, (8) 
exchanger, (C) oxygen sensor, (0) metering pump, (6) iolutinn 
reservoir, (F) purging gas inlet, ( G )  flowmeter, (H) elecrrolytir 
oxygen stripper 

per equivalenl), illid U is the volume flow rate (cubic 
centimeters per second). This sensor (cf. C in Fig. 6.33) 
is a simphfication of a device describcd by Eckfeldt m d  
Shaffer.’ 

Some rzsults obtained with this device are shown in 
big. 6.34. I r r  this expennienl, the gas-permeable mein- 
brdne was a 7-mil-thick sheet of silicone rubber which 
sepaated the two halves of ail exchanger constructcd 
frorn lacite. ‘ f ie  test strearti flowed past the rnembrane 
m one half of the exchanger and the sensor stream in 
the other half. As shown in Fig. 6.34, the response is 
Linear, and the current sensitivity is of the order o f  

A in the ppb range. We have examined anumber 
uf designs of sensors and edxctiangers and conclude on 
the basis oi‘ the tneasinrernerits [hat the device described 
above should be especially useful for monitoring 1 he 
dissolved oxygen content of desalination plant streams 
and other process streams where plant operation and/or 

O R N L -  D W G .  72-4022 
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Fig. 6.34. Test of oxygen momtoring device. 

corrosion behavior of metallic materials depend criti- 
cally on the oxygen level. 

1 E M Phelpq, R T. June,, and 11. D Lcckie, 1 f?’leclro- 
ckenz Soc 116, 213C (1969). 

2. €f C .  Belircris et dl., SEU WuLw Corrosion Test Ptogrom, 
0 S.W Research .ind Devclopment Progress Report No 417 
(Rlcuch 1969) 

3 I1 C Beluena et  a l ,  4sembly  oiid FvaLtulion of on 
Impmvrd P F 8  Oxygen Analyzer f o r  Sea Water, 0 S.W Re\earch 
and Development Rngres, Report No. 572 (July 1970) 

4. R I. Meyer, P 11.1 Lantz, and F A Posey, C?wm Drv 
Annu Prop K f p .  Mfly LO, l97J 0 

2008 (1964). 

AiiALYSIS WITH PACKEI9-KEI9 ELECTRODE!! 

R. E. Mqei  F. A. Posey 

[ti the previous report1 on the oxygen nionilor, we 
described a senscx which may be used to determine the 
oxygen content of aqueous strcarns by quantitative 
reduction o f  the dissoIved oxygeo with a packed-bed 
cathode of 12nely divided silver. lo the operation u i  ttus 
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Pig. 6.35. Analysis of bromide ion with packed-bed cathode 
of silver. Electrode potential = +150 niV vs S.C.E.; flow = 1 .3  
inl/min. 

sensor, a potentiostat is used to hold the electrode 
potential at -700 mV vs the saturated calomel refer- 
ence electrode (S.C.E.). If tlie potentiostat is set a t  
+300 mV vs S.C.E., any oxygen present will not be 
reduced; but if chloride ion is present, the following 
oxidation reaction will take place on the silver: Ag + 
C1- = AgCl + e-. As in the oxygen monitor, the current 
required for this reaction will be directly proportional 
to the concentration of the chloride ion. This concen- 
tration may therefore be determined by passing the 
unknown solution through the packed bed at a known 
flow rate. ‘I’he concentration is then calculated by use 
of the relation’ C = I/tzFU. At other potentials, it may 
be possible to determine other solution species. For 
example, Pig. 6.35 shows the determination of bromide 
ion with a packed bed of silver maintained at +150 mV 
vs S.C.E. ‘Thus, the use of porous or packed-bed 
electrodes at controlled potential is a simple and general 
method for the quantitative monitoring of electroactive 
solution species. 

.......... ~ 

1.  R. E. Meyer, F. A. Posey, and P. M. Lank, “An 
Electrochemical Method for Monitoring the Oxygen Content of 
Aqueous Stxeams at the Part-per-Billion Level,” the preceding 
contribution, this report. 

DIRECT ELECTROCHEMICAL PRETREATMENT 
OF WATERS FOR HARDNESS AND pH CONTROL’ 

A. A. Palko R. E. Meyer 
F. A. Posey 

Previously we described the operation of a prototype 
electrochemical cell for simultaneous removal of bicar- 
bonate from and acidification of seawater.2 The cell 
used a high-efficiency suspension electrode for the 
anode, in which a suspension of palladium black 
catalyst particles was forced to impinge upon an array 
of charging electrodes. The cathode consisted of an 
array of stainless steel rods, which were kept clean of 
precipitated CaC03 and Mg(OH)2 from the synthetic 
seawater feed, thus allowing continuous, efficient ope- 
ration of the cathode reaction. In addition, the cell 
could optionally be operated with feedback of hydro- 
gen produced by the cathode reaction into the suspen- 
sion anode assembly, thus allowing operation at greatly 
reduced cell voltages. 

Studies during the past year have emphasized the 
direct electrochemical treatment of artificial seawater 
by investigating a number of alternative modes of 
operation of the cell with several electrode configura- 
tions over a reasonably wide range of power input and 
solution feed throughput. Such studies have demon- 
strated that the techniques have potential applicability to 
a much wider range of waters, especially brackish 
waters. 

In one series of measurements, carried out with a 
solid, uncatalyzed graphite anode, decarbonated, acid- 
ified seawater (pH - 2) was produced with a power 
requirement of about 1 kWhr per 1000 gal. This 
product could be used for acidification pretreatment of 
much larger volumes of seawater, in a manner similar to 
conventional sulfuric acid injection pretreatment of 
seawater, for decarbonation prior to distillation. Use of 
appropriately catalyzed anode structures and/or the 
hydrogen cycle studied previously would allow opera- 
tion at lower power consumption. 

Other experiments were carried out with a catalyzed 
porous graphite anode assembly, with and without use 
of ion exchange nienibrane separators, to  establish the 
feasibility and power requirements of direct electro- 
chemical removal of substances (in addition to bicar- 
bonate) which are contained in seawater and typical 
brackish water. Injection of C 0 2  into the cathode loop 
removed essentially all the calcium ions from synthetic 
seawater with a power input of about 20 kWhr per 
1000 gal. More extensive electrolytic pretreatment 
removed essentially all calcium and magnesium ions 
from incoming seawater at a power consumption of 
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about 60 kWhr per 1000 gal. Power requirements could 
be reduced considerably if a cell operating on a 
hydrogen cycle could be developed, so that the anode 
reaction could be oxidalion o f  hydrogen to hydiogn 
ions, instead of oxidation of chloride ions to chlorine. 
Power ieqmreinen t s  for direct electrolytic pre t re atmen 1 
o f  brackish waters for removal o f  calcium and magne- 
sium ions are, of course, much Less and may be quite 
competitive with more conventional pretreatment 
me tho ds . 

These studies have led to  development of a cell to  be 
used as part of a process for pretreatment of btackisli 
water before desalination by hyperf i l t ra t i~n.~ In future 
studies we plan tu attempt further development of a 
direct electrolytic pretreatment cell based on the 
hydrogen cycle, in order to allow operation at the 
smallest possible power cotisumption ; the cell may be 
used for generation of acid or base or to remove 
tiardness f r o m  feedwaters. 

1. Research carried out under the OKNL-NSF Environmental 
Program, sponsored by NSF-RANN, urrder Union Carbidc 
Corporation’s Contract with the iJ.S. Atomic Et~ergy Conimiy- 
ion .  

2. A. A. Palko, K. E. Meyer, and F. A. Posey, Chenz. niv. 
ilrzwu. Pvoyv. Rep. May 20, 1971, OKNL-4706, p. 18 1. 

3. E:. A .  Posey and R. E. Meyer, “‘Ele.ctrochcmical Cell lor 
Generation of Basc,” the following contribution, this report. 

ELECTROCHEMICAL CELL FOR 
GENERATION OF RASE 

F. A Posey K. E. hleyer 

As an outgrowfh o f  work oti direct electrochemical 
pretreatnient of waters,’ a compact, IigIltwcight cell for 
productrm of base was de?i<qed and constructed. An 
economical method for on-site production of base from 
the streams to be treated would be itseful in a vaiiety uf 
applications, such as water softening arid pollutiun 
abatement of contaminated streams. The cell is con- 
structed from Lucite, with stainless steel cathodes and 
platinized titanium anodes (worlung surface area ;3bout 
12 ft2), and makes use of porous Teflon membrane 
separators backed by porous polyethylene sheet and 
nylon screen supports. 

The unit is to be field-tested as part of a process for 
pie treatment of brackish water during hyper’filtration 
iests at Roswell, Ncw Rlexmx2 In operation, the cell is 
to supply approximately 40 gd/day of ca L /cI NaOII 
tor pretreatment of ca. 2000 &day of brackish water. 

An anode loop is to be operated 011 brine made up h r t i  

hyperfiltration-treated water and rock salt, while the 
base stream from a cathode loop will be used, together 
with C 0 2  injection, to precipitate calcium and magne- 
sium ions in the incroming brackish water as CaCO:, and  
h4g(OI-I)2. Pretreated water will subsequently be reacid- 
ified to ai optimum pH for hyperfiltration. 

.... . . . . . . . .. . . . . . . . . . .- 

1. A. A. P&o, R. E. Meyer, and F .  A. Posey, “Direct 
Electsochemical Pretreatment of’ Waters for Hardness and pH 
Control,” the preceding contribution, this r6port. 

2. Engineering studies on hyperfiltra tion of brackish waters 
wried  out in the Water Keuearch Program by D. C .  Thomas, 
Reactor Division, in collaboration with J. S .  Johnson, Jr . ,  
Chemistry Division. 

ELbCTROCHEMICAL DEMONSTRATION UNIT 
FOR COPPER REMOVAL FROM 

DISTILLATION PLANT SLOWI>QWN1 

F. A. Posey 

The copprr cot1 tmt of i ypical disfillation plant 
blowdown streams is usually m the range of several 
tenths o f  B pal t per rtullion (ppm) and is a consequence 
of normally occurring corrosion o f  Cu-Na alloy tubing 
used in the heat-exchanger secttotis OF the plarits. 
Dissolved copper at this level m brine streams is of 
concern because of its likety toxic etfect on sea life near 
brine outfrills (irornial copper content of seawater 111 

open ocean is about 0.003 ppm). Up until now, there 
have exisied i io proven, ecoIioinicd rile1 hods for rernov- 
iiig heavy-metal ions, especially copper. from distilla- 
hon plant blowdown strexm. Mosl proposed rnethuds 
f o r  copper rernov:ii would rc?cpire the addition of 
various resgents and conventional chemical operations 
or would (le perid upon use of ion euctiarkge techniques. 
Earlier studies2 on  the properties of porous eleLtiodes 
had showin that reducible he.ivy-ineta1 ions may be 
removed fioni flowing streams very efficiently b y  
appropriately designed and operatcd electrodes hav~ng a 
sufficiently latge raho o f  rr,ictrve surface x e d  t o  
solution volume. 

Accordmgly, an elcctiocheniical denionstlation unit 
for copper ternoval from brine streams has been 
designed, constructed, and tested. The prototype unit, 
having a cross-sectional dred of 1 t t2 ,  has successfully 
treated 7 25 gprn (10,000 36,000 @/day) of blow- 
down obtainzd from the Office of S;iIine Water rest site 
at Wrigittsville Reach, North Cardma. Irr spite of some 
unavoidable ~ionuni formily of flow dLstnbution wittiin 
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the prototype cell, the unit removed 97% of the 
dissolved copper at 10,000 gal day-' ft-* and 85% at 
36,000 gal day-' ft-'. 1'ower requirerneflts are almost 

1. Research carried out in collaboration with S. A. Reed, 
Reactor Chemistry Dinsion. Research sponsored by the Distilla- 
tion Division. Office of Saline Water, 1J.S. Department of the 

negligible at the copper concentration levels expected 
for typical distillation plant brines; removal of 1 ppm of 
dissolved cupric ions at a voltage of 2.5 v requires 

be further tested for an extended period on bine 
blowdown at the Office of Saline Water's Freeport, 
Texas, test bed site. 

Interior, under Union Carbide Corporation's contract with the 
U.S. Atomic Energy Conmission. 

2. Research originally sponsored by the Research Divisio% 
Off-ice of Saline Water, U.S. Department of the Interior, and 
later carried out  under the ORNL-NSF Environmental Program, 
sponsored by NSF-RANN; research under both sponsors was 
possible under Union Carbide Corporation's contract with the 
US. Atomic Energy Commission. 

Only about kWhr per  'Oo0 gal. unit is to 



7. Chemical Physics 

NEUTRON AND X-RAY DIFFRACTION 

HYDROGEN ISOTOPE PARTITIONING IN A 
CRYSTAL CONTAINING BOTH SHORT 

AND LONG HYDROGEN BONDS 

C. IS Johnson 6. D. Bninton' 

Our initial reason for undertaking a neutron &ffrac- 
l i m  crystal-structure analysis of the P4,/rz phase of the 
compound YH5 Oz(Cz 04)2 *H, 0 was to establish the 
geometiical cotiforrnation of the diaqudted p i o t w  
(H,O H-OH,)+ which had been postulated for this 
crystal from pievious x-lay diffraction ) 3  

Hydiogeti a t o m  were not found by the x-ray studies 
because of the picsence of the heavy yttriurn atom 
which dominates the x-ray scattering. A set of 3371 

neutron data was collected at 25°C from a nondeu- 
terated crystal (ii = 8.696 8, c = 12.824 A), and a 
siinilar set was collected from a crystd (II = 8.699 A, C- 

= 12.8 18 A) containing 92% deutenum. Refinement o f  
the two structures produced values oi' rhe discrepancy 
index R(F2) o f  4 7070 and 4.06% respectively. All data 
were included in the refinements. Figure 7.1 shows 
dutarices and angles i'or the deuterated ion D5 O2 +. The 
short, centered hydrogen bond IS 0.029 A shorter in  {tie 
nvtideuteiated furtii, but the other hydrogen bond 
lengths are nearly the same in both crystals.4 In 
addition, we found that the deuteiium fractions at the 
foui different hydrogen atom sites of the 92% deu- 
leraled crystal were not identical and that the protium 
isotope seem to concentrate in the short, centeied 
hydrogen bond.' To determine the pai titiotiirig more 

rcA ORNL-CWG 72-37200 

Pig. 7.1. Portions of the yttrium hydrogen oxalate txihydrate structure viewed nearly parallel to [Ool]. ?he [ 1101 axis exterids 
to the right. !a) The DsO; ion and its environment. The atom D I  is on a twofold rotation axis. (b) Coordination pattern around the 
ytti.iuin atom. 'The ninth atom in the coordination is an oxygen atom 0 6  above the yt tnum atom and is not shown. The atoms Y and 
0 6  are on a 4, screw axis. 
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precisely, we collected still another set of neutron 
diffraction data at 25°C from a crystal containing 52% 
deuterium. 'l'he deuterium fractions found are 0.376(8) 
in H, , 0.541(6) in Hz , 0.53q6)  in I-I,, and 0.553(6) in 
II4 (see Fig. 7.1). The differences in isotope concentra- 
tion between the very short hydrogen bond containing 
H, and the others are highly significant. 

Hydrogen atoms bound as in this compound are 
readily exchangeable in aqueous solution and might also 
be labile in the crystal if, for example, the eqiilibriuni 
H5Q2+ H 2 Q  + H,O+ occurs with an accompanying 
threefold rotation of the H3 0' ion.6 There should then 
be a temperature dependence for the isotope parti- 
tioning. To test this hypothesis, we collected two 
additional complete neutron data sets from the 52% 
deuterated crystal at temperatures of - 1  55 and 60°C. 
'The experimental results given in Table 7.1 clearly 
demonstrate that equilibrium was not obtained at 
-155°C and suggest that 60°C was not high enough to  
produce a significant change from the results at 25°C. 
Our basic premise is that the isotope fractionation is at 
equilibrium at the temperature of crystallization, which 
was 90°C. Since the crystals were grown slowly from a 
large volume of solution, this premise seems reasonable. 

For simple molecules in the gas and liquid states, 
equilibrium isotope effects often can be calculated 
quite accurately from theoretical considerations. Such 
calculations can bc applied to the solid-state equi- 
librium problem described above. 'The fundamental 
equation on which the analysis depends is the usual 
partition-function-ratio equation for internal-molecular 
harmonic vibration: 

In the present case, the product with running index i is 
over all normal modes of vibration which contribute to 
the displacement of hydrogen atoms in the molecule. 
The normal-mode frequencies for the nondeuterated 
isomer and a particular deuterated isomer designated h 
are uo and ub respectively. The symbols Qb and Q, 
represent the quantum mechanical Boltzman partition 
function for species b and 0. The remaining symbols 
hzve their normal chemical significance. 

The deuterium fraction fk at atomic site k in thc 
crystal is obtained by summing the mole fractions [ A b ]  
of all species b with deuterium in the kth position. The 
mole fraction for any species b is related to the 
partition function ratio [i.e., Eq. ( I ) ]  by the expression 

where tn is the number of deuterium atoms in species b. 
The ratio paianieter r is the positive root of the 
following polynomial in R, 

and the constant K is given by 

( 3 )  

(4) 

'The second summations in Eqs. (3) and (4) are over all 
species b with a total of j deuterium atoms in the n 
possible sites, and the symbol P in Eq. (3) represents 
the overall deuterium fi-action in the crystal. Equations 
(2)--(4) were derived by W. R. Busing from considera- 
tions of chemical equilibria. 

'The rotation and translation components of the 
gas-phase partition function are inappropriate for 
crystal-phase calculations; however, if the latticc-vibra- 

Table 7.1. Observed and calculated deuterium1 fractions for YH502(C204)2 -1-120 

Observed values based on neutron scattering factors 11, . 0.374; D, i0.667. Calculated values based on 
spcctroscopic normal coordinate analyses by J. B.  Bates and L. M. Toth (H502+: 15 interiial 
frequencies, 32 isomers; 112 0 :  3 internal frequencies, 4 isomers). 

~ 

60" C 
~- 

25" C 
-. 

--155"C 
... ...... ........ ......... 

H i  1-12 H, H4 H i  H2 H3 H4 €41 H2 I13 H4 
................... ...... .... 

Observed 0.36 0.54 0.54 0.55 0.38 0.54 0.53 0.55 0.39 0.53 0.53 0.54 
Modcl 1 0.15 0.58 0.61 0.56 0.37 0.55 0.56 0.52 0.39 0.55 0.56 0.52 
Model 2 0.91 0.35 0.34 0.68 0.72 0.44 0.44 0.58 0.70 0.45 0.45 0.57 
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tion contributions can be expressed adequately as those 
due to small-arnplitude rigid-body libriltions a11d tlans- 
lations, the rigid-body frequencies call sirnply be added 
to the list of internal frequencles used for Eg (1 ). 

A spectroscopic normal-coordinate analysis of the 
1I5O2 ’ ion in the crystal was uridertaken by J. B. Bates 
(Director’s Division) and M. R. Toth (Reactor 
Chemistry Division). Unfortunately, the characteristic 
Ranian and infraietl spectra for the ion appear as 
diffuse bands and consequently are difficult to assign. 
Never theless, two dfferent force constalt models 
reasonably compatible with the observed spectra were 
derived, and internal frequencies for e x h  of the 32 
isomers were calculated by Bates and Toth. Uslng these 

calculated fiequencies and Eqs. (1) (4), we derived the 
deuterium fractions shown 111 Tdble 7.1. These results 
Illustrate that the deuterium fraciionation IS quite 
setisitive to  the model used. The valucs are preliminary 
aud may chang considera1)ly when the rigid-body 
libration frequencies are derived and included in the 
calcnlaiions. 

Two other unusual physical phenorrlena besides the 
isotope effects weIe found during the studics. A rapld, 
reversible, order-disorder phase transltion occurs at SO 
to SO”C, transforming Ibe structure from one in space 
group 1’4,ln to one in P4/n with the c -11x1s half as long. 
The progress of the transformalion was iecorded by 
monitoring the disappearance of the I-odd 3 I1 reflec- 

Pig. 7.2. Stereoscopic d r a m g  showing the disordered Iugh-temperature structure with space-group symmetry IJ4/n. The two 
configurations of I-1502’ ions shuwn are related by a fourfold rotary inversion. 

Rg. 7.3. Stereoscopic drawing showing the “inversion” disordered HsO; ions. The mnor Lontlguratlon IS related to the ~ J O E  

Lonliguratlon by a noncrybtallographlc dppTOXlmale twofold rotatlon &out m axis In the x-y plane 

...... .............. .................................... . . . . . . . . . . . . . . .  - 
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tion with increasing temperature. Figure 7.2 shows the 
disordered phase at 60°C. There is also a separate 
temperature-dependent disordering phenomenon in 
which each half of the ion undergoes an ^'inversion" 
resembling that which occurs in ammonia, while main- 
taining the same hydrogen bonds. The resulting con- 
figuration is well represented by a twofold rotation 
about a noncrystallogaphic axis in the x-y plane. 
Figure 7.3 illustrates this disorder. We find 12% 
"inverted form" at  60"C, 8% at 25"C, and none at 

~ 155°C. 

1. Reactor Chemistry Division. 
2. 14. Steinfink and G.  D. Brunton, Inorg. Chem. 9, 2112 

(1970). 
3. R. R. Ryan and K. A. Penneman, Ijiorg. Chenr. PO, 2637 

(1971). 
4. The paper by R. G .  DslapIane and J. A. Ibers, Acta 

Crystallog., Sect. B 25,  2423 (1969) suggesting that all 
hydrogcn bonds are increascd significantly in length on deutera- 
tion is not supported by the present findings. 
5. An unequal distribution of hydrogcn isotopes was previ- 

ously noted for a-oxalic acid dihydrate by P. Coppens in 
Thermal Neutron Diffraction, B. T. M. Willis, ed., p. 82, Oxford 
Press, 1970. 

6 .  An NMR study on crystals of chloroauric acid tetrahydrate 
suggests that this process dces occur. D. E. O'ReiIly, E. M. 
Peterson, C. E. Schcie, and J .  M .  Williams, J.  Chern. Phyr, in 
press. 

7. See R. L. Schowen, Progr. Phys. Oig. Chein. 9, 275 (1972) 
and references quoted thercin. 

THE TRI-AQIJATED HYDROGEN ION 1-170;. 
A NEUTRON DIFFRACTION STUDY OF 

SULFOSALICYCLIC ACID TRIHYDRATE' 

J.  M. Williams' S. W. Peterson* 
13. A. Levy 

A rccent x-ray diffraction study3 of sulfosalicylic acid 
triliydrate, C 6  H3 (COOH)(OI-i)(SO, €1)- 311z 0: indicated 
the existence in this crystal of a hydrogen ion closely 
associated with three water molecules. Since the x-ray 
study did not yield precise locations for the hydrogen 
atoms involved, and proper interpretation of the nature 
of the species depends critically on the 0 -H  separations, 
the present neutron diffraction study was undertaken. 

'I'he crystal is orthorhombic, space group Pbm, with Q 

7 6.646(1), b = 24.507(5), c = 13.874(3) A, and .Z = 8. 
Complete neutron diffraction data, numbering 2696 
symmetry-independent reflections, were measured at 
the HFIR automatic diffractometer to  sin 8/h  = 
0.66,4-'. A refinement by the Fourier and least-squares 
methods of a scale multiplier, atomic positions param- 
eters, anisotropic temperature factors, and isotropic 

ORNL-DWG. 72-5515 

OW2 - H I  2- OW1 = 176.9" 
H 3 2 - O W 3 -  H13=130.8° 
H31-OW3- ti13 = 113.7" 

110.2" flC1 

1-131 -- OW3 = 0.943 
H32- OW3 = 0.959 

Fig. 7.4. Bond angles and bond lengths of the dhquo- 
oxonium ion. The standard deviations are in units of the last 
given decimal place. 

extinctiori coefficients yielded the weighted discrep- 
ancy index value X(wP') = 0.055. 

The resulting structure confirms the main conclusions 
of the x-ray study3 and in addition furnishes a precise 
description of the tri-aquated hydrogen ion 117 0; 
shown in Fig. 7.4. This species contains a central group 
H30' in which hydrogen atoms surround the oxygen 
atom pyramidally at distances 0.990, 1.018, and 1.095 
'8; to  it are hydrogen-bonded the other two water 
molecules, one ai  the exceptionally short O.-O distance 
of 2.436 a and the other at 2.519 8. I t  is of special 
interest that the hydrogen atom of the short hydrogen 
bond is not centered: the 0-El distances are 1 .OY5 and 
1.342 '9. The species is thus appropriately described by 
the name diaquooxonium. All peripheral hydrogen 
atoms of the species are involved in hydrogen bonds to  
carboxyl, hydroxyl, or sulfonate groups. 
_I... 

1. Cooperative research with Argonnc National Laboratory. 
2. Chemistry Division, Argonne National Lahoratory. 
3.  D. Mootz and J.  Fayos, Acto Crystallog., Sect. B 26, 2046 

(1970). 

NEUTRON DIFFRACTION STUDY OF 
LITHIUM HYDROXIDE MONOHYDRATE 

P. A. Agron W. R. Busing 
H. A. Levy 

X-ray diffraction studies of lithium hydroxide mono- 
hydrate'-3 established the general nature of the struc- 
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tiire as consisting of Li+ ions coordinated into chains by 
OH'. ions and water molecules and ftirther hydrogen 
bonded into a three-dimer1sion:il network. In the latest 
of lhese studies,3 which was concurrent with the 
presciit work, the arrangement of hydrogen atoms was 
also disclosed. For an understanding of the structural 
chemistry of the hydroxide ion in an environment of 
both cations and water molecules, i.he liyclrogcn posi- 
tions milst be h i o w n  with precision. For this purpose, 
the neutron diffraction study here reported was under- 
taken. 

Our interest in LiOtI-Ef20 begari in 1956, when a 
two-djrnensional set of neutron intensity data was 
measured. Because the crystal specimens available wzre 
all highly perfect, the data proved to be so severely 
affected by extinction as to be incapable of yielding a 
satisfactory refined structure with analytical methods 
the11 available. Since recent theoretical advances4 have 
greatly increased the tractable range of extinction- 
;iffected data, a new examinatiorr o f  lhe problem 
becsnie appropriate. 

Single-crystal specirnens of UOH.H2 0 were grown by 
slow evaporation of a saturated aqueous solution over 
solid potassium hydroxide. The space group was con- 
Iirrned to be C2/m with Z = 4. The unit cell parameters 
were determined froin Cu Kal  x-ray diffractometer 
sttiligs (A = 1.5405 I) o f  13 high-angle Bragg reflections 
to be IZ = 7.41 53(2), b = 8.3054(2), c = 3.1950(1) A ,  f i  
= 110.107(4)". lntensities o f  a set of 680 reflections 
covering two asynime tric quadrants o f  reciprocal space 
were measured wit11 the HFIK automatic neutron 

ractometer. Corrections for absorption were made 
i n  ihe usual way. liefinemerit by the method of  least 
squares of a scale tnultiplier, atomic position and 
anisoiropic thermal parameters, and anisotropic extinc- 
tion coefficients5 o f  type I yielded a final discrepancy 
index R(F) = 0.045. Fifty-two reflections having 
extinction corrections more severe tliati 0. I were 
deerned to be inadequately corrected arid were omitted 
from the refinement. 

Figure 7.5 shows a drawing of the unit cell of the 
structure. The arrangemerl t may be visu;ilized as built o f  
pairs o f  Ld" ions bridged by oxygen atoms of OH-' ions 
into equilateral parallelogranis; parallel strings of these 
rhombuses are bridged between Li' ions with oxygen 
atoms of water niolecules, as illustrated in Fig. 7.6. 
These strings are Purther linked into 3 lltree-dimensional 
network by hydrogen bonding between water rnolecules 
of one string and hydroxyl ions of another. Each string 
cot) t.ains a mirror plane of symmetry in which the OH- 
ions lie and alternate two-fold rotors or1 which Id+ and 
oxygen atonis of I-I,O respectively lie. Thus all a t o m  

are in special positions of the qpce group except thc 
hydrogen atoms of the water molecules, which are in  
general positions. 

The coordinatiuii about di+ (2C)H- and 2HZ 0) IS that 
of a tetrahedron with angles and tlistnnces shown in the 
iigires. The hydroxyl ion is coordinated by two lithium 

OFINL-DWG. 72-2925 

b 

1 

Fig. 7.5. Drawing of the unit cell of LiOH-H20. ?'lie 
surroundings of the hydroxyl ion ax indicated by light lines. 
Interatomic distanms and bond angles are shown. 

ORNL- DWG. 72-2324  

Piy 7.6. Drawing illustrating the bridging of pairs of IrOH 
neucCJ units lnto strings. Dlrtanceb *nd bond angleb in the 
coordmation b h e l l b  of LI', OH-, and H 2 0  are hown.  
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Table 7.2. Atomic coordinates and root-mean-square thermal displacements in K.iOH *H2 0 
..... ................... 

Principal rms Fractional coordinates 
................... displacements (A) 

. 

X Y Z (1) (2) (3) 

Li 0 

O(1) 0.2858(2) 
[0.2857(5) 

O(2) 0 

H(1) 0.2657(4) 
[0.237(21) 

H(2) 0.1121(3) 
[0.107(12) 

0.3480(5) 
[0.3474(1 l)] 

0 

0.2068(2) 
[ 0.2066 (4)] 

0 

0.1330(2) 
0.1 18( 10) 

0.5 0.091 0.128 0.143 

0.3955(5) 0.088 0.104 0.148 
0.3 95 2( 12)] 

0 0.095 0.107 0.146 

0.6740(11) 0.169 0.179 0.193 
0.631(61)] 

0.1399(7) 0.146 0.154 0.179 
0.004(38)] 

Note: X-ray valucs from ref. 3 are given in square brackets. @(I) and II(1) form the 
hydroxide ion; O(2) and H(2) the water rnolecirle. 

Table 7.3. Distances and bond angles in LiOIi ,1120 

Lithium coordination polyhedron 
Li-O(1) 
I,i-0(2) 

Hydroxyl ion 
O(1) -I1(1) 

Water molecule 
O(2) H(2) 
H(2)-0(2)-H(2) 

Hydrogen bond 
0(2)-H(2)...0( 1) 
0(2)-0(1) 
H(2)-0(1) 

1.966(3) A 
1.982(3) 

0.952(3) 

1.006(2) 
1.04.8 (2)" 

174.5 (2)" 
2.683(1) A 
1.680(2) 

ions and two hydrogen atoms from different water 
molecules, forming a flat trapezoidal pyramid which 
may be seen in Fig. 7.5. The oxygcn atom of the water 
molecule has a nearly regular tetrahedral coordination 
of two Li' and its own two hydrogen atoms. 'The 
11-0-13 angle in the water molecule i s  104.8", close to  
the gas-phase value. 

Atomic coordinates and thermal parameters are listed 
in Table 7.2 and are compared with those determined in 
the most recent x-ray s t i ~ d y . ~  'The agreement with the 
x-ray study i s  satisfactory except for the z coordinate 
of H(2), for which the x-ray study yielded a value 
grossly in error. Some interatomic distances and bond 
angles are listed in Table 7.3; no corrections for thermal 
notion were made. 
- ............................ _ _ ~  

1 .  R. Pepinsky,Phys. Rev. 55, 1115 (1939). 
2. H. Rabaud and R. Gay, Bull. Soc. Fr. Mineral, Cririollogr. 

80, 166 (1957). 

3. N. W. Alcock, Acta Crystallog., Sect. R 27, 1682 (1971). 
4. W. H. Zachariasen, Acta Crystallng, 16, 1139 (1963); 23, 

5. P. Coppens and W. C. Hamilton, Acta Crvstallogr., Sect. A 
558 (1967). 

26, 71 (1970). 

NONYLANAEPITY OF HYDROXAMIC ACIDS. 
A NEUTRON DIFFRACTION STUDY 

OF HYDROXYUREA 

W. E. Thiessen 11. A. Levy 
R.  P). Flaig' 

Although substituted amides arc generally considered 
to be planar, accurate knowle4ge of the molecular 
geometry of those with electronegative substituents at 
nitrogen is sparse. Such knowledge is needed, since the 
structure-dependent ionization of the N-0 bond in 
hytiroxarnic acids and their esters is a crucial step in 
their carcinogenic action.2 Last year3 it was shown that 
the surroundings of the hydroxamic acid nitrogen atom 
in 3-hydroxyxanthine, a potent tumor-inducing chcrn- 
ical agent, were definitely pyramidal. While the explana- 
tion offered in that report w a s  in terms of molecular 
bonding, it is also possible to explain the effect in terms 
of hydrogen bonding in the crystal of 3-hydroxy- 
xanthine dihydrate 

Previous x-ray studies4 ,' had revealed the positions of 
the nonhydrogen atoms in the simpler hydroxamic acid 
hydroxyiurea, 112 NCONBOH, and made it seem likely 
that accurate knowledge of hydrogen atom positions, 
potentially obtainable from a neutron diffraction study, 
could decide between the alternative explanations. 
Accordingly, a suitable 20.8-mg crystal grown from 
aqueous solution was selected for intensity measure- 
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Atom Distance 
-. .. . . . . . ... 

CI - -  0.005 
N2 0.002 
N3 0.002 
0 4  0.002 

.- 

tnetits on the Oak Ridge cornptiter-cor~trc,Ilztl ncutron 
ditfractoniete~ at the High Flux Isotope Keactoi. 

Intetisity rneasureriiciitb weie car net1 out 011 1995 
reflections in two c1~1adrants below d B r a g  angle of 
130" at a neutron wavelength of 1.25 a. The 1000 
independent htructure factor inapitudes thus uhtdined 
were phased frotn the nonhydrogen atorn positions 
gven by Bernian and k n i '  to yield a Founei synthesis 
whch uidicaled all hydrogen atotn positions. Full- 
matnx least-fqunres retlnemetit including an estiiiction 
coirection led everitually to a conventional R(F) of  
0.0407 or1 the 1955 reflections whose extinction 
corrections weie no gieater than a Factor of 2 5. 
Th\tances a i d  mngles of the refined rnoclel are given in 
b1g. 7.7. crystslline hydroxyurea. 

In contradistinction to  the 3-hydi oxyxanthine case 
lhe hydroxamic acid oxygen atom lies approximately 111 

big. 7.8. Stereoscopic view of the molecular pac-king MI 

the plane of the rcst of the nvtitiydrogen atoms 7'able 
7.4 shows the distance of' all atoms from t h i s  planc. 'The 
N3 116: bond makes an angle of 15" wth the plane, 
while the N 0 bond in 3-hydio.uyxarithine is only 8" 

out ot the plane of the aioniatic rings. A s  can be seen 
from the paLkrrig diagram (Fig. 7 8) ,  the rriotlerdte 
devlalions of f16 and 117 from the pldnt: can be 
zxplairied by observing that thcy form shorter, 
straighter hydrogen bonds to cat bonyl oxygen 111 other 
molecules than they would i f  rnovetl toward the plane, 
kecpirig the same bond distance and the same bond 
angles projected onto the best plane. 

The largei deviation o f  HS fioni tile plane cannot be 
explained 311 1 t us  way. Indeed, r f  H8 IS allowed to move 
toward the plane under the constrants descnbed above, 
a position is found m wtiich its hydrogen bond hecumes 
shoiter ;md stiaigtiter fharn 11 was originally, showing 
h i t  hydiogen bonding in the hydroxyurea crystal IS 

tending to decrease the pyraruidal ctiaractei of hy- 
droxamic nitrogen compared with that chdracteristic o f  
the isolaled molecule. Wr there f'we conclude that 

Pig. 7,7. Atom-number s c h e m  bond leI%'tl1s (a), pyrdmidahty about hydroxariiic nitrogen IS a true 
rnolecuhr effect atid IS to be gerierally expected in 
hydroxamic acid derivdtives. 

ONNI -Dwc .  r>-sw4 

valence angles (de& in the hydroxyurea molecule. 

_ _ I _ _ _ . ~  
Trainee from Mooxhead St:ite College, Moorhcad, Minu., 1971. 
2. C. Strilucr and G. B. Brown, Science 167, 1622 (i970). 
3. W. E. Thiesscn, Cl?r<m. Drv. Aiuzu. Pi-ogr.. Rep. M U ~  20, 

4. I .  K. L m e n  arid B. Jerslev, Aciu Chem. Srund. 20, 987 

5. 1-1. Herman and S. 11. Kim,  Acia CPystdoKr. 23, I80 

Atom 1)istance 
.. . . . .. . .. .. . 

0.5 -4.035 
0.114 1971, O K N L - ~ ' ~ ,  p. 185. k16 

1-17 ---0.03.5 
1-18 ..0.234 (1946). 

H9 0.874 
i (1967). 

.- 
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SUCROSE: FURTHER REFINEMENT OF 

FROM NEUIRON DATA 

G. M. Brown H. A. Levy 

In 1963 at the time of our original reports',' on the 
structure of sucrose (C, H2 0, , ) as determined by 
neutron crystal-structure analysis, we had not reached 
complete convergence in least-squares refinement. ?'he 
structure parameters had to be refined in blocks 
because of the limited core storage of the computer 
used, and the least-squares program had no provision 
for correcting the observations for the effects of 
extinction, as is commonly done today. We had 
attempted to minimize extinction effects by using data 
from the smaller two of three crystal specimens for the 
stronger intensities and data from the largest crystal 
only for the weaker intensities. However, although we 
regarded the atomic coordinates as reliable, we have 
been concerned reccntly about possible errors in the 
thermal parameters arising from residual effects of 
extinction. Knowing of the intent of a group of 
ciy~tallographers~ elsewhere to use our parameters in 
conjunction with their own new x-ray data to study the 
distribution of bonding electron density in the mol- 
ecule, we have now completed the refinement of the 
parameters, using our original neutron data and the 
full-matrix least-squares method, with type 1 aniso- 
tropic extinction corrections.4 

For the final refinement the data set consisted of 
2813 values of IF(hkl)l:, the observed square of the 
structure-factor magnitude, from a 96.3-mg crystal, 
1002 values from a 10.8-mg crystal, and 145 values 
from a 5.1-mg crystal, with a standard error, u(IFI'), 
for each. The standard error was computed as 

THE CRYSTAL-STRUCTURE PARAMETERS 

where [u,(lF12)] is the purely statistical variance, and 
the term (O.031F1')' is an empirical variance correction. 
The data set for the largest crystal was essentially 
complete to the value 0.761 8-' in (sin O)/A. The data 
for the three different crystals were not averaged, 
because the effects of extinction were different for the 
three. 

At convergence in least-squares refinement the values 
of the usual measures of goodness of fit were as 
follows: 0.033 for R(F), the usual discrepancy index; 
0.037 for R ( p ) ,  the index computed on the IF/' values; 
0.050 for the weighted index computed on [PI' ; 0.937 
for the standard deviation of fit. These measures of 
goodness of fit indicate a significantly better fit of 

parameters to the data than had been attained without 
the inclusion of the extinction parameters. A final 
difference map showed a maximum positive excursion 
of 0.02 and a maximum negative excursion of -0.02 in 
units of 10' ' cm-'. For comparison, the height of the 
highest positive peak in the corresponding Fourier map 
was 6.45 units [for atom C( I ) ] ,  and the depth o f  the 
deepest hole was 2.50 units [for atom H(Cl)]. The 
final coordinates and thermal parameters are given in 
Table '1.5, and the extinction paranieters are given in 
Table 7.6. 

The extinction was extraordinarily anisotropic for 
crystal 1, slightly anisotropic for crystal. 2, and essen- 
tially isotropic for crystal 3. I t  is interesting that for 
crystal 1 the principal axis of the extinction ellipsoid 
about which the angular mosaic spread is greatest is 
almost exactly along the c axis of the crystal. 'This 
seems consistent with the fact that the sucrose crystals 
show facile cleavage parallel to the (100) plane, which 
has already been explained in terms of the hydrogen 
bonding pattern established in our preliminary 
determination.' ,' In contrast, however, to the situation 
for crystal 1 ,  the smallest mosaic spread in crystal 2 is 
associated with the direction of c. The fact that crystal 
2, along with 3, had been repeatedly dipped in liquid 
nitrogen before being used in data collection, whereas 
crystal I had not, inay account for the difference. 

All bond lengths and valence angles for thc sucrose 
molecule are reported i n  Fig. 7.9, along with the torsion 
angles5 of most interest. Included in the figure are the 
standard errors of all these molecular parameters as 
calculated from the complete !east-squares covariance 
matrix. The calculated lengths and angles are based 
upon the following cell parameters determined in this 
laboratory at 21L24"C with the assistance of R. D. 
Ellison: a := 10.8633(5) A, b = 8.7050(4)a,  c = 
7.7585(4) a, = 102.945(6)" (space group P21).  No 
detailed discussion of the molecular structure is neces- 
sary, since the data in Fig. 7.9 merely confirm at a 
higher level of precision the parameters previously 
reported by us or calculated by others from parametcrs 
supplied by us. 

The abnormally low value of 0.9122(42) 8 for the 
apparent 0(4)-H(04) bond length is a consequence of 
the unirsually large amplitudes of the thermal motion of 
atom II(C4), which in turn are related to the fact that 
the O(4) hydroxyl group is not involved in hydrogen 
bonding (see below). For II(04) the principal axis of 
greatest thermal motion (rms displacement 0.432 8) is 
at 102" to the Q(4) H(O4) bond direction. The 
corrected bond length calculated according to the 
"riding" which should be a fair approximation 
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Table 7.5. Coordinates and thermal parameters, with standard errors, for the crystal structure of sucrose, all tinies 10'. 
The anisotropic temperature hctor has the form exp l h Z  - pz2k  2 - p33J2  - 2{jtzhk - 2or 3 / 1 1  - 202&Z). 

X Y 2 

299611 83 
312531 91 
28545( 9) 
37404 ( 1  0) 
35925(  9) 
45754 (11)  
10301 (10) 
1 2 4 4 6 1  8 )  

7 1 8 (  8) 
6478 t  9) 

17635(  9) 
289 21 r i o )  
17143f  9) 
22950 112) 
30801 113) 
3U88O (1 8) 
37719 (10) 
58144 1131 

3017 (12) 
21L@5(1@) 
-7367f11)  
-2123112) 
32644(73) 
33468 (201 
41 158 12 11 
18707 (20) 
4717 1 ( 2  1) 
26384 121) 
45305f32)  
43723 132) 

5199 (30) 
1947 3 124) 
-4946 (21) 

9840 (22) 
14653 (25) 
36724 1301 
2650 5 (3 1) 
27193 (26) 
23 17 5 129) 
34066 (58) 

84521 127) 
-31 00 124) 
-1672125) 
3U766 1291 

6 a i s 2 1 3 i )  

357921 0 )  
47474 (15) 
63673(15)  
67095 (15) 
55107 f16) 
57083 117) 
131 10115) 
19262 11 4 )  
19075 (15) 
16653 { 15) 
6133 (15) 
8194(17)  

34630 113) 
43550 (19) 
71770119) 
81U 12 120)  
3987M(16) 
54525121) 
23548 (20) 

9445(161 
31776 (17) 

9734(19)  
23799 (21)  
24508 127) 
46929 133) 
64476 132) 
66808 (34) 
561 29 135) 

49265 ( 4 6 )  
2238 (32) 

109@8(36) 
8843(27)  

27720 ( 27) 
-5988 (29) 

1189 (42) 
3 9 9 1 ( 4 l l  

37235f361 
76597 g 36) 
8913Ot40) 
43834 (39) 
32466 (32) 
40891 130) 
15381 (3U1 
27804 (37) 

68728 (40) 

48487 12) 
63600 12) 
56447 131 

29529 (13) 
18455 (1 4) 
54380 ( I  21 
36895 (10) 
21485111) 

12864 (12) 
4668 (1  4) 

39 165 ( 1  3) 
74766 (161 
70279 121) 
35631 (24) 
36864 f 1 5) 
28b21 (20) 
62119 (16) 
3 1572 1 3) 
20452 (161 
-890U (14 )  

40 35 (17) 
53880 I29) 
7 1  166 1.3 I) 
48969 134)  
52180133) 
20931 (321  
113445 (42) 

7 189 (39) 
52157f36)  
63300 (31) 
22996 (28)  

1551  (29) 
11.325 (321 
11947 (4%)  
-8870 (36) 
84664131) 
742551441 
4 3  250 l60)  
28663 (46)  
654 16 t35t 
17613 (35) 

-79611 (271 
140 26 t 3 5 )  

u u  198 (1  4) 

5476 r i  11 

Crystal 1 Crystal 2 

96.3 
2.965 
2.73(21) 
0.22(7) 
2.87( 10) 

0.00( 14) 
0.00(7) 

-0.14(9) 

10.8 
1.164 
0.075(15) 
0.016 
0.000(0) 

-O.O09( 10) 
0.001(6) 
0.000(S) 

811 
2?4( 6) 
3 0 4 1  61 
3 2 1 (  7) 
U 0 0 (  7 )  
3 1 4 f  7)  
5i54 8 )  
4631 8) 
3071 6) 
28AI 6 )  
354{ 6) 
3931 7) 
482C 81 
272(  7) 
488(10)  
577 (121 

1042 I171 
3 1 6 (  8) 
3 8 4 f  9) 
5031 9) 
400( 8 )  
3 3 7 t  8 )  
502 (10) 
553 1 1 1 )  
509 116) 
4 4 0  116) 
4'12L15) 
5 0 2 t 7 7 )  
492 116) 

1 1 0 1  131) 
1023 (30) 
1129f30)  
732120) 
556 (17) 
6 3 5  (18) 
846 122) 
7 4 3 f 2 4 )  

11 14 t29) 
845l23)  
88 8 f 27)  

3073 f88) 
890 (289 
R 6 3  124) 
716(24)  
8491123) 
909 (261 

r a ~ e  7.6. parameters ~ i j  for type I extinction4 in the tliree 
~ U I L T O S ~  crystals. The niaxirnum correction factor for extinction 

for each crystal i s  also shown. 
__.l_l__..____l_l_l__ll_l_ 

- Crystal 3 

5.1 
1.112 
0.059(5 8) 
0 .OS 5 (4 3 )  

0.005(7) 

0 .O 1 3 (4 0) 
--Q.020(,38) 

~ 0.000(15) 

$22 

376(  9) 
498 ( 10) 
437 (1 0)  
403(10)  
525 (1  1) 
7CY f 14) 
559(11) 
3 6 2 f  9 )  
430(  9)  
474 (1  0) 
44C(10)  
795 ( 1 4 )  
340 ( 1  0) 
749 t15)  
656 ( 1 6 )  
478(15) 
442 (121 
878 (1 9 )  

472 t12)  
602 t 13) 
836 (1  6)  
931 (1 81 
610{22) 
1125 (32)  

9U7 (30)  
11 1 M (33) 
11 35 { 3 4) 
1212  (4 1 )  
1Y3Y (57)  
800 (30)  

1337 1 3 8 )  
728 { 2 5) 
747 (25) 
610 1231 

15411491 
1451 (43)  
31253137) 
1047 (341 

695 (35)  
1052 I39) 
905 130) 
677 ( 2 6 )  

1109 (33)  
1261 (39)  

a59 ( I 55 

584  ( 1 2 )  6 f  6) 
641(13) - 4 4 (  71 
965115)  - 1 8 4  7 )  

1003(15) - 2 2 1  7)  
756114) -23 t  7) 
858(15)  -133(  9) 
517112) - 7 l (  8 )  
4 2 6 ( 1 ? )  - 6 (  6 )  
521(11)  - 3 2 (  6 )  
464(11)  -39(  71 
565112) 2 7 {  7) 
a i 4 ( 1 5 )  RI( 91 
611f13)  - 5 f  7 )  
669(16) - 6 7 ( 1 0 )  

1650 (27)  - 2 1 3 1  11) 
1629(29) 151I13)  
8 3 7 ( 1 6 )  - 1 1  8 )  

1425 ( 2 4 )  - 1 1 8  ( 1 1 )  
690116) -75 (11)  

856(17)  l Q 9 f  9) 
541(151 - 1 4 ? ( 7 0 )  
8 5 2 ( 1 9 )  - 1 Z T f l L )  

1155(331  74116) 
1 1 23  ( 36 ) - 2 'I f 1 9 )  
1749144) 59 f l 8 )  

540113) ~ 2 u (  a )  

1462 i39j  
1347f 38) 
1993(581 
1272(43) 
1425( 43)  
Y75[32) 

I I 16 r 3 2 )  
170 l ( 3 3 )  
1204 (35)  
228 11661 
I227 (39)  

9691 34) 
2232(60)  
2880 (9 1)  
2 1  21 ( 6 2 )  
1489 (42) 

729( 301 
1234 (40) 

1se9  rn31 

4 3 $2, 

- 1 8 3  i 2 0 j  
1 1  (21)  

- 1 1 ( 3 1 )  
-442  ( 3 4 )  
-345 ( 2 5 )  

145(24)  
-131 117) 

-58 r 18) 
- 7 4  (19) 
U 6 2 f 2 9 )  

- 1  16 ( 3 3 )  
-77 (26)  

-253 (25) 
367 (47) 

26627) 
- 1  3 8  (23) 

85119) 
-4 (23) 

-211(26)  287 

94 
1 3  

196 
243 
133 
307 
152 
101 
106 
107 
1 5 2  
303 

86  
LO 6 
507 
5 93 
224 
379 
314 

78 
126 

39 
259 
112 
-65 
146  
228 
-29 
607 
45q 
436 
102 
212 
27 3 
270 
466 
580 
'172 
0 32 

1812  
340 
5 0 8  
327 
05 

in this case, is 0.9892(4?) A. Thc appearanze of tlic 
stereoscopic irioIecu13r drawing or Fig 7.1 0, in wh~ch  
each atom is repiesented by its lheniial ellipsoid of 509, 
probabil~ty,~ suB:"sts that all of the appalent 0 t i  and 
C H bond lengths are signifimntly shorter than tlir 
actual inem intrratoniic separations The aveiage 
riding-model correctroo (probably an nveicoriection) is 
0.021 A for the seven 0 - H  groups exclusive of  
o(4) H, 0 032 A for the ?jx C- 13 dislarices in the 
three CH201j groups, and 0 019 A (or the other eiglil 
C fi distances. 

A desciiplwn of fhe hydrogen bonds is given in Table 
7.7, wliich iucludes data for the O(4)- 11 hydroxyl, 
though we do riot  c o n d e r  this group to be hydrogen 



124 

Pig. 7.9. Structure of the sucrose molecule: (a) bond lengths (A); (b)  selected torsion angles (deg); ( c )  valence angles (ded not 
involving C-M bondsi (d) valence angles involving C-H bonds. All lengths and angles arc uncorrected for effects of thermal motion. 
Numbers in parentheses specify the standard errors of the corresponding quantities. The two intramolecular hydrogen bonds are 
indicated. The atom labels correspond to those of Table 7.5, except that the parentheses have been omitted. 
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O R N L - D W G .  72-4352 

‘THE SUCROSE MOLECULE THE SlJCROSE MOLECULE 

Fig. 7.10. Stereoscopic View of the sucrose molecule showing the 50% probability ellipsoids. Atoms may be identified by 
reference to Fig. 7.9, in which the molecular orientation is only slightly different. 

Table 7.7. Description of the hydrogen bonds in sucrose 5. W. Klync and V. Prelog, b’xpevierztin 16, 521 (1960). 
- ........---.........__________________i __.I. 6. 5’4. R. Busing and €1. A. Levy, Aclu Cry,staCo<v. 17, 142 

llistances (A)  Anglt: (’) 
~ 

Sym. 
trans.“ o--.H H...o o...Q o - - - ~ i * ~  0~ H...O 

Intrarrrolecular 
0’(1)--H...0(2) 1,000 0.974 1.851 2.781 158.6 
O’(6)  - -I+. . .  0 ( 5 )  1,000 0.972 1.895 2.850 167.1 

In termolt-c:?ilar 
0(2)--H...0’(6) 1,001 0.972 1.892 2.855 170.2 

0(6)--H. . .0(3)  2,171 0.956 1.921 2.X3.8 162.9 
00-H-0’13)  2,001 0.959 1.907 2.862 172.8 

O‘(3)  - -  H...0’(4J 2,000 0.969 1.908 2.864 168.5 
o’(4j-I-I-c)’(L) 1 ,ooT 0.976 1.760 2.716 165.4 

fJnbonded OH 
O’(2)  1,010 2.309 2.838 1 Jb.6 

O(4) - H  O(1)  1,000 0.912 2.534 2.879 103.0 
O(6) 2,101 2.539 3.373 152.1 ___- 

“Symmetry transLonnations which generate thc coordinates 
of the acceptor oxygen atoms. The first digit represents eithcr 
(1) the position s, y ,  z or (2j the position -s, y + ‘4, -2. ‘Ihe 
last three digits specify a lattice trunslution. 

bonded. A drawing showing the hydrogen bonding has 
been published.‘ , 2  

1 .  G. M. Brown and €1. A Levy, Ch(,m Drv .4t?nrc. Jlvofl. 
Rep. May 20 3963, ORNL-3488, p. {OS. 

2. C.  M. Brown arid 11. A. Levy, Sczrnce 141, 921 (1961). 
3.  l. C. Hamon, L. c‘. Sieker, arid L. H lensen, Univcrsty of 

Wdshington, private corrimunicat~on. 
4. P, Coppen\ and W. C. Ilanulton, Acta Oystalkogr , Sect A 

26 7 1  (1970). P~l‘ronsioii for correction for  extinction by tlm 
method i s  inwiporatcd UI the current Oah Ridge least-squares 
prowdm written by W. R. Busing, I+. A. Levy, atid others 

(1964). 
7. C. X .  Jolmson, OR T U :  A Fout/a?i Thermal Ellipboid Plot 

Progratti jot Crystal Stntcture llhistrations. OKNL-3794 (2d 
rev.) (1970). 

SO1,II’I’tON OF THE CRYSTAL STKUCTUKE OF 
FLUOCINOLONE ACETONIDE, A STEROIDAL 

COMPAKYSON OF ITS MOLECULAR GEOMETRY 
WI’T’H ,4CTIVE AND INACTIVE STEROIDS 

ANTI-INFLAMMATORY AGENT, AN 1) 

W. E. Thiessen PI. A. levy 

While engaged [t i  d piolrct o f  comparing ring con- 
formtions 01 medicinally active and inactive steroids, 
A T. Christerisen of the Syntex Research Center found 
that the conventional “diiect-inetliotl” approach to 
wlvirig crystal srructures’ did not, i n  his I-idnds, 
ekucdi te  the structurc of tluocindone acetunide (I), a 
widely used anti-inflarnrriatory adxenocortical steroid 

Since we had previously carried o u t  a successful 
“I%tterson search-tangent icfiiietnent” piocedure using 
a known nioJecuki1 fragrneii t,2 arid an acciii ale tnod*L 
of part of the known molecular stnicture o f  1 was 
avdihbk f iom earlier studies, ’ Christensen kindly pro- 
vided his in  tensity data oti fluocinolonc ace1 oiiide f o r  
further expe~iniri~tatioti wilh Patterson search methods.  

‘The structurc was solved by a procedure clusely 
s ~ m i h r  t o  that outhoed for the whliori of katoiiLc acid 
aiiorri.iIou~ acetdt6 last unurig that the ten- 
atom fiagnient of 1 contdiningC1 through CO, Cq, r10, 
C I 9 ,  a i d  the oxygen aiom ,iitt;iched to C 3  ha the 
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configuration of the corresponding fragment in crystal- 
line 2-bromo-~-srnt0nin.~ After refinement of atomic 
parameters by the method of least squares, the con- 
ventional R(F) is 0.037 on 2389 reflections for which 
If12 is greater than twice the value of o(lFI'): 

A 
F F  

Since the presence of the 1 10-hydroxyl group in ring 
C is known to be intli$pensable for corticoid activity, 
we have compared the conformations of ring C in 
fluocinolone acetonide, I ,  the chemically similar but 
inactive steroid acetonide 1J: and the active non- 
acetonide We have found an important con- 
formational difference between the two active com- 
pounds on the one hand and the inactive compound on 
the other. The conformations of ring C in the three 
steroids are shown in Fig. 7.1 1. It is clear that ring C is 
buckled in the inactive compound 11, causing thc 
hydrogen atom on C8' in the inactive compound (F18' 
of Fig. 7.1 1) to be about 0.3 A hi&er than is the 
corresponding atom HS of the active compounds I and 
Hi. This difference in hydrogen positions is such as to 
suggest a blocking of access to the 110-hydroxyl 
oxygen from that direction. Since access to the 
I lp-hydroxyl group from other directions is blocked by 
the methyl groups containing C18 and C19, it seems 
reasonable that openness of the p face of ring C could 
be crucial for binding of the molecule to a biocheini- 
cally active site. 

O R N L -  DWS. 72 - 5633 

I w:, 

Fig. 7.1 1. Conformations of ring C in the steroids 1, 11, and 
L11 drawn so as to have C9, C l l ,  C12, C13, C14, and O l l p  
nearly superposed. The primed atoms and dashed lines refer to 
the inactive steroid 11, while the unprimed a t o m  and solid lim: 
refer to active steroids I and 111. 

1.  For an example, see W. E. Thiessen, Chem. Div. Annu. 

2. W. E. Thiessen and H. A. Levy, Chern. Div. Aiznu. Pro@'. 

3. P. Coggon and G. A. Sini,J. Chern. Soc. B 237 (1969). 
4. E. Thorn and A. I". Christensen, Acta Crysidlnyl-., Sect. B 

5. A. 1'. Christensen, Aeiu Crystallog., Sect. B 26, 1519 

Prog. Rep. May 20, 1970, ORNL-4581, p. 137. 

Rep. hfay 20, 1971, ORNL-4706, p. 183. 

27, 573 (1971). 

(1970). 

STRIJCTURE OF A CRYSTALLlNE ACID- 
CATALYZED CYCLIZA'TION PRODUCT 

DlTERPENE HYDROCARBON, CEMBRENE 

W. E. Thiessen 

OF THE 14-MEMBERED RING 

Certain classes of sesquiterpenoids containing two 
six-membered rings or one seven- and one five- 
membered ring are known to be formed in nature from 
ten-membered ring precursors.' ,' The structures of 
some recently discovered di- and tricyclic diterpene? 7 4  

suggest that their biogenesis proceeds through a 14- 
membered ring precursor. Diterpenes containing 14- 
membered rings have been isolated from natural 
s o ~ r c e s , ~  but there has been no report of their 
cyclization in the laboratory to polycyclic products. 
Quite recently, Dauben and OberhBnsli' have isolated a 
small amount of a crystalline cyclization product from 
the complex reaction mixture which results when 
cenibrene,6 a 14-membered ring diterpene hydrocarbon 
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Fig. 7.12. Stereoscopic drawing of the molecule (excluding hydrogen atoms) viewed approximately along b. The a axis i? 
horimntal. Atoms linked by double 'ootid, 318 connected by two h e r .  

found in Pz'rzus spp., is treatzd with perchloric acid in 
dioxane. The Kaman spectrum and NMR spectrum of 
this product indicate the presence of only two double 
botids, one te trasubs tituted and one gerriinally disubsti- 
tuted, while its isomer cembrene has one ring and four 
double bonds. The cyclization product is therefore 
tricyclic. Because of the small yield arid lack of 
functional groups, structural characterization of the 
product by chemical and spectral means would have 
been extremely difiicult, and crystal structure analysis 
seemed a more fruitful approach. 

Crystals of the cyclizalion producl are nionocliriic 
with the syinnietry of space group P21 ; the unit  cell 
containing two rnolecules has parameters a = 9.1 I lO(4)  

---0.32575(7) at 24°C. The structure was solved from 
2014 independent reflections rrieasured on the Oak 
Kidge coniputer-controlled x-ray diffractometer by the 
Patterson search procedure outlined in the 1971 re- 
~ 0 r . t . ~  The six carbon atoms of the tetrasubstituted 
double bond were selected as a known fragment in the 
Patterson search; however, the procedure actually 
yielded anotlier fragment, a tetrasubstituted ethane 
near the center of the molecule. Extension by means of 
the tangent formula of the phases calculated for 
selected reflections' developed the entire sttucture. 
After refinement o f  the :itom p:iranieters by the 
method of  least squares, the current value o f  K(Z;') is 
0.04. 

A stereoscopic view o f  the carbon skeleton of the 
cernbrene cyclization product consistent with the 
known' absolute configuration of cernbrene is shown in 
Fig. 7.12. A credible scheme for its formation via a 
dicyclic interrnediate is displayed in Fig. 7.13. To yield 
ttie stereochemical arrangenient observed in the final 
product (111), the 3,4 double bond iti the dicyclic 

A, h = 11.3870(10) A, L' = 8.9159(0) A, atld COS p = 

J 

I 

O R N L -  DWG. 72-5637 

111: 

Fig. 7.13. A two-step scheme for the acid-catalyzed cycliza- 
tion of cembrene. 

intermediate (11) musl have been cis, which in turn 
implies a cisoid relationship between the 2,3 arid 4,s 
double bonds in cernbrene (I) irriniediately before the 
initial cyclization step. This conformation of cenibiene 
is different fiom the transoid une found in crystalline 
cembrene' but can arise by a siniple rotittion about the  
3,4 single bond. It should be noted that no compound 
containing [he carbon skeletori of I11 has yet been 
found in nalure, indicating that cembrene itself is not a 
biogenetic prociirsor of any known pc)lycyclic t l i f r -  
pene. 
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PREDICTING THE 
CONFORMATION OF AN ISOLATED MOLECULE 

FROM ITS CRYSTAL STRUCTURE 

W. R. Busing W. E. Thiessen 

In earlier reports’ ,’ we described calculations of the 
miniiiiuni energy of nor-P-cubebone (N-0-C) (Fig. 7.14) 
both for the crystalline state and for the isolated 
molecule. The purpose of that work was to estimate the 
effect of crystal packing on the conformation of the 
isopropyl group. The inolecule was assumed to be 
composed of four rigid segments, and only three 
intramolecular rotations were permitted. 

We have now extended that work, assuming a 
completely flexible molecule in order to assess the 
effects of packing on the ring conformations and other 
details of the molecular geometry. The energy of either 
the isolated molecule or the crystal is assumed to have 
the form 

i j  

The first two slims are over both intermolecular and 
intramolecular nonbonded pairs and represent van der 
Waals attraction and nonbonded repulsion respectively. 
The next three sums are over bond distances ri,, bond 
angles a g k ,  and conformation angles &,k[ (for I($jjklj < 
n/3)  respectively. The final term involves ($A, the 
conformation angle between the carbonyl group and a 
bisector of the cyclopropane ring, and reflects the 
partial double-bond character of the C(4)~--C(5) bond. 

Values for 19 of the 30 parameters in this expression 
were determined from the molecular geometries and 
vibrational frequencies of ethane, propane, cyclo- 
propane, and a ~ e t o n e . ~  ‘Theoretical values were used for 
seven more constants, and the remaining four were 
determined from the packing and geometry of N-0-C. 

Starting with the experimental crystal structure4 of 
N-fi-C, the energy of the model was minimized by 
varying 114 structural parameters: the coordinates of 
the 37 atoms and the three lattice constants. ‘The 
calculation was repeated for the isolated molecule, 
varying 3 X 37 ~ 6 = 105 coordinates. 

For the comparison of molecular geometries the most 
sensitive quantities are the conformation angles about 
the carbon-carbon bonds. Some of these are listed in 
Table 7.8 for the observed crystal structure, the 
calculated cry-stal structure, and the calculated structure 
of the isolated molecule. Comparison of the first two 
columns provides a test of the model, and compat-ison 
of the last two yields a measure of the effect of 
intermolecular forces on the molecule. Root-mean- 
square differences of these angles are also included in 
the table. 

O R h L - D W G  71-5462 

Fig. 7.14. Perspective drawing of the nor-p-cubebone mole- 
cule. The carbon atoms are numbered, the single oxygen atom is 
labeled 0, and the hydrogen a t o m  are unlabeled. 



Table 7.8. Some conforination ruigtes of the nor-p-cubebone 
niolecule (deg) 

Thc angles are described in terms of the atom numbers 
in Fig. 7.14 

~. 

Observed Calculated Calculated 
(crystal) (crystal) (molecule) Angle 

Six-membered ring 
181 -6-7 

1-6-1-8 
6-7-8-9 

7-8-9-10 
8-9-10- I 
9-10-1-6 

RMS drfferencer 

Five-~nernbered ring 
5-1-2 3 
1-2-3-4 
2-3-4-5 
3-4-5-1 
4-5-1-2 

RMS ditfcrences 

ISOpTODYl .qoUJJ 
6-7-12 I 3 
6-7-12-14 
8-7-12-13 
8-1-12-14 

RMS ditierencea 

-5.5 5.4 
24.1 24.1 

- 5 3  3 -52.9 
67.3 65.1 

-45 5 -43.9 
15.3 14.5 

1.1 0.9 

14.0 6.7 
--22.3 - -  15.1 

23.0 18.5 
-14.4 -14.4 

0.0 4.4 

5.4 6.7 

-66.9 -68.8 
166.5 164.4 
58.2 57.4 

-68 4 -69.4 

1.6 1.2 

-4.8 
22.5 

-51.8 
65.3 

- -  44.1 
15.2 

-0.5 
-5.8 
10.3 

- -  10.6 
6.7 

-67.7 
165.5 
58.7 

-. 68.1 

0.00 kcol /mole --0.23 kcal /mole +0.34 kcaI/mole 
(a )  ( b )  ( c )  

Pig. 7.15. Relative stahilities of xotatioiial isomers calculated 
for the isolated molecule of nor-8-cubehone. The observed 
isomer I$ shown UI (a)  arid the two Jternativr: forms UI ib) and 
(L) 

howevei , until calculahons with an improved rnotlel are 

The energy of the isolatrd molecule wds also ininr- 
misecl for ihe two alternative iotational positions o T  the 
isopropyl group, and the calculated energy diffeienccs 
a e  shown in Fig. 7.1 5 .  These differences are smdll 
compared with RT at r w n i  ternperatwe, so that in the 
gas phase t h e  would be an appreciable fiaction of 
each isomer with toirn ( b )  predorninaiing. Foim (a) is 
stdbk in thc crystal, presumably becausc of packing 
coiiderations. Our earlier conclusion' that toitn (0) 
would be stable for the isolated rliolecuk wd5 b a e d  on 
the unrealistic a5sumption iliat thc segments of the 
isopiopyl group could be treated ds rigd 

con1pleted 

For the six-rnetnbered ring the RMS difference 
be ween the observed and calculated conformation 
angles the crystal is orily 1.1", indicating that thc 
model tepresents this ring quite satisfactorily The RMS 
difference berween the calculated angles in the crystal 
and in the isolated molecule is 0.9", so that i i i ler- 
rtolecular l'orces have little ef rect on the conformation 
of this ring. The results lead to  simihr conclusions for 
the isopropyl group. 

For the five-membered ring, however, we find the 
observed and calculated conformation angles for the 
crystal have an WIS difference of 5.4", indicating that 
the rnodel is much less satisfactory for this ring. A new 
torsional potential which ni,iy yield an improved fit 1s 
described below.' 

The five-menibered ring 3150 shows an RMS difference 
ot 6.7" between the calculated angle5 for ilie crystal 
and for the isolated molecule. This may tnem that the 
geometry of t h s  part of the molecule is appreciably 
ai'fected by internioleculai forces. In fact, the crystal 
has a short If H contact which tends to pucker the 
ring. Tlus interpretation should be regarded as tentative, 

1. W. K. Busing and W. E. Thicssen, Chelem. Div Annu. Piogu. 

2. W. R. Busing, ibid., p. 201. 
3. W. R. Busing, ibid., p. 203. 
4. W. EL 'fiiesaen, Qwn. Div. Annu. Progr. Rep.  Muy 20, 

5. W. R. Busing, "A New F'nmi for the Torsiorial J'oteritial in 

Rep.  h1a.y 20, 1971, ORNL.4706, p. 202. 

19711, ORNL-4581, p. 140. 

Molecules," thc followirig contribution, this xeport. 

A NEW FORM FOR THE TORSIONAL POTENTilAL 
IN MOLECULES 

w. 12.. Bus1ng 

A potential of  the foim 

has often been used in the sf iidy ofhindercd iotation in 
ethane-like molecules.' 9 2  Ilere 45 is a conforination 
angle ;md Yo i s  the height of the barrier to internal 
I otation. Spectroscopic md thcrimdynaniic experi- 
ments yield inforrnaiion about the shape of the 
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potential near its minima, and the barrier height is 
derived from the assumed form of the curve. 

The potential ( 1 )  is commonly used in calculations of 
the conforination of large r n o l e c u l e ~ , ~ ~ ~  but it is not 
always clear how the conformation angle q5 should be 
chosen when t he  inolecule lacks threefold symmetry 
about the bond in question. In recent work of this kind, 
Busing and Thiessen5 used a segmented cosine potential 

where the sum is over those conformation angles q5i for 
which I@il < n/3. For the torsional oscillation of ethane, 
potential (2) rcduces to form (1). (Jnfortunately this 
segmented cosine potential has discontinuous second 
derivatives which lend to difficulties in the calculation 
of some other normal modes of vibration for ethane. 

Another problem found by Busing and Thiessen5 is 
that, although potential (2) gives a good prediction of 
the conformation of a six-membcred ring which is 
relatively free of strain, it gives a poorer fit for a 
fivemembered ring which is more strained and more 
nearly planar. This implies that potential (2) may be 
approximately correct near the energy minima but 
unsatisfactory near the barrier maxima. 

A potential which seems to overcome all of these 
difficulties has the form 

v = n G(&, 6 )  , 
Z 

( 3 )  

where the summation is over all conformation angles &. 
The function 

is known as a “wrapped-up” Gaussian function, because 
the summation over ti causes the tails of the exponen- 
tial at @i f 2nn to be added to the function, thus 
eliminating dixontinuities. For ethane, potential (3) 
reduces identically to the form (1) (except for an added 
constant) as h becomes large.6 The two parameters a 
and b allow both the curvature at a potential minimum 
and the barrier height to be adjusted independently. 
‘This potential will be used in further efforts to explain 
the conformations of molecules involving five- 
nembered rings. 
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ANALYTICAL APPROXIMATION FOR ‘THE 
CRYSTALLOGRAPHIC LEAST-SQUARES M ATRlX 

C. K. Johnson 

The results of a recent survey’ of crystallographic 
computing needs and resources in the U.S. show that 
the structure-refinement step in crystal-structure analy- 
sis accounts for 80 to 90% of the computing time used 
by crystallographers. Further analysis reveals that the 
method of least squares is the principal refinement 
technique and that most of the computing time j s  spent 
building the matrix of normal equations which often 
fills the available computer memory. The question 
“How can this calculation be shortened?” is of con- 
siderable economic importance. The frequently tried 
procedure of omitting Iarge se-ments of off-diagonal 
terms usually does not reduce the overall computing 
time, because additional cycles of refinement are 
required to reach convergence. We decided to try a 
completely different approach to the problem by 
utilizing some special mathematical propeities of the 
crystallographic matrix to replace the time-consuming 
numerical summation by an equivalent analytical inte- 
gration. The following assumptions are needed to derive 
the expressions for the analytical matrix: 

1. The least-squares w e i ~ t i n g  scheme is chosen so 
that the variance of each observation is proportional 
to its magnitude. This is a correct weighting scheme for 
the idealized case where intensity background correc- 
tions are negligible. 

2.  The scattering factor product for any pair of 
atorns is approximated by a short sum of isotropic 
Gaussian functions. Analytical expressions of this type 
for individual atom scattering factors often are .used for 
crystallographic computing. 

3. The origin of the unit cell i s  on a crystallographic 
center of symmetry. This condition restricts the treat- 
ment to centrosymmetric space groups. 

By incorporating these restrictions, we can write a 
simplified equation for any element in the crystal- 
lographic matrix L .  For example, in space group Pi, the 
equation for the interaction term relating the ith 
component of the position vector x,?? for atom m and 
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the jth component (i,j = 1,2,3) of the corresponding 
vector for atom rz is 

with the tnatrix M defined as 

In these equations, K is a constant, y is an interatomic 
vector between atoms on crystallographic sites vi and ti ~ 

(1 is ;L reciprocal-lattice vector, B ,  .and /jt1 arc aniso- 
tropic temperature-factor matrices for atoms rn and rz ~ 

C i s  the metric matrix, and the scalar quantities ~ y r ,  and 
f i P  are coefficients in the Gaussian expansion of the 
scaf teririg factor product for the atom pair ~ 4 ~ 2 .  Lf 1 . 1 ~  
summation in brackets is replaced by a n  integration 
over all of reciprocal space, wc obt,ain 

The tenbor component HIJ is a second-order three- 
dinie n i o n d  [ Iermite poIync jmial.2 Corresponding [.or- 
mulations fot the position-thermal and the thermal- 
thermal interaction equations have the same form as the 
position-position equatioo shown in (31, except that the 
second-order fI,l is replaced by tlie thud- arid fourth- 
order polynomials HIJrc and [ItJkl  reqectively. 

Equation ( 3 )  represents the asymptotically limiting 
uhiation wIucli is realized only when the entire data sct 
has bcen included. A mole conimon experimeni a1 
practice IS spherical truncation of the data set at some 
iixed value of 141. When the temperature factors for the 
atoms ale isotropic and the tiuncatioii i s  sptietical., the 
finite summation over (1 i n  Eq. ( 1  ) can be replaced by 
an intcgation which has an analytical solution involving 
Zxgetidre polynoinials and m o r  functions. An exact 
solution for the general case with anisoti opic tempera- 
ture factors has been elusive, hut some success has been 
achieved with ernpirical correction t e r m  for the spher- 
ical truncation. 

Evaluation of the techuique is wider way. With 
favorable m i d i  tions (i .e ., low c1 ystallographic syni me- 
b y  and extensive tlii'liaction data), ttle computing time 
can be reduced by an order of magnitude. A novel 
application of the technique is the generation of the 
complete v~riaiice-covaiiance matrix Tor a publislied 
structure when the siructural parameten are given but 
ttie diffraction data are not The v;iri:ince-covanarice 
matrix can then be used in calculating the standard 
errors of various mathematical fuiictioris involving the 
structural parameters. 

The equations given here can also be used to establish 
ngorously the forniulism for ieporting the precision o f  
crystal-structuie para metets described last year.' 

--___ 
I. W. C. Hamilton, iritroductory remarks a t  synipusiurn 011 

Computntioml Needs and Rrisoirrces irr Crystallography, 
Albuquerque, New Mexico, April 8, 1972. 
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LIQUID WATER: ATOM-PAIR CORRELATION 
FUNCTIONS FROM NEUTRON AND X-RAY 

DIFFRACTION 

A. I-I. Narten €-I. A. Levy 

Coliereiit iieutron scattering from deuterium oxide is 
largely determined by interactions involving deuterium 
nuclei, in contrast to x-ray scattering, for which oxygen 
atom pairs are o f  overriding importance. Consequently, 
x-ray and neutron data from heavy water arc ideally 
complementary, the former disclosiog the positional 
correlation anioiig molecular centers, and the latter 
additionally disclosing orientational correlation be- 
tween molecule pairs. Earlier results2 derived from ilie 
x-ray diffraction pattern of water at  25°C hwc shown 
that positional correlation between oxygen atoms ex- 
tends out to 8 A separation. 

Neutron dj Ifraction data have been obtained with a 
ci,mputer-controlled diftrac;torneter a t tlie ORK. l'he 
results clearly indicate that orientational correlation 
be tween molecules extends only to separations of about 
5 (see Fig. 7.16). A model has been devised which 
ascribes the orientational correlation to nearest- 
neighbor niolecular pairs only, random mutual orietita- 
tion being assumed for second arid higher neighbors. 
This model adeyna tely explains the neutron diffraction 
pattern; as shown in Fig. 7.17, it consists of tetra- 
liedrally coor clina ted water in0 le cule s, e ach near- 
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Fig. 7.16. Weighted structure functions (bottom) and correla- 
tion functions (top) for QzO at 25OC. Solid curves are derived 
from neutron data. Dashed curves were calculated for the 
near-neighbor moci,~ mown in Fig. 7.17. 

ORNL-DWG, 7 i -  13781 

Fig. 7.17. Model for the average orientation of pairs of  
near-neighbor molecules in water. Large local and instantaneous 
deviations from this average configuration occur in the liquid. 

ORNL-DWG. 71-13783 
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Fig. 7.18. Atompair correlation functions for liquid water at 
25OC derived from combined x-ray and neutron scattering d ~ t n .  

neighbor pair being connected by a hydrogen bond 
which is straight on the average. 

The neutron diffraction pattern indicates that the 
geometric structure of water molecules in the liquid is 
not significantly different from that in the dilute gas. 
However, the distribution of displacements from the 
average is much broader illan in the gas, probably 
reflecting a distribution of local environments. 

Atom-pair correlation functions have been extracted 
from the combined x-ray and ncutron data (Fig. 7.18) 
and prove to be in qualitative agreement with correla- 
tion functions obtained by molecular dynamics calculn- 
ti on^.^ Thesc results are sufficiently accurate to provide 
a sensitive test for molecular theories of liquid water. 

1. Expanded abshait  of published paper A. 11. Narten, J 

2 A. H. Nrutcn and IT. A. Levy, J. Chem Phys. 55,  2263 

3. A. Rahman and F. H. Stdhnger, J. Chcm Phys. 55,  3336 

Chem. Phyx 56,5681 (1972). 

(1971). 

(1971). 

rOWARD A MOLECULAR THEORY FOR THE 
STRUC'ITJRE OF LIQUID WATER 

L. Bluni' A. H. Narten 

For many purposes, the structure of liquid water can 
bc described by a molecular pair correlation function 
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g{r,Lt), the vectoi r and thiee Euler angles dL = (cr$,y) 
specifying the inutual configuiation o f  pairs of niole- 
cules;. The function g(r,f2), not in general accessible 
from one-dimendona1 diffraction data, can be expressed 
as a series e x p s n ~ i o n . ~  From the coefficients of such .in 
exparision the atom p a r  coirelatioii furictions can be 
calculated and can be compared with those derived 
from scattering  experiment^.^ 

By mcans of g o u p  theoretical arguments, a new 
expansion f o r  the correlatiori f~inctiuns descriptive uf 
fluids w11h nonspher ical molecules has been foimu- 
lated ‘’>’ Thc main feature of  this expansion is a 
cluscd-form defilrritmti, not previuusly ,+cliieved, of the 
so-called direct correlation funcbon Most of the 
iuccessfiil thrones of‘ fluids with sphei i d  nruleciiles 
ieg,irtl the diiect cutrehtion furictioii as a cenlrdl 
qudntity and provide closure relations for the Omstem- 
Zernike (0 Z equation In the nonspherical case, the 
detiriirig matrix equation5 IS  cIosz1y similar to the O Z. 
equation foi fluids with spherical molecules The 
diirierisions uf the matrices are small, fo r  euainple, a 
fluid with polarimble mokculer subjeLt to dipole and 
quadnipole foices will give a set of niaxl tnuni dlr!en- 
sion 6. 

The problem uf thc structure of liquid watei is of 
enormous complexity. l o  make progress, a simplified 
approach l i ~ ~  been adopted as a first step toward its 
solu tion 

’B he first simpliiication concerns the potential de- 
scribing the interaction between pairs of watei niole- 
cules Beri-Naim and S t~ i l i nge i~  have shown lfiat a 
miwhfied Bjerruin pokritial exhibit5 the known tend- 
eiicy toward tetrahedral coordinahon, and fits the 
measured second virial coe f f k i e n t  of water vtipor 
!easonably well Kahman and Slillinger’ hdVe used 1111, 
pojentlal in molecular dynamics calculations, m d  their 
results a e  in good qualitative agreement with iiiany 
properties 01 l i c p . i ~ l  watei. Ilie StiLhnger Ben-N‘iiin 
(S.B.) potential h:ts therelore becn ddopted ‘IS a 
reasonably iealistic and tractable description foi the 
mtcracftoo bet~veen pails of water molecules 

?’he second simplification concerns the reLitionship 
between the inodel potential and ttie dixect correlation 
function. The first &tempt, it1 progress now, I\ to u\e 
the mean sphencal model (MSM) ol Lebowitf arid 
Percus.9 The MSM i \  a I inea~i~e t l  rnodel in which tbe 
potential IS the sum of two parts. ;1 shoit-range, 
~pherrcally syiriinctric, central hard core, plus rl long- 
range, nonsphericd part. The klSh1 then ds5uInes Ihdt 
tlit direct correlation lunction is linearly related LO the 
inteiaction potential outside the hard core This model 
has been solved irr clo\ed form5 for sy\tems ot splieies 

with eleclrosiafic multipolar 1nterdc1~011s. I t  has a h  
been that the MSM is a useful theory of 
liquids involving molecules with IIJng-lLulge in teractions. 

The S B potential is expandable in niultipoles, dnd a 
direct check of the sitnplilied theory against the 
mo1ecul;ir dyoatnics results is thus possible. Numerical 
work h s  shown that only a few of the low-order 
coefficients of  such a mulirpole expansion are needed 
to represent the S.B potentid for hquid water This 
result, together vvlth the tact that the form of the 
potential admits an exact solution of the MSM integral 
equatioti, makes a n u m e n d  test 01 the model relalively 
simple. 

Should the test o f  the MSM a g m s t  the molecular 
dynamics calculations be s ~ c e  11,  a search will be 
made for the poteritiai which fits ttie largest mioutit of 
experiinentdl information. If the niodel LS IirisatidiC- 
tory, inipioved ttieories will be tried 
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BNFRARED AND RAM4N SPECTROSCOPY 

RAMAN SPECTRA OF MOLTEN ALKALI-METAL 
c A R B ON ATES 

J. B. Bates’ A. S. Quisi’ 
M. H. G. E. Buyd2 

RZKU~ 5pecfla of molien 1 , ~ ~ C r ) ~  (rnp = 726°C) and 
of Li2C03- GO mole ”/u LiCI, Li?CO1 33 mole % 
CaC03,  Na2C03 57 inole % N K I .  and KzCO3--65 
mole % KCI eutectic mixture5 were rncdsured froni 1 SO 
to 2000 cm-’ because of a practical interest it1 

carbonate melts and because of a basic problein 
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concerning the structure of molten alkali-metal nitrates. 
Molten Alkali-metal carbonates recently have found 
application in the North American-Rockwell process 
for the removal of sulfiir oxide froin fossil fuel stack 
gases, and in the gasification of coal by the Lurgi- 
Kellogg process; hence, their physical and chemical 
properties are of interest. Vibrational spectra of the 
carbonate ion in ionic melts also are of fundamental 
interest from the standpoint of determining the magni- 
tudes and causes of the spectral perturbations in this 
and other small polyatomic anions in the molten state. 
Numerous investigations of the Raman and infrared 
spectra of alkali-metal nitrates from dilute solutions t o  
molten salts have shown that there is an apparent 
breakdown in the "free ion," D3h,  selection rules: the 
v,(A ') mode of NO3 - becomes infrared active, the 
v3(E') mode is split, and two bands are observed in the 
v4(E') region for LiN03 and NaN03 melts. Similar 
effects were anticipated for C03'- ion in aqueous 
solution and molten salts. 

Raman spectra of molten Li2C03 and LizC03-LiC1 
eutectic are shown in Fig. 7.19 as an example of a part 
of our work. Band frequencies and assignments ob- 
served in the molten salt and aqueous solution spectra 
of these and other carbonates are presented in Table 
7.9. Not unexpectedly, there appears to be a break- 
down in the D3h selection rules for C03'- ion in these 
media. Contrary to strict selection rules, the v i  (A I ') 

symmetric stretching mode appeared in the infrared 
spectra of saturated aqueous Na2C03 and KzCO3 
solutions, the v2(A2 'I) bending mode was obsei-ved in 
the 870~~880  cm-' region of the Ranian spectrum of 
the I i 2 C 0 3  and NazCO3 melts, and the v3(E') anti- 
symmetric stretching inode was split in spectra of the 
aqueous solutions as well as in the melt. The vJ  splitting 
deci.eased from a maxirnurn value of about 92 cm-' in 
the Li2C03-CaC03 eutectic to a minimum of about 27 
cm-' in the K2C03-KCI eutectic. Further, the fre- 
quencies of two ~3 components observed in the infrared 
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Fig 7.19. Raman spectra of molten Li2CO3 at  76SoC and 
molten L12C03-LiCl eutectic mixture (60 mole % LiCl) at 
62S°C. 

Table 7.9. Rands observed in the Warnan spectra of molten md aqueous C X ~ I E I ~ C S  
..... .............................. ~ .. ~ _ _  

~ . . . . . . . .  

............................. . .. ..... - -  
Frequency (cm-')',b 

.- 

Assignment ~ ~ _ _ _ _  Li2C03 . Na2C03 .... K2C03 
Pure LiCf C ~ C O ~ '  NaCl' Aq. soln. KClC Aq. soln. 

(25°C) 
~. 

(765" C) (625°C) ( 7 7 5°C) (745°C) (25OC) (670" C) 

1040 s,p 

~~ .................... . _...i__ _I ......... .................... 

1064 s,p Vi (A I ') 1072 r,p 1074 s,p 1072 s,p 1050 s,p 1067 s,p 

[1063Id [lo651 

V 2  (A 2 ") 878 vw 872 vw 874 vw 880 vw [8801 n.0. i8821 

1496 m 1510 111 1440 m 1412 m [1405] 1407 i n  1432 [1410] 1496 m 

1418 m 1422 iil 1418 m 1400 m 1380 m [1360] 1380 m 1389 [1355] 
v3 (E') 

v4 (E')  702 w 704 w 712 w 695 w 681 w 687 w 686 w 

2v2 1752 w 1748 w 1742 w 1758 w n o .  1764 w n.0. 

'Frequency accuracy: V I  (+2), VZ ( * s ) , v ~  (*IO),  ~4 (is), 2 ~ 2  (is). 

bs = st-rong; m = medium; w = weak; v = very; p = polarized; n.0. = band not observed. 
'Eutectic compositions: Li2C03-IX1 (60 mole % LiCI, iilp = 506°C); Li2CO3CaCO3 (33 molc % 0 3 ,  mp = 662°C); 

d[ 

NazCO~-NaCll(57 mole % NaCI, nip = 640°C); K2C03-KCI (65 molc 5% KCI, mp = 430°C). 
] indicates an infrared value. 
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Fig. 7.20. Resolution of "3 band envelope observed from 
Raman and infrared spectra of  aqueous K2CO3 using nonlinear 
least-squares computer techniques. Points represerit experi- 
mental values, and curvcs are bast-squares calculations. 

spectra o f  Nd?CO$ and KZCOj (we Fig 7.20) it1 

aqueous solution were not coincident with those o f  the 
 YO components in the Raman spectra o f  Me same 
solutions 

The splitting of v T  it, melts with nioleculdr ioris of 
D3,zL symmetry has been asciibed to  ( I) a lowering o f  
the free ion sytnmetiy by forming cation-anion contact 
pais, (2) dynamic coriplirig of correlated niotiotis of 
the ion$ m a urut cell possessirig a quasi-ciystdline 
structure, ( 3  j longtudrnal optical transverse optical 
rnode cffects wliicti also reqiiiie a lattrce model for 
molten salts, (4) locd lield anisutropy, and (5) vi- 
bratton.3l-rofahorial coupling interactions. None of 
these hypotheses appears to be adequate to evplarti ihc 
data for mliale and foi carbonate ions in melts and 
aqueous d u t i o n s ,  because they do  not account for the 
lack of coincidence in the hequenaes of the inhared 
and Rarnari active components o f  v J  

I .  Expanded abstract of published paper: J. Yhys. CJwm. 96, 
1565 (1972). 

2. Director's Division. 
3. Present address: Chemistry Department, Mount Allison 

University, S;tckville, N.B., Canada. 

RAMPLN SPECTRA OF Bez F7 3- AND HIGHER 
POLYMERS OF ~~~~~L~~~ FLIJORIDES IN THE 

CRYSTALLINE ANI) MOLTEN STATES 

1,. kf. 'roth' J .  R. B d k S '  

G. E. Boyd'  

The lendency of BeF, to forni extensive thrce- 
diniensional networks of -Be-F-Be-F- chains in i t s  
crystalline and glassy states ius been shown by x-ray 
diffraction ineasuierneiits.z Presumably, molten Be& 
also ic highly ;issociated, as may be inferred from its 
Raman spectrum3 and froin its very large viscosity. 
According to Baes' polymer model: the addition of 
basic fluonde such as LiF to molten BeF, is believed to 
cause breakage uf the network links by supply[ng extla 
F -: 

-Be F Be +I:-+ [ - B e - F ] ' / 2  I I I 
I I I 

I 

I 
t IF-Be j l / *  - .  (1) 

If an exces\ o f  Iluoride ion is added, a compiete 
disruption of  the network results dnd tree BeF4'- ions 
a e  formed. 

Althoiigh Kaman spectra for ttic two extrenies in the 
Rep, system have been rep~~rted:,5 that is, that o f  
pure nioltcn BeF, m d  that of HeF42-, n o  evidence has 
been @veri to support the pdyrner model inechanlsoi o f  
F,q. (1) which occurs for inteiinediate compoatlons. 
'h i s  rzgicm o f  the phase diagrnni is the subject of the 
following discussion, which includes Ibman spectra 111 

support ot the poly mer formation inechanism. 
The approach taken Wac to iden bfy simple bpecies 

occurring during initial pdyrneri.atnon btages by corn- 
paring the Kaman spcctra of melts with tho* O f  known 
Epecies found in sohd cryst;] h i e  compounds. The ion, 
Bez L 7 3 - ,  rcpresenting the first step in the polyrnettLa- 
tion process, wits sought in a nu[lJbX of alkalmetal- 
fluoride, B ~ F ~  mixed-s& c cmqx)uiids.G Single ctystals 
of the congruently rneltirig compound, Na, f iBe2 F7, 

were grown, and, from an x-ray structure determina- 
t i ~ n , ~  the prcsence of Be2bT3-,  consisting of two He-F 
tetrahedra stiaiiog a corner and having approximate C2, 
syninictry, was verified. 

The Rainaii spectrum o f  polycrystalline Naz r,iHe, F7 
at 77°K is stiown in Fig 7 21 The strung bard at  Ti32 
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Fig. 7.21. Raman spactrum of polycrystalline NazI,iRe2F7 at 77'K. Curve A ,  full scan at normal scale; curve B ,  expanded scale 
to show weaker modes. 

on- '  is assigned to the symmetric stretching mode 
involving both the bridging Be-F and the ternunal 
Be-F bonds. This mode is related to the symmetric 
stretch of BeFq2- at 550-560 cm-' but, i t  should be 
noted, is displaced to lower frequencies. Extensive 
usage of 1li.js frequency shift was made in characterizing 
the beryllium fluoride species as the melt compositions 
changed, based on the interpretation that an increase in 
the extent of the berylliirm fluoride network formation 
is represented by progressively lower frequency values 
for the symmetric vibrational mode. 

When NazLiBe,F7 is melted, an additional Raman 
band at 550 cm-' appears as a shoulder on the side of 
the 522 cm-' band in Fig. 7.22A. This band is 
identified as arising from the symmetric stretching 
mode of UeF, 2-which is produced by dissociation that 
occurs on melting the compound: 

a similar band due to the larger component, 
Jhx--11;7x-4 (3x -2 ) - ,  is expected to lie under the 
522 ern-.' band and is not resolved. Molten 
Na2 LiBe2 F7 thus represents a system of various Be-F 
species which combine during crystal growth to form 
essentially pure Be, F, 3- ions. The BeF,'- and Be, F7 3- 

can be explicitly identified in the melt, because the 
polarized bands at 550 and 522 em-' for each, 
respectively, are resolved. 

A more complex situation exists in melt mixtures of 
LiF and BeF, , because bands of individual species other 
than ReF, '- and He, F, 3- cannot be resolved. In Fig. 
7.23, only a shift in the strong polarized band envelope 
to lower frequencies is evident as the F -  concentration 
is decreased. The shift extends to 480 cm-' for the 
48-52 mole % LiF-BeF, composition and in the limit of 
pure BeF, should reach 28'2 cm-' as observed pre- 
v i o ~ s l y . ~  At present, it is believed that the shift to 
lower frequency results from a change in form of the 
symmetric mode from a stretching (ReFa2'-j to a 
bending (BeF,) mode as the extent of polymerization 
increases. Furthermore, examination of this mode for 
the LiL BeF, composition, Fig. 7.23, curve B ,  indicates 
that it is not entirely due to BeFq2- but already 
contains contributions from modes of higher polymers. 
The symmeti-ic mode of BeFaZ- is then more exactly 
represented by curve A with a peak still at 550 cm-' 
but with a smaller band half-width. 

The technique of ideniifying a complex species in 
solution primarily by the position and intensity of the 
syininetric stretching mode is frcquently used in molten 
salt systems where temperature broadening obscures the 
detailed characteristics of the Raman spectrum. There 
are uncertainties in this method of analysis because 
several competing processes, such as changes in the 
coordination number and network formation due to 
cross-linking, may be occiirring simultaneously and 
cannot be separately identified by this method alone. In 
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Fig, 7.22. ;Raman spectrum of (Q) molten NazLiBezFT (b) 
NaF-LiF-BeF? (28.6-42.9-28.5 mole 76). l'he effect of adding 
excess fluoride ion, curve B, CAIISZ\, the 522 C I I I - ~  band to 
disdppem and the 550 cm-l bmd, attributed tu HeF4*, to 
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Pig. 1.23. Effect of varying EiQ/BeP' melt composition on 
the strong polarized band in the h m a n  spectnmi of the 
EiF-BeF2 system at approximately 60OnC. 

the Ilelj, system where only tetiahedrJ1 COOI dirtation 
around the beryllium ion is known to occur, this 
procedure IS valid because there nppear to bc no other 
pn)bable piocesses competing witb the ric: twork forma- 
lo11 IllechdI11Sm. 
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RAMAN SPECTRA OF N E U l X  ON-1 RR A DI AIED 
si02 

J. f3. Rates' 

The structure antl dynamics of' vitreous silica have 
beeti discussed in recent publica!ions Froin this Labora- 
lory."." I t  was fvund Ilrurt x-ray scattering data arid 
infrared and Rarnan speclra of uoncrystalljne SiOz 
could be interpreted using a &quartz lattice model with 
12% tlefeds in the f o m  of SiO, v;icancies. Two 
relatively sharp arid pchrized baiids a t  about 604 and 
490 cni-' observed in Raman spectra were ;issigned4 as 
clue to tnodes localized about the defects in silica. To 
test this assignment. and lo explore further the nature of 
the defects in noncrystalline S O z ,  sarriples of the 
GE- 10 I material studied previously were subjected to 
neutron. irradiation. i t  was anticipated that erierge tic 
neutrons would produce strxlictural del'ects generally the 
sanie in type as the naturally occurring defects in silica. 

Rectangular specirnens of GE-IO1 measuring 15 X 5 
X 2 mni were contairuxl in alumInurri rabbits for 
irradi:~ tion in the PIFIR. Three samples were irradiated 
at doses of 1 x 5 x and 2 x n u t  
respectively. These levels were reported to correspond 
to low, maximum, and Ziinitjog (intermediate) density 
changes in silica as :I function of dose.' Deiisities o i  the 
SiQa samples studied were 2.204, 2.234, '2.260, and 
2.252 g/ctri3 for the unirradiated antl for the 1 X I O '  ' ~ 

5 X 10' 9 ,  and 2 X IO'" nvt  irradiated specirnens 
respectively. Recairse of intense laser-stinuiI;ited flunres- 
cence from color centers in irradiated SiOz, it w:is 
necessary to anneal the saniples at :HN"C for  several 
hours. Density measurements were repeated after the 
annealing process arid indicated only a very sligti t 
change it1 the density (e.g., 2.234 bekm vs 2.23 1 after 
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Fig. 7.24. Raman spectra of irradiated and unarradiated vit~eoiis silica measured at 25OC. Spcctra recorded in the z (xxZ)y  
orientation. 

annealing). Raman spectra of the unirradiated and 
irradiated GE-IO1 samples of vitreous SiOz are 
presented in Fig. 7.24. This figure shows the marked 
increase in intensity of the 600 and 490 cm-’ 
bands with increasing dose. 

The rcsults obtained from Kaman scattering experi- 
ments with irradiated Si02 support the previous assign- 
ment of the 600 and 490 cm-’ bands to “defect 
modes,” that is, vibrational modes, localized about 
vacancies in silica. The effect of neutron irradiation was 
to increase the concentration of defects and, therefore, 
to increase the scattering intensity of the defect modes 
as observed (Fig. 7.24). At present, it is believed that 
the defect structure includes nonbridged oxygen, triva- 
lent silicon, and centers containing hydrogen atoms 
such as 011 or SiH, for example. The electronic 
structure of these types of defects has been recently 

considered.6 Additional work on the defect structures 
in noncrystalline SiOz will include calculations of local 
mode vibrational frequencies as well as x-ray scattering 
experiments being conducted by R. W. Hendricks of the 
Metals and Ceramics Division. Hopefully, additional 
techniques will be employed to investigate this problem 
as other researchers become interested. 

1. Abstracted from a paper submitted to the Journal of 

2. Director’s Division. 
3. A. H. Narten, J. Chem. Ph-vs. 56, 1905 (1972)- 
4. J .  €3. Rates, ibid. 56, 1910 (1972). 
5. E. L.ell, N. J. Kreidl, and J. R. Hensler, Pogress in Cerdmic 

Science, Vol. 4, J. E. Burke, ed., Pig. 1, p. 6, Pergamon, New 
York, 1966. 

6. A. J. Bennett and L. M. Roth, J. Phys. Chenr. Solids 32, 
1251 (1971). 

Chemical Physics. 
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RAMAN SPECTRA OF 0,- AND 0 3 -  IONS IN 
ALKALI-METAL SUPEROXIDES AND OZONIDES' 

I. B. Bates' M. 13. Brooker'. ' 
G. E. Boyd2 

f'he v4(Fg ) stretching mode of the 02- ion tias been 
observed from spectra o f  polycrystalline alkali-metal 
superuxides," h i t  the optically active lattice phonons 
of ~hese tnaterials have not been previously measured. 
'I%.e vibrational spectrum o f  ozuiiide ion, 03-, has not 
been determined, althottgh this species, which is pro- 
duced in the radiolysis o f  alkali-rrietd halates, has been 
extensively studied by ESKS and by ultravioiet diffuse 
ieRectance spectroscopy.' I t  was desirable lo obtain 
nioie nearly complete spectroscopic data on purc 
smiples o F dkali-metal superoxides and ozonides in 
view o f  the interest of  0,- ions as iiripririty centers in 
alkali halides as well as the study o f  0; produccd on 
radiolysis of oxyanrons such ds C103-,7 

Rarnan spectra of polycrystalline NaOz, KO2, and 
K h 0 2  at 80°K are presenled In Fig. 7.25. The h e -  
cpencics of  the bands observed from spectra of the 
superoxides and otonicirs f rom 75 to 300°K are 
collected in Iable 7.10. As shown, the Na, K, and Rb 
superoxide spectra exhibited maiked changes as the 
temperature was loweied fiom 300°K. Each o f  these 

salts IS known to exhibit phase transitions within the 
temperature range employed xi the present jnvestiga- 
t1on.8- O Threr: phases hdve been identified for Na02 
(ref. I ) )  which ate stable in the range 7' > ~ o " c ,  
-50°C > T >  77"K, and 7'< 77"K, and are denoted by 
Na02(I),  NaCJ2(II), arid Na02(111) respectively. 

Ihe exlernal modes of N d 0 2  were observed a t  80 and 
75°K but riot at 200°K o r  above (Table '7.10). lo phase 
11, Eg -1 Eg Rarnan achve lattice phonons ale pre- 
dcted, and the two bands ,it 226 and 142 cin ' 111 the 
80°K spectia were assrgned to two of these three 
modes. ('The sharp peak a t  about 65 an-' i s  due to ;i 

gidting ghost.) The noticrnble shift of the external 
mode firquencies on cooling to 75°K piobably is a 
consequence of the I1 -+ I I I  phase transition, hecmse a 
shift to ii lvwer wave riurnber would be expected in the 
absence of a phase change. 

Three crystal phases of KO2 ate reported to exist i n  

the ternperature range studied 111 this work. The 
rooiri-temperatLire, or a-K02 , phase has tetragonal 
symmetry9 and 17 prcsi~rnably stable from 209 to 
400°K.' ' 3 '  Except for a 5 m d l  ~ncreasr in frequency 
of the Ex+ [node, no chaoge was observed in spectra 
recorded at 200"K, although a phase change was 
reported to occur below about 209°K.' ' At 80"K, the 
C g  mode shifted upwaitl by abuut 4 crn -' fiorn the 

Table 7-10. Batids observed from Rnman spectra of alkali-metal superoxides arid ozonides. 
Frequencies in cni 

KO2 ___-__ .. NdOz' .. 

300°K 200°K , 80°K 75°K 300°K 200°K 80°K 

E,+ 1 1 5 6 s  1 1 5 5 s  1164s 1164s 1141s 1144s 1145s 

65 w 

~ ~~~ 

RbOz CSOz ......................... ................... 
300°K 200°K 80°K 75°K 300°K 77" C 

1141)s 1138s 1141 s 1140s 1137 1137 

__. .......... ~ 

1138 w 
...... 

... 200 RNSO _ - _ _  - .. - .... 

146w KNS -- _ _ _ _  

xo rn 81 111 

75 w 75 rn 
65 rn 

6 3  m 62 [ti 

_ - - -  

KO,, 300°K CSO:,, 300°K 

1017 10iO 

.. . _____ .I__-. 

..... . -..-________._........ ......... 

as = strong, m = medium, w :I weak. 

b ~ r ,  lattice mode, - ~ ~~ = band not obseuved, RNS = region not scanned. 
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Fig. 7.25. Rarnan spectra of sodium, potassium, and rubdium 
siiperoxides measured at 80°K. Spectral slit width in wave 
numbers and sensitivity In count? per second 

room-temperature frequency, and three groups of ex- 
ternal mode frequencies appeared (Fig. 7.115 and Table 
7.10). The appearance of the external modes at 80°K 
may be a result of a transition to another crystal phase 
which occurs below 1 50°K.' 

Two crystalline phases of Rb02 have been reported 
between 75 and 300"K, with the transition point at 
77°K.'' As shown in Table 7.10, on cooling from 80 to 
75"K, a splitting of Fig' was observed, and additional 
bands appeared in the 60-80 cm-' region. It should be 
noted that the low-frequency bands (<200 cm-' ) 
measured at 80°K (Fig. 7.25 and Table 7.10) were not 
obseived at 200"K, except for a very weak broad band 
at about 75 cm-' . 

The structure of crystalline C s 0 2  apparently has been 
determined at room temperature only.' As with KOz 
and R b 0 2 ,  Cs02 exhibits a CaC2 striicture at 300°K. 
The Raman spectrum of Cs02 revealed a single compo- 
nent of the 2; 02- mode at 1137 c1n-l. Because of the 
lack of any additional features in the 80°K spectrum, 
no additional measurements at a lower or intermediate 
temperature were made. 

?'he large relative intensities at low frequencies 
(60-90 cm-' ) in 80°K spectra of KO2 and RbO2 (Fig. 
7.25) suggest that these bands are caiised by librational 
motion of the 02- ion. Considering the structure of 
Na02(III) (see above and ref. 8), the 226 and 142 cm-' 
bands observed in 80°K spectra of this material (Fig. 
7.25) also originate in anion libration, since the Q2- 

ions occupy centers of inversion in a centric unit cell. 
Thus, all three groups of low-frequency bands observed 
in the superoxides may be attributed to 0'- librational 
modes. The fact that no external mode frequencies 
were observed at 200°K or at higher terriperatures may 
be a consequence of the rapid onset of anion disorder 
with increasing temperature. 

'The Rainan spectra of KO3 and Cs03 reported in 
Table 7.10 exhibited single bands at 1017 and 1010 
cm-' respectively. Based 011 considerations of Walsh 
diagrdins and cNino/iI calculations, the 0, ion was 
predicted to have a bent C2v structure with an apex 
angle of 114 -126". Therefore, we expected to observe 
v2 and v3 of 03- in Raman spectra of KO3 and Cs03. 
The single band observcd is probably due to v 1  (u )> the 
symmetric stretching mode. 

1 .  Abstracted froin a paper submitted to Chem. Phys. Lerf. 
2. Director's Division. 
3. National Rescarch Council of Canada Postdoctoral Fellow 
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VIBRATIONAL SPECTRA OF MOL X EN AND 
AQUEOIJS NaC!03 AND KC103' 

G. E. Boyd' 
J .  B. Bates' A.  S. Qinst* 

l'he Kainan and inflared spectra of C103- ion in 
molten salts and saturated aqueous solutions of NaC103 
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arid KC103 were measured to determine the uiility of 
the chlorate ion as a probe for investigatmg interionic 
hterirctions in liquid media. Specificdly, the intention 
was to determine if spectral perturbations analogous to 
those observed with other oxy-anions such as NO3- and 
C 0 3 2 -  III nitrate and carbonate melts and in aqueuus 
solutions, respectively, could be observed with chlorate 
ion. In iidditioti, lwo uitcnse Rainan bands were 
reported in the low-frequency region of molten NaiC103 
by other workers3 wliich are inconsistent with results 
obtained from specir a of mcrlteii salts rwxwretl in llils 
laboratory. 

Rainan spectra of  molten and aqueous N3C1O3 are 
sliowii 111 Fig. 7.26. These spectra ale also representative 
of  those oblainad with molten arid aqueous KC103. ‘The 
infrared spectrum of a 50 wt ‘j6 solution of KCIO? in 
molten KNO, is presented in Fig. 7.27. This spectrum 
was obtaitied by enlisrion techniques, using the infrared 
b’ourier transform spectropholonieler, FIS-20, syslem. 

MOLTEN NaCIO, 
276°C 
z(x : )y  

I 1  I 

480 

A r ( x : ) y  

Fig. 7.26. Raman spectra of nlulten and aqueous NaLaU3. 

610 

KCIO, IN KNO, (5Owwt%) 

1000 

I L l . - L U  
500 700 900 1100 2300 1500 17CO 1900 

FREQUENCY (ern-') 

Fig. 7.27. Infrared emission spectrum of a 50 wt  % mixture 
of ICCICB3 and KNU3. 

Results fiotn the molten salt and aqueous solution 
measurements are collected m Table 7.1 1. 

The v,(e) C103- degerier,ite bending mode at about 
480 cn1-l was split in Raman spectra o f  molten 
NaC103, and the v4 band in aqueous NaC103 extiibited 
an asyrrinietry indicating two components 7‘tie split of 
v4 in molten KC103 was less appaient. The v3(c)  
degenerate stretching mode exhibited a complex band 
centered at about <I73 c111-’ in molten NaC103 CFlg. 
7.26). There appear to be at lea5t three components 
comprising this band envelope, but overlap of  the 
stiong v,(ul ) band at 937 cni- ’  precluded the possi- 
bility of d meaningful line Shdpe drdyslS. 5pht ~ornpo-  
nents of the doubly degener.ite v3 vibr&on, as well ds 

at least one component of  2v4, ‘ire expected in the 
1000 cm region. 
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Table 7.1 1. Bands observed from Raman and infrared spectra of molten and aqueous 
N ~ Q O ~  and ~ ~ 1 0 ~ .  Frcquencics in cm-' 

................... .......... KC103 
~ ..~ .................... 

NaCIO3 
-. 

Melt (373°C) Assignment Aqueous (25°C) Aqueous (25°C) Melt' (276°C) 
..... ...... ~ _ _ _ _  . . . . .  

Ka ma n IR Ra ma n IR Rainan IR Rarnan IR  
~~ ~~ ~ 

'Oo0 975 9 7 3 d p  1000 973 dp 970 963 dp 1000 Vg(e)and 2v4 976 dpb 

933 p 935 937 p 935 930 p n.o. 932 p 933 V l ( 0 1 )  

615 p 621 617 p 611 611 p n.0. 612 p 61 0 v2(Q 1 )  

495 478 n.o. 481 dp 48.5 v4(e) 
b 491 

481 dp 

120 (*lo) 120 (?lo)  

480 dp n.o. 

remperature of m l t s  in emission experiments estimaizd at 350°C a. 

bp = polarized, dp = depolarized, n.0. = not observed 

'I'he infrared band frequencies observed from the 
chlorate melts and aqueous solutions were not coinci- 
dent in all cases with the Raman frequencies measured 
in the same system (Table 7.1 1). Noncoincidence of 
infrared and Raman frequencies and the splitting of 
degenerate fundamentals in melts and aqueous solutions 
appear to be characteristics of ClO;, C03'-, and NO;. 
However, as a probe ion, C103- is not as suitable as 
NO3-, because the v3 mode, which exhibits the largest 
splitting, occurs in a region with v l  (al ) and 2v4. 

A single broad band was obwved  in the low-fre- 
quency Raman spectrum of each molten chlorate (Fig. 
7.26 and Table 7.1 I ) ,  as expected, 'I'he two strong 
bands previously reported3 in Kaman spectra of molten 
NaC103 apparently were caused by instrumental ef- 
fects. 

~ ......... ...... 

1. Expanded abstract of a paper submitted to  Chemical 

2. Director's Division. 
3. D. W. James and W. H. Leong, Aust. J. Chem. 23, 1087 

Physics Letters. 

( 19 7 0). 

RAMAN SPECTRA OF CRYSTALLINE 
CYCLOPROPANE, CYCLOPROPANE-d6 
AND C3H6-C3D6 SOLID SOLUTIONS1 

J. B. Bates' 

One of the purposes for measuring vibrational spectra 
of molecular crystals is to provide essential data for 

determining the magnitctle of intermolecular inter- 
actions in condensed phases and in evaluating inter- 
molecular potential functions. Detailed studies of the 
internal and zxtemal optical modes of organic crystals 
have beerr employed to calculate nonbonded atom-atom 
interaction c ~ n s t n n t s . ~  The present study of crystalline 
cyclopropane purported to (1) evaluate the relative 
magnitudes of static and dynamic field effects and (2) 
determine the external optical mode frequencies. The 
separation of static and dynamic field effects requires 
measurements with dilute, isotopic mixed crystals, and 
the experiments described below represent one of the 
first reported attempts to measure the Raman spectra 
of such mixed crystals. 

Raman spectra of neat polycrystalline C3H6 and 
C3D6 were measured from vapor-deposited samples at 
7 7 ' ~ .  The c ~ H ~ / c ~ D ~  solid solutions containing about 
5% of the solute species were prepared by mixing the 
gases in a volume ratio of 1/20 and sealing the mixture 
as a liquid at  room temperature in I-mm glass capillary 
tubes. Raman spectra of the neat crystals and solid 
soluti-ons in the internal mode region are shown in Figs. 
7.28 and 7.29. Spectra recorded in the external mode 
region of the neat crystals are presented in Fig. 7.30. 

The spectra in Figs. 7.28 and 7.29 show the effects of 
dynamic coupling and the static field in neat crystals, 
compared with the effects of the static field only in the 
mixed crystals on the degenerate e' and e" modes of 
c31-16 and C3D6.  For example, in the 1400 cn1-l 
region of c3116 (Fig. 7.28),  the three components of 
vg(e')  at 1434, 1432, and 1421 cm-' in neat C3116 
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2230 G3D6 i n  C3H6 
( 5 %  C,DG) 

1263 77" K 880 

I 952 883\,\\ I 2325 p x  , 

LLLLLlL L . . L L L L  ........ - _ _ I  ..... LL-J I.I..- 
980 940 890 850 730 7!0 

jL _1.... 
340 2300 2230 2190 1260 1220 

I 
> 

'?iD6 0.7 cm-' 1 x104 CPS 0.8 cm-' 
2227 1267 77" K 88 1 2X103CPS 

0.8 cm-' 
2 x 104c~s 

2325 

2323 I 
I cm-' 

5 x io4 CPS 

1082 

1258 1223 
- 
l . . . i . . J .dJ  -1 ... 1.1 u l . . J  ~ . I L . . ~ . . J  LL-LJL L . . d J  LL.1 

2340 2300 2230 2190 1260 1220 1090 1050 930 940 890 850 730 710 540 520 
F R F I Q U E N C Y  (ern-') 

~ i g .  7.29. &man spectra of crystalline C3D6 and of a solin solution of 5% C3D6 in ~ ~ 1 - 1 ~ .  Spectral slit width in cm-' and 
sensitivity in counts per second. 

c3D6 
7 7 ° K  
Slit 1 cm-'  

G 

130 110 30 70 50  

O R N L  OWG 7 f  1389 
7' rv1-r 
G3Hb 
7 7 ° K  
Sl i t  = 1 cm" 

92 

1 & I  -8 1 1  
150 130 110 90 70 

FREQUENCY (crii-l ) 

Fig. 7.30. Raman spectra of the external mode regions of 
crystalline C3D.5 and c3H.5. 

collapse into two components at 1432 and 1429 cn1-l 
in the rnixed crystal. Thus, the 13 cm-' splitting of two 
vg coinponents is due primarily to dynamic interaction, 
since the splitting of v g  due to thc static field is about 3 
cm-' .4 In another case such as v I  ' (e ' )  of C3D6,  Fig. 
7.29 shows that the 6 cm-' splitting of the components 
in the 700 cm-I region is due primarily to a static field 
effect. 

An assignment of the obseived external mode fre- 
quencies of C3H6 and C 3 D 6 ,  assuming an ortho- 
rhombic C,, lattice structure for cyclopropane,' is 
proposed in Table 7.12. The assignments were based on 
comparing measured isotopic frequency shf t s  with 
calculated values in which no  coupling between internal 
and external modes was also assumed. Although the 
external modes can be mixtures of librational and 
translational motion (because of the acentric lattice 
structure), a consideration of the observed Raman 
intensities suggests that the 131 cm-' band of c3116 
(1 10 cm-' in C3D6) is due priniarily to a librational 
motion. Likewise, the 117 cm-'  band (99 cm-' in 
C3D6) was also assigned to an A 2  librational mode. The 



Table 7.12. (a) Bands observed in the external mode regivm in 
Raman spectra of crystalline C,H, and C3D6 at 77°K. 

Frequencies in cm-' . (b)  Symmetry species for translations 
and rotations in the CzV point group and calculated ratios 

for lattice modes in cyclopropane 

109 cm-' barid i ~ i  G3H6 was assigned to a B ,  mode of 
mainly translational-like motion, since I t  was the 
strongest infrared band' and a medium-to-weak Rarnan 
IXLlld. 

1. Expanded abstract of a paper submitted to Spectrochimicu 

2. Director's Division. 
3.  Compare, for examplc, 1. Harada and T. Shimanouchi, .1. 

Chcnz. Pliys. 44, 2016 (1966). 
4. The 1446 and 1458 cni-l components in neat C 3 H 6  and 

the 1456 cm-l component in the mixed crystal are tiue to 
V, (a 1 ' ). 
S. J .  B .  Bates, D. E. Sands, and W. 11. Smith, J. C'hem. Z'hys. 

51, 105 (1969). 

Acta. 

MICROWAVE AND RADIO-FREQUENCY 
SPECTROSCOPY 

PARAMAGNETIC RESONANCE STUDIES 
OF LIQUIDS DURING PHOTOLYSIS 

Ralph Livingston Henry Zeldes 

In an earlier report' a preliniinary description was 
given of  experiments using a rotating sector as a means 
of chopping 1.he light used in photolytic studies so that 
direct physical measurement of radical lifetimes could 
be made. The technique consists in first recording the 

spectrum o f  a radical at steady-state conceritrai ion 
fortned by continuous irradiation with ultraviolet light. 
The spectrometer is then adjusted to the peak of one of 
the lines of the spectrum, arid i.tie light is chopped with 
;I rotating sector. The data are accumulated in a signal 
averager which records die changes in line intensity ;L!i 

the light turns on and subsequently as i t  turns off. A 
substantial improvement in the response time of the 
equipment has been made. The rise time of the 
electronic system is now slightly under 100 ysec, and 
the mechanical sector error (time for the light to change 
from full off to full on) is 240 psec wiLh good prospects 
for further improvement. 

Extensive measurements have been made on the 
aqueous tartaric acid system.' IJpon photolysis a 
carboxyl group is split off, leaving radical A, 
I-Ioocc~x(OI-I)CH(OH). This radical converts t o  an 
aldehyde form, IiOOCeHCHO, by ;iri acid-catalyzed 
reaction. At high acidity (concentrated solutions of 
tartaric acid), where the conversion is rapid, the mean 
life of radical A is short, and its spectrum appears 
entirely in emission. At low acidity (dilute solutions of 
tartaric acid), where the mean life becomes long, the 
Zeenian states achieve thermal equjlibriurn, and the 
spectrum is, as normally expected, an absorption 
spectrum. This behavior has been studied" in steady- 
state experiments where the progressive conversion uf 
an emission line to  an absorption line was followed as 
the pH of the solution was increased. Rate curves have 
now beer1 obtained for lines of radical A, as well as for 
lines of other radicals that appear in aqueous solutions 
of tartaric acid a t  various concentrations. Figure 7.3 1 
shows rate curves for one o f  the eight hyperfine lines of 
radical A. 'The points are spaced at 50-ysec intervals. 
Figure 7 . 3 1 ~  is for a concentrated solution which is 
highly acidic, and the lifetime of radical A is very short. 
When the light. comes on, the spectrum appears 
promptly in steady-state ernissiuil withiri a time of 
about 350 psec. This time is almost entirely coritrolled 
by the response time o f  the instrumentation. Upori 
turning the light off, the spectrum promptly goes to 
zero intensity. A r  a higher pH (less coocentrated 
solution), Fig. 7.316, the sigrlal first rises to a strong 
emission peak, taking about 3 5O ysec, ag:iin instru- 
mentally limited. A phenomenological rheory describ- 
ing the various rate curves has been developed, arid if. 
indicates that this rapid rise actually takes place in a 
time of several microseconds. If the response time of 
the equipment were Faster, this transient peak would be 
more in1 ense. Following t he  transient, the curve re- 
verses to steady-state emission but at m intensify much 
less than that of Fig. 7.3iu. When the light is turned 
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off, there is another transient response in the abqorp- 
tion direction, actually crossing to the absorption side 
of the base line. This is followed by decay (not 

O R N L - D W G .  7 2 - 5 5 t 4  

I On 

b p-w--""- 

-u--ups. 

I O f f  . Emission . .  

C 

Fig. 7.31. Rate curves for the highest field hyperfine tine of 
NOOCCH(OH)CH(OH), Iadical A, formed by photolysis of 
aqueous solutions of  tartaric acid. (a) 56.570, ( b )  30%, and (c) 
8% tartaric acid. The points are spaced at 50-psec intervals. 
Downward displacement from the hase line corresponds to 
ernirsion. About  1 hr of data accumulation was needed for each 
curve. 

instrumentally limited) to zero intensity. This final 
decay is a measure of the lifetime of radical A. Clearly, 
as the pII becomes higher (lower concentration), this 
chemical lifetime becomes longer and the steady-state 
concentration progressively changes from emission to 
absorption, as finally illustrated in Fig. 7 .31~.  Ratc 
curves have been obtained for a greater range of 
concentration than that illustrated and also for the 
lowest-field hyperfine line of radical A. 

It was initially felt' that this transient behavior meant 
that there is a moderately long-lived precursor of radical 
A. This is not true, nor is the lifetime of radical A as 
short as initially indicated. The phenomenological rate 
theory developed indicates a very short precursor 
lifetime. Moreover, the radicals are formed in a highly 
polarized state, rather than there being polarization 
processes taking place during the lifetime of the radical. 
The degree of this polarization must be exceptionally 
hgh. In Fig. 7.31c, for example, the initial transient 
requires about 600 p5ec to return to a zero crossover. 
With a thermal relaxation time of the radical of the 
order of 1 psec, it is estimated that the initial 
polarization is many percent. 

If oxalic acid is added to a tartaric acid solution, a 
radical is formed from the oxalic acid by electron 
transfer3 from all of the radicals (including radical A) 
present during photolysis. The polarizatiorr of radical A 
is transferred to  the radical from oxalic acid, as 
indicated in Fig. 7.32. At higher values of pI-I the 
transient polarization of this radical becomes less 
pronounced. The lifetime of the radical is quite long. 

Preliminary rotating sector experiments have been 
made on lines from (CI-13)2tOH. Some of the lines 
from this radical can be made to  appear as emission 

O R N L - D W G  72-5513 

. I  

. .  . .  . .  

Fig. 7.32. Rate curve for the single line of the radical derived 
from oxalic acid formed by photolysis of 51.1% aqueous 
tarQric acid containing 2.3% oxalic acid. The points are spaced 
at 50-psec intervals, and the downward direction corresponds to 
emission 
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lines3 ‘The rate curves are entirely different from those 
of the tartaric acid system, and it appears that the 
polarization takes place during the radical lifetime. 

Electron paramagnetic resonance spectra of radicals 
derived from aromatic nitrogen heterocyclic com- 
pounds have been studied. Spectra were observed 
during steady-state photolysis near room temperature 
of solutions containing acetone and isopropyl alcohol as 
well as the parent compound. During photolysis, 
acetone is excited and reacts wif.11 isopropyl alcohol4 to 
form the-radical (:CI-13)2 &IEI: 

(CEi:+),CO + (CH,):!CHOH--L 2(CH3)2eOH. ( I )  

This radical, known to be d good electron donoi,’ then 
reacts with the parent cornpounds to form the nitrogen 
heterocyclic radicals. Experimental work 1s complete on 
radicals prepared in this way frutn pyridine (a), pyr- 
azine (b), pyrimidine (c), arid pyriddtine (d). The 

ORNL- DWG. 72- 4956 
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radical derived from pyridine was studied in isopropyl 
alcohol-rich, acetone-rich, and water-rich solutions. The 
others were studied in water-rich solutions. In each case 
the radical WJS identified as the one which would result 
from electrori capture by the parent compound fol- 
lowed by protonation of every nitrogen atom. The 
radical derived from pyridine i s  neutral, and the others 
have one unit of positive charge. Each radical is a 
n-electron radical with a hydrogen substituent at every 
ring position. This makes it possible to  estimate 
-rr-electron spin density pni at every ring position i from 
the hydrogen couplings afl rather than from molecular 

orbital calculations. This is done using the McConnell- 
type relationship6 

where X is C or N, dependirig upon whether c:irboii oi 
nitrogen is at ring position i, and QHxH is the spin 
polarizai ion parameter. Molecular orbital calculations 
were made, but only to help in assigning hydrogen 
couplings to ring positioris and in determining their 
signs. In  ordeI to assign hydrogen couplings to ring 
positions for the radical derived lrom pyridazine, it was 
necessary also to study the spectrum in D20-rich 
solutions. All couplings were assigned to ring positions 
for each radical, and all signs of couplings weIe 
determined except that for a weak coupling for a pair 
Qf equivalent hydrogens of thr: radical derived from 
pyridine. From the hydrogen couplings, Eq. ( 2 ) ,  niid 
the requirement that the total n-electron spiri density 
for each radical is unity, consistent values of @INrI and 
QHcH for aH the radicals were found. These Q values 
and Eq. (2) were then used to compute “experiinei~tal” 
spin densities at every ring position from the hydrogen 
couplings. Tlie nitrogen couplings were expected to be 
given by a relation similar to the one developed by 
Karplus and Fraenke17 for ’ ” C  couplings. This model, 
however, was not adequate. Numerical dsta arid a full 
description of this work have beeii prepxed for 
publication elsewhere. 

Two computer programs were developed as aids in the 
analysis of complex spectra. These have been essential 
in the work on aromatic heterocyclics. Both calculate 
hyperfine couplings to second-order perturbation 
theory arid can deal with a large number of groups of 
equivalent nuclei. Each group [nay cutitain a large 
number of nuclei of any spin. Line splittings which 
appear only i n  second-order theory may optionally be 
replaced by a single line at the center of gravity of the 
replaced lines. This feature is very useful when the 
splittings are within a line width. One program gives an 
ordered prinloul of magnetic fields of lines. For each 
line there is also given its strength, tbe field coritribu- 
tion arising from second-order tlieory, the coupled spin 
for each group of nuclei, and the nuclear magnetic 
quantum numbers. This same program may dteriia- 
tively be used to find the best values for g and the 
hyperfine couplings to describe experimental data. This 
is done with a least-squares criterion. An error analysis 
is also given. The second pIog;un makes it possible to 
simulate spectra. Lines may be present from many 
radicals. Gaussian, Lorentzian, and first and second 
derivatives of Gaussian and Lorentziari line shape 
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functions may be used. Stick spectra and measured line 
positions may also be plotted. As many spectra as 
desired may be plotted a t  desired heights above the 
same field axis. 
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ELEC‘I‘RON SPIN RESONANCE STUDY 
OF FREMY S RAQICAL IN SINGLE 

CRYSTALS OF POTASSIUM 
HYDROXYLAMINE TRISULFONATE 

R. W. I-Iolmberg B. J .  Wilson’ 

Frerny’s radical [ the nitrosodisulfonate radical anion, 
Ofi(SO3), ’-1 is a stable free radical which has been the 
subject of many ESR and chemical studies. Neverthc- 
less, no definitive ESR study o f  it trapped in a 
diamagnetic single crystal has been reported. In a 
preliminary study* of the radical coprecipitated into a 
single crystal of  its “chemical parent,” potassium 
hydroxylamine disulfonate, anisotropic 4 N  hyperfine 
spacings varying from 6 t o  27 G were reported, but 
neither the hyperfine nor g tensor was evaluated. 

Single crystals of potassium hydroxylamine tri- 
sulfonate, K3 [S030N(S03),] ‘3/2~120, were grown and 
were irradiated with 6oCo gamma rays at  77°K. ESR 
spectra from a number of nitrogen-containing free 
radicals which have not yet been identified were 
observed. On warming t o  room temperaturex, these 
radicals decayed, and an ESR spectrum identified as 
beiilg that of F-reiny’s radical appeared. The ideritifica- 
tion was made by comparing the ESR spectrum of this 
polycrystalline system with that seen when Fremy’s 
radical was copiecipitated into polycrystalline potas- 
sium hydroxylamine disiilfonate or into the dia- 
magnetic phase3 of potassium nitrosodisulfonate 
(Fremy’s salt). 

Measurements of the three anisotropic hyperfine lines 
arising from 1 4 N  have been made, and the hyperfine 
and g tensors have been evaluated. Tentative principal 
values for g are 2.0025, 2.0059, and 2.0082, and those 

for the 4 N  hyperfine tensor are 3 1.1,  6.8, and 6.1 G. 
The averages of these principal values, 2.0055 and 14.7 
G, are similar t o  those of Fremy’s radical in s ~ l u t i o n , ~  
2.0057 and 13.0 G, and indicate that the signs of the 
hyperfine tensor elements are all positive. An analysis 
of the hyperfine tensor indicates that the impaired 
electron distribution in the vicinity of the nitrogen 
nucleus can be described by an almost pure N (2p)  wave 
function with a spin density of about 48%. 

1. Visiting scientist from Brigham Young University, Provo, 
Utah. 

2. S. I. Weissman, r. R. Tuttle, Jr., and E. de Boer, J. Phys. 
Chem. 61, 28 (1957). 

3. W. Moser and R. A. Howie, J. Chem Soc. (A) 3039 
(1968). 

4. J. E. Wertz, D. C. Reitz, and F. Dravnieks, Free Radiculs in 
Biological Sysrerns, ed. M. S. Blois, Jr., et al., p. 183, Acadamic 
Press, New York, 1961. 

ESK STUDY OF RADICAL INTERCONVERSIONS 
IN SiNGLE CRYSTALS OF STRONTIUM 

NITRUE AT 79°K 

R. W .  Holmberg 

The radicals fijO3’- and NO; were found t o  be the 
predominant radical products when single crystals of 
Sr(N03),  were gamma irradiated at low temperatures. 
If the irradiations and ESK observations are carried OlJt 
at sufficiently low temperatures (e.g., 64”K),  both 
radicals are stably trapped; their concentrations do not 
change with time. While accurate assays of the radical 
concentrations have not been made, approximate inte- 
grations of  the ESR lines indicate that their conceiitra- 
tions are roughly equal. When the crystals are warmed 
t o  7’7”K, the line intensities from both radicals decrease 
with time, and a second form of  NO;, not seen at the 
low temperature, grows. All changes occur irreversibly. 
Ultimately, the low-temperature form of NO; (a) 

completely disappears, 30, 2- partially decays to  a 
steady-state concentration, and the second form of 
NO; ( b )  increases t o  a steady concentration. The rates 
of these changes increase with radiation dose. 

Hyperfine ( I 4 N )  and g tensors for the three radicals 
have been derived from measured spectra and are very 
similar t o  those of fi032- and NO; seen in other 
systems. All tensors are axially symmetric, with unique 
directions in the (1 1 1 )  direction of the cubic crystal. 
This suggests that the radicals are trapped in or very 
near nitrate positions. 

The growth and decay of the ESK lines of the radicals 
have been followed a t  77°K after irradiating for 
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dif feient times at 64°K. While the proportionality 
between h e  intensity and various radical conceiilra- 
lions has not been estabhshd, the data lvve been 
sem1quaiititatively analyzed and are consistent with the 
following reaction scheme: 

In this scheme the fi;1O3’- and the “trap” are regarded 
as fixed in the lattice, while (at 77°K) the NO; (a> is 
mobile. It migrates throughout the lattice as a hole (by 
electron transfer with adjacent nitrate ions). It everi- 
tually either finds and reacts with fi03’- [reaction ( I ) ]  
to form diamagnetic products (presumably nitrate ions) 
or finds an immobilizing trap [reaction (211, yielding 
the second form of NO; (h). 

When the crystal is irradiated at 64”K, it is reasonable 
that trapping sites are available to stabilize both f o r m  
o f  NO;, yet no NO; (h)  was detected, even though it is 
the more stable form. Thus, one can conclude that 
there are many more (z sites than b. This suggests that 
NO; (a) is a “self-trapped” radical and that NO; ( b )  is 
trapped near a stabilizing defect. 

ELECTRON SPECTROSCOPY 

Two programs employing the use of electroil spectros- 
copy are supported by the Chemistry Division: one is 
located in the Physics Division and is carried out in 
joint collaboration with that Division; the other pro- 
gram is carried out at the Transuranium Research 
Laboratory. 

The first program emphasizes the development of 
electron spectroscopy as a tool for the study of‘ 
chemical problems. During the last year a substantial 
effort was employed in the use of angular distribution 
measurements on the photoelectron spectra of gaseous 
molecules. Some 40 systems have now been studied. 
The purpose of these studies is to develop a method for 
determining the nature of the molecular orbitals asso- 
ciated with each ionization band. A second major eff-ort 
has been in the study of the chemical shifts in the core 
birtding energies of a large variety of salts, particularly 
the alkali metal halides and members of groups 111-A 
and V-I3 of the periodic table. The thjrd tnajor effort 
has been in the exploitation of electron spectroscopy 
for use in environmental research. Most of this work hds 
been reported in the Physics Annuall as abstracts of  

papers. In addition, four biief surnmarle, of recent 
work follow. 

At the Transuranium Research Laboratory the bind- 
ing energies of electrons in the 4d to 6p levels of 
miericium have been determined Value5 of the 
atomic energy levels and x-ray energies of the actinides 
riot yet measured are being determined in order t o  
evaluate the consistency of the experimental results3 
obtaned both here arid elsewhere 

1. Phyx Div. Annu. h g r .  Rep. Dee. 31, 1971, OKNLI.743, 

2. M. 0. Krause and F. Wuilleumier, “Electron Binding 
Energies in Americium,” a contlibution in chap. 2, this report. 

3. M. 0. Krause and F. Wuilleumier, “Evaluation of Atonic  
FZergy 1,eveLr and X-Ray Energies for the Aciiiiide Ebriients,” 
a contribution in chap. 2,  this report. 

pp. 112-17. 

STUDY OF THE ANGULAR DISTRIBUTION 
FOR THE PHOTOELECTRON SPECTRA 

METHANE MOLECULES’ 9 2  

r. A. Carlson R. M. white3 

OF HALOGEN-SUBSTITUTED 

The intensity of photoelectrons ejected from ran- 
domly oriented gaseous molecules as a function of the 
angle 8 between the direction of the incoming photon 
and outgoing photoelectrcm is giver1 from theory to be 

The angular parameter is dependent on two factors: 
the photoelectron energy and the nature of the molecu- 
lar orbital from which the photoelectron is ejected. 
Angular measurements should provide a powerful 
method for identifying a n  orbital associated with a 
given ionization band. The angular parameters p have 
been determined for most of the ionization bands 
found in photoelectron spectra of the following mole- 
cules: CH3F, C H 2 F 2 ,  CHF3, CF4, CH3CI, CH2C12, 
CC14, CH,Br, and CH3J. To obtain these results, a 
dispersion electron spectrometer wds employed, to 
which was attached a chamber containing a freely 
rotating gas discharge Imip that provided a directed 
beatn of He 1 (589 A) radiation. An altempt to 
correlate f l  with calculated population densities and 
atomic angular parameters was partially successful. 
The dependence of 13 on the vibrational structure has 
also been considered. 

1. Work carried out jointly with the Physics LXvision. 
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2. Abstract of paper to  be  given at  the General Discnsrion on 
Photoelectron Spectroscopy of Molecules, IJniversity of Sussex, 
sponsored by the Faraday Society, September 12-14, 1972. 

3. On sabbatical leave from Raker University, Baldwin, Kan. 

USE OF X-RAY PHOTOELECTRON 
SPECTROSCOPY TO STUDY BONDING 
IN Cr, Mn, Fe, AND Co CQWOUNDS' ,2 

J. C. Carver3 G. K. Schweitzer4 
T. A. Carlson 

The photoelectron spectra of  some 40 transition 
metal compounds have been measured using A1 K a  
(1487 eV) and Mg KLY (1254 eV) x rays. The com- 
pounds include both  simple salts (halides and chal- 
cogenides) and hexacoordinated complexes (cyano and 
fluoro) of Cr(III), Mn(I1, HI),  Fe(l[H, III), and Co(II1). 
From these data we have determined the chemical shifts 
of the core electrons and have related these results to a 
calculated charge based on  Pauling electronegativities. 
In addition, multiplet splitting has been obtained for 
photoionization in the 3s shell and has been interpreted 
in terms of the exchange interaction between the 
partially filled 3s and 3d orbitals. 'To help in this 
explanation, calculations were made using both (1) 
IIartree-Fock solutions of the wave function for free 
ions and (2) a qualitative evaluation of the behavior of 
the exchange integral. The value of using x-ray photo- 
electron spectroscopy for studying chemical bonding in 
transition-metal compounds is amply illustrated. 

1 .  Work cariied out  jointly with the Physics Division. 
2. Abstract of paper to be  published in the Journal of 

3. Forirler graduate student from the University of Ten- 

4. Department of Chemistry, University of Tennessee, Knox- 

Chemical Physics. 

nessee, Knoxville, supported by NSF grant. 

ville. 

STUDY OF THE X-RAY PHOTOELECTRON 
SPECTRUM OF 'TIJNGSTEN-TUNGSTEN OXIDE 

AS A FUNCTION OF THICKNESS OF THE 
SURFACE OXIDE LAYER' J 

G. h. McCuire3 T. A. Carlson 

The photoelectron spectrum of tungsteii metal using 
AI Ka x rays has been studied as a function of a 
tungsten oxide layer on the surface. The photoelectron 
lines arising from the 4f shell of tungsten metal are 
clearly separate in energy from those coming from 
W 0 3 .  The ratios of  the intensities of these two sets of 

lines were measured for a series of metal samples which 
were anodized t o  a determined level of tungsten oxide. 
The data were shown t o  be consistent with a uniform 
deposition of oxide film. The escape depth, or thickness 
from which half the photoelectron intensity is derived, 
was found for a 14.50-eV photoelectron t o  be 8.9 for 
W and 18.3 a for W 0 3 .  

1. Work carried o u t  jointly with the Physics Division. 
2. Abstract of paper to be  submitted to the Journal of 

3. Graduate student, University of  'Tennessee, Knoxville, 
Electron Spectroscopy. 

supported by National Science Foundation giant. 

STUDY OF CORE BINDING ENERCIES OF SIMPLE 

PHOTOELECTRON SPECTROSCOPY' J 

AND COMPLEX SALTS USING X-RAY 

G. E. McGuire3 T. A. Carlson 
G. K. Schweitzer4 

Chemical shifts in a wide variety of compolunds were 
studied in order systematically to examine some of the 
factors causing these shifts. Systems that were studied 
included the alkali halides and compounds of indium, 
gallium, aluminum, niobiuni, tantalum, tungsten, and 
uranium. 

An attempt was made t o  use photoelectron spectros- 
copy t o  distinguish halogen groups attached in bridging 
and terminal positions within some selected com- 
pounds. By itself, photoelectron spectroscopy cannot 
prove the existence of  such groups, but in some cases it 
was found t o  give supportive evidence t o  available x.ray 
crystallographic data. The evidence used was the line 
broadening seen in the halogen spectra when compared 
with halogen reference lines in the simple salts NaF, 
NaCI, and KBr. The presence of line broadening may 
indicate the presence of bridging and terminal groups, 
but the absence of  line broadening cannot be employed 
t o  rule out nonequivalent sites. The photoelectron 
spectra were sometimes found t o  be inadequately 
sensitive to  the small separations expected in the 
binding energies of these groups. The expected maxi- 
mum separations were predicted by a very simple 
calculation which took into consideration only the 
distances t o  nearest neighbors. These values were 
maxima, since a pure ionically bonded model was 
employed, which meant that actual values would he 
smaller because of  covalent contributions. If a quantita- 
tive model could be  developed that would take into 
consideration these covalent contributions and the 
influence of all the surrounding ions in the crystal, it 
might be possible t o  predict the expected values more 
accurately. 
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Chemical shifts observed in a number of solid 
cornpounds were related to a theoretical “free-ion” 
shift plus ii crystal-potential shift. Using the simple 
alkali halides, we clernonst rated that these two kictors 
generally compete so that ordy sniall net chemical shifts 
are produced. The theoretical values of “free-ion” and 
crystal-poteni.i;il shifts were based on :m electrostatic 
model involving ionic charges (calculated by the Pauling 
method), erripixical internuclear distances, and radii 
which were assigned to the crystal components. Since 
the Pauling charges agree at least approximately with 
more complex theoretical calculations, they were 
judged to be adequate. The internuclear distances, being 
experimeril.ally derived, were also deemed appropriate. 
Thus miijor attention was turned toward the assignment 
of radii. Three types of radii were tried for the alkali 
Iialides: ionic radii, atomic radii, and radii based on 
electron density rnapping. It was found that for the 

in the alk;ili halides, theoretical values 
based on ionic radii generally gave fair agreement with 
the experimental values. Because the differences in the 
Paulirig charges were so snidl for the halogen ions in the 
alkali halides, it was found that the set of tlneoretical 
values which would give the best comparison with the 
expeel-imental values could not be determined. 

When this Lreatrnent was exterided to metal-ion sliifts 
in some alkaline-earth, aluminum, and ga:alliurii corri- 
;>uunds, it was found that in general for highly ionic 
corripourlds, ionic radii gave the better results, while for 
more covalent conipounds, al.ornic radii gave the better 
set of theoretical values. 

Certain oxides of uranium can be prepared in pure 
form. It was desirable to show whether photoelectron 
specl.~oscopy can distinguish UOz , U 0 3 ,  and U3 08. It 
was found thxt uranium core electrons have slightly 
different binding energies iti each of these compourrds. 

The photoelectron spectra of analogous conipounds 
of alumioum, galliurn, arid indium, as well as of 
niobium, tantalum, and iungsten, were comp;ired to 
determine relative chemical shifts. This method was 
based oil the assumption th;tt crystal pol entials of 
analogous compounds might be similar. Of the group 
111-A elenleiits studied, aluniiriuin was foiind to give 
shifts similar to those of gallium and larger than Ihcjse 
of indium. The analogous compounds of all three of the 
transition elements .- . niobium, tantalum, arid tungsten 

were found to give similar chemical shifts. 

1 I Work w r i e d  out jointly with the Physics Division. 
2. Summary taken from 1Ph.D. thesis of G .  E. McGuire 

3.  Graduate student, University of Tennessee, Knoxville, 
(University of Tennessee, Kfioxville, 1972). 

supported by National Science Foundation grant. 

4. Department of Chemistry, Uruversity of Tcnrirssee, Knox- 
vllle. 

As an important variant, photoelectron spectrometry 
has been shown3 to  be an excelleiii technique for the 
analysis of soft and ultrzsoft x rays. Both i n  the 
customary ESCA method a i d  in this new application o f  
pticstoelec Iron spectrometry alike, the energies and flux 
of ejected photoelectrons are measured; but while 
in ESCA, binding energies of unknown rnoleccilat levels 
:ire derived using ii fixed rnoriochromatic x-ray line, in 
the new technique, energies of x rays from unknown 
x-ray emitters are derived using a fixed cnergy level o f  
ihe converter. Thus, the Einstejii relation ilw 2: f$kin f 

The electron spectrometer operated in t.he “x-ray 
mode” constitutes an iruitnimerit of high resolution, 
M/E, l.ypically 0.1 % in photoelectron energy. With Ne 
2p as the converter level, the resolution in x-ray etiergy 
varies from 0.1 eV ai 25 eV to about 0.4 cV at 400 eV, 
which equaIs tile resolution obtainable with grating 
specirometers but exceeds that of organic crystals and 
nordispersive devices. From about 400 eV to 600 eV, 
&/E = 0.4 to 0.6 eV; the resolution is equd 1.0 or 
better tllaii that of the poiassium acid phthalate (KAP) 
crystal. From 600 eV io 3000 eV, M?,”/= 0.6 to .2 eV; 
the conventional inorganic-crystal spectrometer exhibits 
better resolution provided the proper crystals are 
chosen for the various eoergy ranges. 

Besides good resolution the new technique exhibits 
sitnple and well-defined intensity ch;rracteristics over 
the entire energy range. Thus, x-ray arialysis by photo- 
electron spectrometry coveis the energy range from 20 
to 3000 eV corztitrrrously and provides a resolution of  
b e t m  than 2 eV with intensity ch;iracteiistics that 
nuke accurate relative and absolute intensity measure- 
ments possihle. 

The new technique has been applied to studies io a 
riurnber of areas. They are as follows:3 ,4 ( 1  1 line wjclths 
arid line energies of the ultrasoft M{ x rays of  U, Zr, 
Nb, Mo, and 1Rh from 130 to 260 eV; (2) line intensities 
of the Zr I; x rays between 1700 and 2500 eV; (3 j band 
structure o f  Zr, Nb, and Mo scanned by the soft Itl x 
rays terminating ii1 the conduction barid; (4) structure 
of 4f level of flo using the 3d4f ( I  400 eY> and 4d.4f 
( I  50 eV) x rays; arid (5) estimate of the oxygeri content 
of Ho metal by comparing the intensities of oxygen K x 

benefits us in a twofold way. 
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rays and holmiuni (3d-4f) x rays. Another promising 
area for application of  the technique is qualitative and 
quantitative analysis, especially of light elements, in 
conjunction with the use of electron-optical viewing 
techniques. 

1 .  Synopsis of a paper to be published in the Proceedings of 
the lnternational Conference on Inner Shell Ionization Phe- 
nomena, April 1972, Atlanta, Ga. 

2. Visiting scientist from Laboratoire de Chimie Physique de 
l'Universit6, Faris VI, France. 

3. Ivl. 0. Krause, Plays. Rev. 177, 151 (1969). 
4 .  M. 0. Krause, Chem. Phys. Lett. 10, 65 (1971); M. 0. 

Krause and F. Wuilleumier,Phys. Left .  A 35, 341 (1971); M. 0. 
Krause and F. Wuilleurnicr, Proceedings o f  the International 
Conference on Inner Shell lonizntiun Phenomena, Apr. 17, 
1972, Atlanta, Ga. (to be published). 

ATOM1 C ,4N D MO J.,ECULAR COLLI S 1 ON S 

VELOCITY DEPENDENCE OF ELECTRONIC 
TO VIBRONIC ENERGY CONVERSIQN FOR 

Hg ( 6 3 P 2 )  IN MOLECULAR CQLLISIONS 

H. F. Krause S. Datz 

We have completed a study of the collisional con- 
version of atomic electronic excitation t o  molecular 
vibronic excitation using velocity-selected crossed- 
molecular-beam techniques. The conversion of meta- 
stable H g ( 6 3 P 2 )  to  Hg(63P, )  by collision with Nz, 
NQ, CH4,  D 2 ,  and 112 was measured by observation of 
the light emanating from the decay of the I-lg ( 6 3 P 1 )  t o  
the ground state (6 'So) .  The H g ( 6 3 P 2 ) ,  formed by 
electron bombardment of a 400°K Hg atomic beam, 
intersected a velocity-selected beam of reactant mole- 
cules; the 2537-8 radiation was detected wit11 a 
photoniultiplier fitted with an interference filter. 

For all reactant molecules studied, the quenching 
cross sections depend on the relative collision energy, E,  
according to  E-'.' between 0.01 and 0.15 eV. The 
relative cross sections at  0.05 eV for N 2 ,  NO, CH4, Dz ,  
and H, are in the ratio 1.00:0.92:0.78:0.18:0.58 
respectively. These relative cross sections are in general 
agreement with relative total qiuenching cross sections 
obtained by Doemeny, Van Itallie, and Martin' in 
experiments that did not employ velocity selection. 
Two theoretical models have been proposed for 
Hg (63P) quenching. The model of Dickens, Linnett, 
and Sovers2 assumes no crossing or near crossing of the 
initial- and final-state potential-energy curves. This 
theory is analogous in formalism t o  models for inter- 
molecular vibration-vibration energy transfer. In con- 

trast t o  thc experimental results, it predicts a pro- 
nounced increase of the quenching cross section with 
increasing energy throueJwut the experimental energy 
range and cross-section magnitudes that resonantly 
depend on the closeness of match between the elec- 
tronic energy given and the vibrational energy received 
during the collision. 

The model of Bykhovskii and Nikitin (BN),3 contrary 
to  the assumptions of Dickens e t  al., suggests that the 
degeneracies of initial and final states of the triatomic 
quasi molecule must be considered during thc collision. 
This assumption means that the quenching efficiency 
depends on the energy separation of the initial and final. 
states for the quasi molecule and does not  dzpend on 
the energy defect a t  infinite separation as in the 
Dicken? et  al. model. When the relative motions of the 
nonadiabatically interacting initial and final states are 
considered semiclassically, the transition probability far 
from threshold reduces to the form of the Landau- 
Zener model, which predicts an energy dependence of 
E-'.'. The experimental quenching cross sections also 
behave in this manner in the energy region investigated, 
where Landau-Zener should be valid. 

-.... ~ 

1. L. J. Doemeny, h'. J. Van Itallie, and R .  bl. Martin, Chein. 

2. P. G. Dickens, J. W. Linnett. and 0. Sovers, Discvse 

3 .  V. K. Bykhovskii and E. E. Nikitin, Opt. Spectrusc. 

fhyr. Lett. 4, 302 (1969). 

Furad(iy SOC. 33, 52  (1962). 

(USSR) 16 ,111  (1964). 

IONIZING COLLISIONS OF FAST ALKALI 
ATOMS WITH C12, Br,,  AND 0 2  

N. Kashiliira' F. Schmidt-Bleek2 
S. Datz 

The study of energy loss accompanying chcrni- 
ionizing collisioiis of fast alkali atoms (50-350 eV) has 
been ~ o m p l e t e d . ~  The inelastic energy losses were 
found t o  be nearly energy independent for collisions of 
K or Cs.with C12, Br2,  and O 2  and ranged from about 8 
t o  10 eV, irrespective of the reactants. The collisions 
between alkali atoms and halogen moleciiles (Cl2 and 
Br2) yield as intermediates alkali ions (M') and excited 
molecular ions (X2J in the ' Zg state. This is followed 
by dissociation to the ground-state halogen ions or to  
excited halogen atoms. In the case of oxygen, excited 
niolecular ions in the 'nu  state are formed, and these 
species either remain in tile bound state of the ' n u  or 
decay t o  vibrationally excited molecular states ( b  2;. 
"Ag). The excitation functions (change of cross sections 
with incident energy variations) were interpreted in 



153 

te!nis of curve crossings near or inside die eqiiilibriurii 
&stance of the M-X, poteatial surfaces. 

E . Graduate student, Department of Chemistry, Purdne 

2.  r>cpartment of Chemistry, University of Terrnessee, 

3 .  De*Lails trave appeared in tire P2r.D. thesis of N. Kashihira 

University, I,afkyette, Ind. 

Knoxville. 

atid will be submitted to the Journal of Chemicnl Physics. 

SPECTATOR STKlPPlNG IN FAST ALKALI 
ATOM AND ION COLLISIONS WITH 

DIATOMIC MOLECULES 

S .  Datz F. Hwangl 
F . Sclirrii d t-Hleek2 

A portion of the results of our previous work3 on 
dissociative collisions between alkali a t o m  atid hydrc- 
geri niolecules has been reinterpreted in terms of a 
possible spectator stripping model4 for high-energy 
(>30 cV> collisions. In this model the backscal tered 
atom or ion is considered to interact elastically with 
only one atom of the diatomic molecule, and the 
coupling of die hydrogen atoms i s  neglected. 'Fhis is 
justifiable if the collision time is short cornpared wi~h 
!he intl-arnolecular coupling time. This model gives 
results which compare favorably with experinierital 
observations. To test whether this is a general effcct a t  
high energies, Cs" ions of SO to 200 eV were back- 
scattered frorn N2 molecules, and a peak appeared at 
mcrgies corresponding to single-atom interactions. 'Phis 
type of energy transfer could lead to molecular djsso- 
ciatioiz and may prove ti) be an itnportant rriode for 
"hot atom" reaction kinetics. 

I 

1. Graduate student, Department of Chemistry, University of 

2. Department of Chemistry, llnivcrcity of 'Tcnriessee, 

'3. P. F. Drttrier and S. Datz, J. C'hem. Phys. 54, 4228 (1971). 
4. X ,  E. Miriturn, S. Datz, and K. 1,. Keckar, J. Chrm. I ' /7ys 

Tennessee, Knoxville. 

Knoxville. 

44, 1149 ( I  966). 

"IFlOTT-ATOM" BEAM SOURCES FROM ELECTRON 
SPUTTERING OF ALKALI HALIDES 

G. Ostrorn' F. Schmidt-Bleek2 
S. Datz 

A sliidy of a new "hot- toi in" beam source has beer1 
initiated, m d  preliminary results have been obtained. 
This sc)ucce ts bnwd on electron sputtering of alkali 
halidzs. Thc sputtenng process i s  thought to take place 
through the formation and relaxation of VK centers 

(ions). Sputtering yields of 3 lialogen atonis per 
incident electron at I !ieV have been reported, hut the 
energy distributiori o f  the etnergent atoms remained 
unkriowri. :C!I investigate this, we constructed an elec- 
tron sputtering apparatus and installed it i n  ;in existirig 
mass spectrometer which we previously used to study 
the velocity distributioii of ioditie atoms sputtered from 
Agl by At ion bonib;~rdrner~~.~ Using KI targets, we 
have observed sputtered I atoms wit11 merges greater 
than 1 eV, b u t  the detailed energy distribution, yields, 
etc., remaiii to be detennined. The rzsiilts obtained 
from this work on a series of alkali halides will have 
relevarice r i o t  only to hot-atom beam sources but to the 
basic mecl~:inism of electron radiation efftcts on ionic 
crystals and io  possible problems of C12 generation in 
salt-mine storage o f  highly rxiioac rive w:iste. 
____ .- ........... 
1. Gmduate student, Llcpaitment of Chemistry, Llniversity of 

Tennessee, Knosvjlle. 
2. Kkpnrtrnent of Chemistry. Univcrxity of Tennessee, 

Knoxville. 
3. S. Datz, G.  Ostrom, and f .  Sclirriirit-Bleek, C'hun. Uiv. 

Anrrrr. F r o g .  Rep. May 20, l9h? ,  ORNL-4437, p. 140; also, F:. 
Schmidt-Bleek. 6. Ostrotn, and S .  Darz. K r v  S<:i /r~saunz. 40, 
1351 (1969). 

INNER-SHELL IONIZATION 1N FAS'T 
~ ~ E A V Y - X ~ N  CC3X,.LISXONS 

s. Datz I-I. 0. L u l 2  
C. I). Moak' J. Stein' 

As ieported last year,' we obscrved remarkable 
specificity i n  the creation iif 1,-she11 vacancies 111 iodine 
in atomic collisions at  energies of from 15 1.0 60 MeV. 
The ral io of 2p3 ,2  t o  2p I ,z or 2s vacmcies varied by a 
factor of 7 depending on t h e  target a tom (Z,  = 6 to 82)  
and showed two maxima o ~ e r  the range of large ts used. 
Since thxt lime, a theory including fine si.iuctrire has 
been developed" iiivolving curve crossing of molecular 
orbitals. 'This theory predicts that only 2 p 3 , 2  electrons 
can be promoted by c~u;isi-roolecuiar interaction of 
inner-shell atomic orbitals m d  that the prixess should 
be strmgly dependent on the collision pxtner. How- 
ever, the behavior with Z 2  is not yet explained, and the 
high cross section observcd f o r  2p1/2 and 2s112 
vacancy production (- IO-- '  cm'j is not anticipated. 

Even tl-to(igti the mechanism for vacancy formation in 
fast heavy ions is not thorouglily understood, applica- 
tion o f  these observations w;is made i n  rhe study of the 
states of  i o n s  as they penetrate matter.5 In experiments 
tising SO-MeV I. we observed that the L-ionization cross 
section of' 11ie iodine ion was larger by a factor. (sf 10 in 
a solid medium as cornpared with a gaseous niediiim 



(e.g., Se compared with Kr or Br?). This difference 
could be explained in terms of the steady-state popula- 
tion of M-shell vacancies, which depended upon the 
collision frequency in the medium, the M-shell vacan- 
cies being necessary for molecular promotion of iodine 
L-shell electrons. I n  this work it was also observed that 
M-shell ionization cross sections are in the order of 
lo- '  cm2 . Relaxation of these M-shell vacancies takes 
place principally by Auger proccsses and hence should 
give a high yield of high-energy Auger electrons along 
the track of the penetrating particle. The presence of 
this Auger-electron component. in which a large 
number of energetic electrons are released in a very 
short distance, can have significance in terms of the 
efficacy of heavy-ion radiation therapy and certain 
forms of radiation damage. Preliminary experiments on 
the energy distribulion of electrons emerging from thin 
carbon targets un-der iodine ion bombardment have 
indicated the existence of the Auger component. 

1. Physics Division. 
2. 1<ernforschungsanlage, Julich, West Germany. 
3. S. DatL, C. D. Moak, B. R.  Appleton. and T. A. Carlson, 

Chem. Div. Arinu. Progr. Rep. May 20, 1971, ORNL-4706, p. 
246;nlso, Phys. Rev. Lett. 21 ,  363 (1971). 

4. 1-1. Barat and Ui. Lichten, Phys. Rev. A ( in  press). 
5 .  H. 0. Lutz,  J .  Stein, S .  Datz, and C. D. Moak, Phys. Rev. 

Lett .  28, 8 (1972). 

INNER-SHELL IONIZATION BY PRQTON AND 
ALPHA-PAK'TICLE BOMKARDMENT 

S. Datz J.  U. Andersen' 
E. Laegesgaard' L. C. Feldnian' 

J .  L. Duggan2 
.~ 1 he mechanism for inner-shell ionization by protons 

and alpha particles is understood in terms of Coulomb 
excitation of 1 . l ~  electrons by the passing ion. Detailed 
calculations using the plane-wave Born approximation 
and relativistic electron wave functions have recently 
been carried out t o  predict cross sections for L-subshell 
i ~ n i z a t i o n . ~  To check the theory, we analyzed L x-ray 
spectra of Au made by bombardment with 0.2- t o  
3.0-MeV/nucleon proton and alpha-particle beams4 and 
found good qualitative agreement with the calculations 
for protons. However, the theory is not nearly exact 
enough, especially a t  the low energies, t o  fit the data t o  
within 307.. Moreover, the behavior of alpha particles is 
significantly different from that anticipated from a 
properly scaled proton excitation cross section. This 
kind of information, aside from its intrinsic interest, is 
necessary for the proper interpretation of light-ion- 

induced x-ray spectra which may be used in analytical 
applications. 
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Theoretical predictions for the cross section uI of 
ionization of inner-shell electrons by fast ions indicate 
that uI is proportional to  Z 2 ,  where Z is the projectile 
charge, as long as the electrons are not polarized by the 
projectile during the i n t e r a ~ t i o n . ~  Recently a few 
tests using He and L,i ions have been made which 
indicate that appreciable deviations froin this simple 
scaling law can occur in the K x-ray production cross 
section.5x6 In order to test this further, we measured 
the cross section for the production ofK x rays, ux ,  of 
Ti, Fe? Co, Zr. Sn, and Nd and for L x rays of Sn, Nd, 
and Au by 5-MeV/amu He, C, 0, and Ne ions. We also 
measured us for IO-MeV/amu C ions on the same 
targets. The 5-MeV/amu projectiles were obtained by 
accelerating He'+. C3+, 04+, and Ne5' ions in ORIC. By 
this particular choice of ions, only minor adjustments in 
the cyclotron are necessary in order to  switch from one 
ion t o  another, while the energy per amu will be the 
same for each ion. 

An absolute value of the x-ray production cross 
section us can be obtained by comparing the yield of 
the x rays with the yield of Coulomb-scattered parti- 
cles; in our case, the Coulomb cross section is inde- 
pendent of the nature of the projectiles a t  small angles 
of observation. This method eliminates the need to 
measure target thickness and beam current and thus 
enables one to  perform accurate absolute measure. 
ments. The x-ray yield was measured at  an. angle of 
135" with respect to  the incoming beam by  using an 
Si(Li) detector with a resolution of about 250 eV at  5.9 
keV. Target thicknesses ranged from 200 t o  1000 
pg/cm2. For most cases the absolute uncert9inty in ax 
is +6%; the uncertainty in the ratio between ux for 
different projectiles is, in most cases, better than -12%. 

A well-known phenomenon of heavy-ion-induced x 
rays is the shifting of x-ray energes, which is presum- 
ably due t o  the creation of multiple inner-shell vacan- 
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a We measured these shifts for the Ka lines of Fe, 
Co, Zr, and Sn and for the KO lines of Fe and Co by 
fitting the observed spectra wth 3 function coiisistjng 
of Gaussian peaks superposed on a quadratic back- 
ground. It was found empirically that for the boni- 
barding energies of 5 arid 10 MeV/amu the observed 
energy shift for each target is a nearly linear function of 
the stopping power of the bombarding 1011. This is 
shown in Fig. 7.33; the stopping powers were obtained 
from Northcliffe and Schilling.' 

Figure 7.34 shows the quantity u X 2  oIK/Z2  as a 
function of E/XUK for the S-MeV/aniu He ions and tlie 
IO-MeV/amu ' 2C ions The quantity E/& is the energy 
per nucleon, arid 1s the binding energy of the 
K-shell election. The u,K are calculated from ttic 
relation oxK = W K  0 1 4  The fluoresceace yields (a,) 
that were used are summarized in Table 7.13. The curve 
is the prediction of the binary-encounter model of ref. 
3. In general there is a reasoriablc agreement between 

Fig. 7.33. Energy shift (Ah') observed hi the K x-ray spectra 
produced by 5-MeVIamu He, C,  0, and Ne ions and 1 0 -  
MeV/amu C ions vs the stopping power {S) of the ions. The 
c u n w  illustrate the empirically observed nearly linear ielation 
be tween iSE and S. 
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Fig. 7.34. Comparison of the experimentally observed ioniza- 
tion cross sections (J with the theoretical results of ref. 3. The 
vdues of a are deduced frorn the expcrunenrally meamred x-ray 
production cross % L ~ I O I ~ S  a, by uung the fluorewmce yield5 of 
Tdble 7.13 

Table 7.13. Fluorescence yields 

Elenlent Wk- 

Ti 0.221 
Fe 0.344 
CO 0.366 
Zr 0.737 
Sn 0.86 
Nd 0.91 

~ 

the predicted atid experimental values for the He ions. 
The values for the IO-MeV/amu C ions for Fe and Co 
are aboiii 10 to 15% above the predicted values. 

In order to illustrate the Zz dependence of the x-ray 
production cross sections, we define the quantity 

Figure 7.35 s h o w s  R,(Z1, Z,)  forZ2 = 2'and Z ,  11- h , 8 ,  
and 10 as a fuiictiori of 4" = E/1000XU. where U is the 
binding energy of the K shell or ;I suitable average o f  
the binding energies of the L shells. The experimental 
data suggest the following systematic trends: ( I )  For 
each projectile, R ,  changes frotn values greater than I 
to values less t h a n  1 at 4 - 0.45; (2) f o r  each value of <, 
the valuc of ! K ,  .-- 11 increases wit11 increasing Z1 ; (3) 
tlie behavior of K is approxiinately the smie for K a rd  
I, x rays. 



ORNL-DWC 7 2 - 6 8 t R A  The fact that R ,  -I: 1 can be due to a Z 1  dependence 
of the fluorescence yield u, or it can indicate that oI 
does not scale as ZI Most probably both effects have 
to be taken into account. However, in the case of Zr, 
Sn, and Nd, it is reasonable to assume that the 
fluorescence yield is not very Z-dependent, since the 
energy shifts indicate that the number of additional 1, 
vacancies created is only about unity" and the 
fluorescence yield of the undisturbed atoms is already 
large. Thus the observed discrepancy of a Z 2  depend- 
ence for the x-ray production cross section ux very 
likely reflects in these cases the behavior of the 
ionization cross section 01. 

If we assume that the ionization cross section 01 car? 
be written as oI = uI0 [ 1 -1- 6(Z,/Zt)' ] , where oIo is the 
cross section calculated without taking polarization 
effects into account3'" and Zt is the charge of the 
target atom, then the quantity IR(ZI,  Z,) ~~ IIZJ 
(Z, ~ Z2) should be independent of Z1. Table 7.14 
shows that this is approximately true for the Zr, Sn, 
and Nd targets. 'This suggests that for small $ values the 
effects of polarization of the electron orbits by the 
projectile can to a large extent be described by adding a 
Z1 term in the ionization cross section. For the lighter 
elements, one first would have to establish either 
experimentally or theoretically the effect of multiple 
vacancies on the fluorescence yield before such an 
evaluation could be made. A similar remark can be 
inade with respect to the L x rays of Sn, Nd, and Au, 
although it may be meaningful that all the data indicate 
the same trend ofR vs EIXU 
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Fig. 7.35. Ratio R ( z , ,  z2 )  = ~ ~ , ~ z ) / ~ , ( ~ ~ ~ ~ ~ z ~ / ~ ~ ~ ~  for K 
and L x rays with Z2 = 2 and % I  = 6, 8, and 10 vs E/lOOOhU, 
where E/h  is the energy per amir of the projectile and U i s  the 
appropriate electron binding energy. 

Value for the projectile indicated 

C 0 Ne 
..... ___ Target 

Ti 3.3 i 0.1 2.9 i 0.1 2.6 i 0.1 
Fe 1.7 i 0.1 2.34 f 0.1 2.2 i 0.1 
co 1.4 f 0.1 2.0 2 0.1 1.4 + 0.1 
Zr 2.5 f 0.2 2.3 i 0.2 2.0 ? 0.1 
Sn 5.1 f 0.1 4.6 i 0.2 4.1 i 0.2 
Nd 4.2 ? 1.0 4.7 i 0.9 5.2 i 0.5 
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G. Torsi,45 K. W. F ~ n g , “ ~  G. M. Begun, and G. M a n ~ a n t o v , ~ ~  “Mercury Species in Chloroaluminate Melts. 

F. L. Whiting,45 G. M a r n a n t ~ v , ~ ~  G. M. Regun, and J. P. Young,4 “Raman Spectra of Solute Species in Molten 

G. M. Begun, J. Bryne~ tad ,~“  K. W. F ~ n g , ~ ~  and G. M a r n a n t o ~ , ~ ~  ‘‘Raman Spectra of the Molten AICI3-LnCI2 

L. S ~ h i f e r , ~ ~  G. M. Begun, and S. J. cy vir^,^' “The Raman Spectrum of Benzene-Chromium-Tricarbonyl,” 

Trihalide-Alkali Ilalide Systems,” Inorg. Chem. 10, 886 (1 97 1). 

Characterization of the New Ion Hg32’,’7 Zmrg. Chem IO,  2285 (1971). 

Fluorides; 02-, C r 0 4  ’-, and C 0 3  ’-.,’’ lnorg. Chim. Acta 5,  260 (1 97 1). 

System and Molten Csz ZnC14 ,” Inorg. Nucl. Chem. Lett. 8,79 (1 972). 

Spectrochirn Acta, Part >4 28,803 (1 972). 

RADIATION CHEMISTRY 

C. J. Hochanadel, J .  A.  Ghormley, and P. J .  Ogren,48 “Absorption Spectrum and Reaction Kinetics of the H 0 2  
Radical in the Gas Phase,” J. Chem. Phys. 56,4426 (1 972). 

37. Nuclear Chemistry Laboratory, University of I,i&ge, Likge, Belgium. 
38. Research jointly sponsored by the Universities of Tennersee (Knoxville) and Likge (Belgium) and by the U.S. Atomic Energy 

39. Visiting scientist from Laboratoire de Chimie Physique de I’Universitd. Paris VI, France. 
40. Visiting scientist from Federal Republic of Germany, Bonn. 
41. Visiting scientist from Louisiana State University, Baton Rouge. 
42. Oak Ridge Associated IJniversities Research Participant frolil the University of Alabama, University, surniiiei 1969. 
43. Plant and Equipment Division. 
44. Mctaln and Ceramics Division. 
45. Department of Chemistry, University of Tennessee, Knoxville. 
46. Department of Chemistry, University of Arkarisas, Fayetteville. 
47. Institute of Theoretical Chemistry, The Technical Univcrsity of Norway, Trondheim. 
48. Department of Chemistry, Maryville College, Maryville, Tenn. 

Coinmission under contract with the Union Carbide Corporation. 
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R. W. i\/latrl1ews,~9 H. A. Mahlman, and F. J .  Sworski, “Elementary Processes in the Radiolysis of A q u e o u s  Sulfuric 

A.. K. Jories, ‘“l’he Radiolysis of Aliphatic Carboxylic Acids: ‘I’he Decarboxylation of Normal Acids a! 3 X ” , ”  Rdiat. 

A. R. Jones, “The Radiolysis of Aliphatic Carboxylic: Acids. On the Decarboxylation of Nornlal Acids iri the Liquid 

P S. Kitdolph, “Preface lo the Memoirs of  Sa~nuel Colville Lind,”./. l%nn. Acad. Sei. 47, 2 (1972). 

Acid Solutions. Uetet~ninations of Koth GoH arid GSC,~- ,”J .  Phys. Clzt~z. 76,  1265 (1972). 

KEY. 47, 35 (1971). 

State,’. Radiut. Res. 48,447 ( lY7  I ). 

ORGANIC CHEMISTRY 

C:. 9. Collins arid e. E. Eiarclirig,50 “Molekiilare IJnilagerungen, XXVII. Kelative Ceschwindigkeiten der 6.2- und 

C. J. Collins, “Reactions of Primary Aliphatic Amines with Nitrous Acid,” Accijutlfs Chewz. Res. 4? 3 1 5  (1971). 

V. F. Raaen, B. M. Benjamin, and e.  J. Collins, “A Deuteriurll Tracer Study of 6,l J-Blydride Shift iri  Substituted 

j.2-X-fydrid-\lerschiebung irn Norbornyl-Kation,” Jurtus Liebigs Am. Chon. 745, 124 (1971 ). 

Norbornyl Cations,” Tetr-uhedron 1,t:ct. 28, 20 I3 (1971). 

PHYSICAL CHEMISTRY 

K. M. Rush and J ,  S. Johnson, ”Isopiestic Measurements of the Osmotic and Activity Coefficieots fu r  the  Systems 
flCI04 t UOz(C104)L + H20 arid N;rC1O4 3- UO2(ClO4)2 + t l z O  ;it %5“C,“J. C‘hcm. Y’hermordyrz. 3, 779 (1971). 

M. H. Liet zke i n d  R. J. Ikrdklotz,3S , 5  “‘Electromotive Force Studies In A ( ~ ~ G u s  Solul.ions a t  Elzva~ed 
Temperatures. XiII. The Therrnodyiiainic Properties of HC~1-NaGI-kIgC:l2 Mix1 ures,” .L hor-g. fVucl. Chetx. 33, 
1649 (1971). 

M. H. Lietzkt: and K. .I. Ilerclklotz,3s, 5 “Aclivity Coefficient Behavior i n  Aqueous Binary Salt Mixtures,” J.  7era7. 

0. W. Coshin,l “‘Predictions of Activity and Osmotic Coefficients for A q u e o u s  Electrolyte Mixi iires,” h1.S. thesis, 

Cynthia Daugherty,’ ““The Thermodynamic Properties of Aqueous HCI-KC1-CaCl2 Mixtures as Calculated froizl 

F. Vdd!>w, “Thermodynamics of Solutions of Electrolytes,” Chap. 12 in Wuter and h p e o u s  LYoolu.ction.s, edited by .a. 

F. Vaslow, “’Salt-lnduced Critical-Type Transitions in t\queous Solution. Heats of Dilution uf the Lithium and 

1,. Dret;iier, “‘Phase-Plane Andysis of Nonlinear, Second-Order, Ordinary Differential Equ;i tions,” I .  Math. Phys. 12, 

I,. Dresner, “Some Remarks on the Integration of the Extended Nernst-Plmck Equations in the Hyperfiltration of 

L. Dresner, “Geometric cts in Piezudi;ily:;is through Charge-Mosaic Membranes,”s Desulirzarion IO,  47 (1.97‘2). 
Lo Dresner, “An Extension of the Radiometric PorowFrit Method to the Measurement of Difhsion Coefficients of 

Acad. Sci. 46, 133 (19’71). 

IJniversity of Tennessee, Knoxville, Augi.tsl I97 I .  

Electromotive Force Measurenierits,” M.S. Ihesis, IJniversity of ‘Tennessee, Knoxville, March 1972. 

I\. Horne, Wiley-Interscience, New York, 1972. 

Soditim Halides,”J. Phys. Chem. 75, 3317 (1971). 

1339 (1971). 

Mdf icomponent Sohtions,”s2 Desdirzutiow 10, 27 ( L 972). 

Non-Radioactive Counterjons in Ion-Exchange OKNL-4708 (July 1972). 

.................................................................... ~~ ...._.-....-........l______l 

49. Visiting scientist from the Australian Atomic Energ,’ Commission Research &,tablishment, E u a s  ileights, New South Wdles. 
5 0 .  Present addiess: University of Tennessee at  Martin. 
5 1. Resent address: Chemistry Department, Hob Jones University, Crwnville, S.C. 
52. Research jointly sponsored by the Nat.iona1 Science Foundat ior~-IRR~.~S and the Ol‘fice of Saline! W;iter under Union 

Carbide Corporation’s contract with the U.S. Atonic Energy 
53. Research sponsored by the National Scienm Found nion Carbide Corpor:ition’s contract with the U.S. Atomic 

Energy Commission. 
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1’. H. Wadia,54 K. A. Kraus,21 A. J. S h ~ r , ~ ~  and I.. Dresner, “Preliminary Economic Analysis of Cross-Flow 
Filtration,” OKNL-4729 (August 19‘7 1). 

J .  Csurny, J .  S. Johnson, R. E. Minturn, G. E. Moore, C. G. Westmoreland, .I. J.  T. Day,56 J. P. Jacks,56 
S. H. Ruben,56 and P. H. Wadia,56 “Hyperfiltration and Cross-Flow Filtration of Kraft Pulp Mill and Bleach 
Plant Wastes,”57 ORNL-NSF-EP-14 (May 1972). 

M. M. I r i ~ a r r y ~ ~  and D. B. Anthony,56 “Adsorption and Filtration of Trace Contaminants in Aqueous Effluents,” 

J. A. J. S ~ b o t a ~ ~  and U. M. R. “Adsorption and Filtration of Chromium from Aqueous Effluents,” 

A. E. Marcinkowsky and H. 0. Phillips, “Diffusion Studies. 11. Tracer Diffusion Coefficients of Copper(l1) in HC1 
and HC104 at 2S°C,”58 J. Cherrz. Soc. A 1971, 101. 

A. E. Marcinkowsky and 1-1. 0. Phillips, “Diffusion Studies. 111. Tracer Diffusion Coefficients of T.,anthanum(iII) in 
Concentrated Solutions of HC1 and HC104 at 25”C,”J. Chent Soc. A 1971,3556. 

K. A. Krau?,*l “Hydrous Oxide Cation Exchangers,” IJ.S. Pat. 3,522,187 (July 28, 1970). 
J .  N. Raird, Jr., J .  S. Johnson, Jr., K. A. Kraus,21 and J. J .  Perona, “Filtration Method of Separating Liquids from 

E. H. Taylor, “A l n e t i c  Argument Against the Existence of Anomalous Water,” J.  Colloid Interface Sci. 36, 543 

ORNL-MIT-129 (1971). 

ORNL-MIT-133 (1971). 

Extraneous Mat-erials,” U S .  Pat. 3,5’77,339 (May 4,  1971). 

(1 971). 

A. S. Dworkin and M. A. Bredig, “Miscibility of Liquid Metals with Salts. X. Various Studies in Alkaline Earth 
Metal Metal Fluoride and Rare Earth Metal-Metal Di- and Trifluoride Systems,” J. Phys. Chem. 75, 2340 
(1 97 I ) .  

A. S. Dworkin, “Enthalpy of UraniumTetrafluoride from 238-1400”K, Enthalpy and Entropy of Fusion,” J. Znorg. 
Nucl. Chem 34, 135 (1972). 

II. K. Bronstein and D. L. Manning,4 “Lanthanum Trifluoride as a Membrane in a Keference Electrode for Use in 
Certain Molten Fluorides,” J.  Electrochem Soc. 119, 125 (1 972). 

- 

1%. H. Rusey, R. B. Bevan, Jr., and R. A. Gilbert, “The IIeat Capacity of Potassium Pertechnetate from 10 to  300°K. 
Entropy and Gibbs Energy. Entropy of the Aqueous Pertechnetate Ion,” J. C‘herrl. Thernzodyn. 4, ‘17 (1972). 

R. E. Meyer, M. C. Ranta,59 P. M. Lantz, and F. A. Posey, “Rapid Batch and Continuous Electroanalysis for the 

G. H. Cartledge, “The Electrochemical Behavior of Technetium and Iron Containing Technetium,” J. Electrochem. 

Chloride Ion,”58 Desalination 9, 333 (1971). 

SOC. 118, 1752 (1971). 

CHEMLCAL PHYSICS 

G. M. Brown, “Symmetry Relations Among Structure Factors,” Acta Crystalhg., Sect. B 27, 1675 (1  97 I) .  

54. Summer employee, 1971; present address: Department of Chemical Enginzering, Massachusetts Institute of Technology, 
Cambridge. 

55. Reactor Chemistry Division. 
56. Massachusetts Institute of Technology School of Chemical Engineering Practicz, Oak Ridge Station. 
57.  Research carried out under the ORNL-NSF Environment:il Program, jointly sponsored by NSF-RANN and the U.S. Atomic 

58. Research jointly sponsored by the Office of Saline Water, U.S. Department of the Interior, and the U S .  Atomic Energy 

59.  Summer faculty employee, 1969; present address: Department of Chemistry, Sam Houston State University, Huntsville, Tex. 

Fhergy Commission under contract with the Union Carbide Corporation. 

Commission under contract with the Union Carbide Corporation. 
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G. M. Brown, F. L. Hedberg,6O aiid H. Rosenberg,60 “Crystal Structure of Decachloro~utl~enocene. Noncoplanarity 

W. E. ’Thiessen, E[. A. Levy, W. G. Dauben,61 C. H. Beasley,61 and D. A .  Cox,61 “A Highly Twisted Double Bond,” 
of Carbon arid Chlorine Atoms Arising from Valence Forces,” Chern. Comrnun. 1972, 5. 

R. 

K. 

W. 

A. 

A. 

A. 

1,. 

J. Amer. Chem Soc. 93,43 12 (197 1). 

D. Ellison, H. A. Levy. arid K. W F ~ n g , ~ ~  “Ciystal and Moleculai Structure of ‘Trimeicury Chloroaluminate, 
Hg,(AIC14)2 ,” fnorg. C h m .  11, 833 (1972). 
Desiderato,62 J. C. Terry,b2 G R Freeman,h2.63 and H. A. Levy, “The Moleculai and Crystal StruLture of 
8-€iydioxyqu~tioline-N-oxtde,” Actu Crystullogr., Secl. S 27,2443 ( 197 1). 
K. Izumg, “A Convenient Way of Applying Constraints in Structure-Factor Least-Squares Refinement,” ncta 
Crystnllogr., Sect. A 27,683 (1971). 

II. Narten, “Diffraction Pattern and Structure of Non-Crystalline BeT and SiOz at 25”C,” J.  Ch~in.  Phys 56, 
1005 (1972). 

H. Ndrten and H. A. Levy, ‘%quid Water Moleziildr Correlation Functions froni X-Ray Diffraction,” J. Chem 
phys. 55, 2263 (1971). 
H. Narten, “Liquid Gallium Comparison uf X-Ray and Neutron Diffraction Data,” J. Chem Phys. 56, 11 85 
(1 972) 

and A J. T o r r ~ e l l a , ~  “Invariant Expansion for Two-Body Correlations Tlierniodynamic Functions, 
Scattering, and the Qrnstein-Zernike Equation,” J.  Chem. Phys. 56, 303 (1972) 

J .  K. Dohrrnann,66 R. Livingston, and H. Zeldes, “I’aramagiielic Resonance Study of Liquids during Photolysis. XI 1. 

J .  K. UohrinannG6 and R. Livingston, “Paramagnetic Resonance Study of Liquids during Photolysis. XIII. Uracil and 

E. G. J a n ~ e n ~ ~  and R. Livingston, “The Second Symposium c)n Electron Spin Resonance Spectroscopy, 

R. W. Holmberg, “ESR Study of Gamma-[rradiated Single Crystals of Potassium Bicarbonate at 77”K,” J. Chenz. 

Alloxan, Parabanic Acid, and Related Compounds,” J. Awzer. Chem. Sot. 93, 3343 (197 L). 

Derivatives,” J. Amer. Chem Sex. 93, 5363 (197 1). 

Introductory Remarks,”.I. Phys. Chem. 75, 3383 (1971). 

Ph.ys. 55, 1730 (1971), 

60. 
61. 
62. 
6 3 .  
64. 
6 5 .  
h 6 .  
67. 
68. 
69. 

. 

T. A. Carlson, “Electron Spectroscopy for Cheniical. Analysis,” Phys. lbduy 25, 30 ( I  972). 
T. A. Carlson and N. Fernelius,6s “Applying Photoelectron Spectroscopy,” Ind. Res. 14, 46 (1972). 
T. A. Carlson, “General Survey of Electron Spectroscopy,” p. 53 in Electron Spectroscopy: Ppoc. hzt. Corif: on 

Electrm Spectmscopy, Asilomnr, Calif., Sepi. 7--- 10, 197 1, edited by D. A. Shirley, North-tIolland, Amsterdam, 
1972. 

T. A. Carlson, hl. 0. Ksause, and W. E. Moddert~an,~ 8,h9 “Excitation Accompanying Photoionization in Atoms arid 

M. (3. Krause, T. A. Carlson, and W. E. Moddenian,18,69 “Manifest;ltion of Atomic Dynamics Through the Auger 

Molecules and Its Kelationsliip to Electron Correlation,” J. Phys. Puris Culloy. 32, C4-76 (1 9’7 1). 

Effect,”.I. Phys. Puris Colloq. 32, C4-139 (1971). 
.......................................... .____I 

~ ~ ~ - ~ ~ ~ l l i ~  ~ ~ ~ ~ ~ j ~ l ~  ~ i ~ i ~ i ~ , ~ ,  ~h ~ : ~ ~ ~ e  Materials Laboratory, Wright-Patterson Air Force Base, Ohio. 
University of California, Rerkeby. 
North Texas State University, Denton. 
Present address: University o f  Alabama Medical Center, Rirminghtim. 
Oak Ridge Associated Universities research participmt from the University of Puerto Kico, Rlo Piedras, surimta 1970. 
Department of Physics, Ilniversity o f  Puerto Rico, Kio Piedras. 
Visiting rcbritbt from Institiit fur Phyikalische Chernie der Freien LJniversitar f3erlin, 1969- 1970. 
Department of Chemistry, University of Georgia, Athens. 
Rrsearch Consultants, Inc., Oak Ridge, Tenn. 
Prasent address: Vanderbjlt University, Nashville, Tenn. 
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L. D. H ~ l e t t , ~  T. A. Carlson, B. R. Fish,70 and J.  L. D ~ r h a m , ~ ’  “Studies of Sulfur Compounds Adsorbed on Smoke 
Particles and Other Solids by Photoelectron Spectroscopy,” pp. 187 -95 in Determination o f k r  Qualify, edited 
by G. Marnantov and W. D. Shultz, Plenum, New York, 1971. 

W. E. M ~ d d e m a n , ~ ~ , ~ ~  T. A. Carlson, M. 0. Krause, B. P. P ~ l l e n , ~ 5 , 7 ~  W. E. Bull,45 and G. K. S ~ h w e i t z e r , ~ ~  
“Determination of the K-LL Auger Spectra of N,, 0, ,CO, NO, and G 0 2 , ” J .  Chem. Phys. 55,2317 (1971). 

‘I. A. Carlson and A. E. Jonas,’ 8 , 7 3  “Angular Distribution of the Photoelectron Spectra for Ar, Kr, Xe, H2,  N,, and 
C0 ,”J .  Chem Phys. 55,4913 (1971). 

T. A. Carlson and M. 0. Krause, “Relative Abundances and Recoil Energies of Fragment Ions Forined from the 
X-Ray Photoionization of N 2 ,  02, CO, NO, C 0 2 ,  and CF4 ,” J. Chem Phys. 56,3706 (1972). 

J. C. Carver,’ s , 2  “Photoelectron Multiplet Splitting and Cheniical. Shifts in Transition-Metal Compounds,” Ph.L). 
thesis, University of Tennessee, Knoxville, March 1972. 

J. C. Carver.’ 8 , 2 5  T. A. Carlson, L. C. Cain,18 and G. K. S ~ h w e i t z e r , ~ ~  “Use of X-Kay Photoelectron Spectroscopy 

A. 

C. 

1‘. 

1. 

to  Study Bonding in Transition Metal Salts by Observation of Multiple Splittings,” p. 803 in Electron 
Spectroscopy: Proc. Int. Con5 on Electron Spectroscopy, ,Lasilomar, Calif., Sept. 7 -10, 1971, edited by 13. A. 
Shirley, North-Holland, Amsterdam, 1972. 

E. Jonas,’ 8,73 “Photoelectron Spectroscopy of the Tetrafluoro and Tetramethyl Compounds of Group 1V 
Elements,” Ph.D. thesis, University of Tennessee, Knoxville, December 197 1. 
P. A n d e r ~ o n , ’ ~  G. M a r n a n t o ~ , “ ~  W. E.’ Bull,45 F. A. G r i m n ~ , ~ ~  J. C. C a r ~ e r , ’ ~ , ~ ~  and T. A. Carlson, 
“Photoelectron Spectrum of Chlorine Monofliioride,” Chern. Phys. Lett. 12, 137 (1 971). 

A. Carlson, G.  E. McGuire,’8,74 A. E. Jonas,’8,73 K. L. C h e ~ ~ g , ~ ~  C. P. hnderson,l8 C. C. Lu,23,76 and B. P. 
P ~ l l e n , ~  5 , 7  “Comprehensive Examination of the Angular Distribution of Photoelectron Spectra from Atoms and 
Molecules,” p. 207 in Electron Spectroscopy: hoc .  Int. CotTf on Electron Spectroscopy, Asilomar, Calif., Sept. 
7--10, 1Y71, edited by D. A. Shirley, North-Holland, Amsterdam, 1972. 

A. Carlson and C. P. Anderson,’ “Angular Distribution of the Photoelectron Spectrum for Benzene,” Chem. 
Phys. Lett. 10, 561 (1971). 

C. C. Lu,23,76 F. B. Malik,77 and T. A. Carlson, “Calculation of the K X-Ray Intensities for Elements from Z = 92 

C. 

M. 
M. 

M. 
F. 

P. 

t o  126,” Nucl. Phys. A 175,289 (1971). 

C. Lu,23 ,76  T. A. Carlson, F. B. P ~ I a l i k , ~ ~  ‘T. C. ‘ l ’ u ~ k e r , ~ ~  and C. W. Nestor, J r . , 2 3  “‘Relativistic 
Hartree-Fock-Slater Eigenvalues, Radial Expectation Values, and Potentials for Atoms, 2 < L < 126,” At. Uutu 
3, l (1971) .  

0. Krause, “Kcarrangment of lnner Shell Ionized Atoms,” J. Phys. Paris Colloq. 32, C4-67 (19‘71). 

0. Krause, “The M{ X Rays of Y t o  Kh in Photoelectron Spectrometry,” (?hem. Phys. Lett. 10, 65 (1971). 

0. Krause and F. W ~ i l l e u m i e r , ~ ~  “Energies ofM( X Rays of Y to Rh,”Phys. Lett. A 3.5, 341 (1971). 
W u i l l e ~ r n i e r ~ ~  and M. 0. Krause, “Partition of the Photoionization Cross Section of Neon in Soft X-Ray 
Region,” p. 259 in Electron Spectroscopy: Pi-oc. Int. Con5 on Electron Spectroscopy, Asilomar, Calif., Sept. 
7- 10. 19’71, edited by D. A. Shirley, North-Hollaiid, Amsterdam, 1972. 

F. Dittner and S. Datz, “Collision lnduced Vibrational Excitation and Dissociation of Hydrogen with Alkali 
Atoms and Ions from 2 to 50 eV,”J. Chem. Phys. 54,4228 (1971). 

...- . . . .. . . . . - . . . . . . . . . 

70. Health Physics Division. 
7 1. Environmental Protection Agency, Research Triangle Park, North Carolina 
72. Present address: Southeastern Louisima State College, Hammorld. 
73. Present address: University of Tennessee Research Center and Ilospital, Knoxville. 
74. Present address: Analytical Chemistry Division, ORNL. 
75. University of Missouri, KansaT City. 
76. Present address: University of Miami, Coral Gables, Fla. 
77. Indiana University, Bloomington. 
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N. K a ~ h i k i r a , 7 ~ . ~ ~  “Ionizing Collisions of Fast Alkali Atoms with C12, Br2, and 02,” Ph.D. thesis, Purdue 
University, Lafayette, Knd., August 1971. 

B. R. Appleton,80 S .  Datz, C. D. Moak,’ and M. ‘r. Robinson,*O “Energy Loss Spectra of Channeled Iodirie and 
Oxygen 10115 in Cold,” Phys. Rev. L3 4, 1452 (1 971). 

S .  Datz, C. D. Moak,13 13. 0. Lutz,$l L. C. Northcliffe,82 and L. B. B r i d ~ e l l , ~ ~  “Charge States of 15 --.140 MeV Br 
loris and 15 to 162 MeV i ions in Solid and Gaseous Media,” At. &fa 2,273 (1971). 

S .  Datz, C .  D. Moak,l3 B. R. Appleton,so M. D. Brown,13 and T. A. C‘arlson, “Differentiation in 2p312 and 2 p I l 2  
Vacancy Production in Iodine Lons in Atomic Collisions at 15 to 60 MeV,” p. 409 inPrcic. VZZtkIrzlnt. COPLJ on 
the Physics ojE‘lectronic and Atomic Collisions, North-Holland, Amsterdam, 197 1. 

S. Datz, C .  D. %leak,' B. R. apple tor^,^^ arid T. A. Carlsori, “’Differeiitiation inL-Subshell Vacancy Production in 
Iodine Ions by Atomic Collisions at 15-60 MeV,”Phys. Rev. Lett. 27, 363 (1971). 

H. 0. Lutz,81 J. Stein,81 S. Datz, and C. D. Moak,I3 “Collisional X-Kay Excitation in Solid and Gaseous Targets by 
Heavy ion Bombardment,” Phys. Rev. Lett. 28,8 (1972). 

78. Graduate student from Purdue University, Lafayette, Ind. 
79. Present address: Institut fu r  Radiochernie der Kernforschungsanlage, Julich, W. Germmy. 
80. Solid State Division. 
81.. Kernforschuilgsanlage, Jiilich, W. Germany. 
82. Ijapartinent of Physics, Teras A & M University, Colkgc Station. 
83. Departinent of Ihysics, Murray State University, Murray, Ky. 
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K. 
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G. 
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NUCLEAR CHEMISTRY 

S. Toth,*’ R. L. I-Iahn, and M. A. Ijaz,2 “Further Investigation of Thulium &-Emitters; New a-Emitting Isomer in 
56Tm,” 1971 Fall Meeting, Division of Nuclear Physics, American Physical Society, Tucson, Ariz., Nov. 4--6; 

Bull. Amer. Phys. Soc. 16, 1 162 (1 97 1). 

0. Sayer,*3 E. Eichler, N. R. Johnson, and D. C. Hensley,l “Coulomb Excitation of 10‘States in162,16413y,” 
1972 Annual Meeting, American Physical Society, San Francisco, Jan. 31 --Feb. 3; Bull. Amer. Phys. Soc. 17, 28 
(1 972). 

S. Toth,’sJ R. L. Ilahn, M. A. I j q Z  and R. F. Walker, Jr.,4 “Search for New Osmium Isotopes with A < 172,” 
1972 Spring Mceting, American Physical Society, Washington, D.C., Apr. 24-27; Bull. Amer. Phys. SOC. 19, 559 
(1 972). 

L. Fergison,* F. Plasil,’ G. I), Alam,5 and 11. W. Schmitt,’ “Fragment Mass and Kinetic Energy Distributions for 
Spontaneously Fissioning Isomers,” VI1 International Winter Meeting OCI Nuclear Physics, Yillars, Switzerland, 
Jan. 25- -30, 1971. 

Plasil,*’ R. L. Ferguson, F. Pleasonton,’ and H. W. Schmitt,’ “Neutron Emission in Proton-Induced Fission of 
209Bi  at 36.1 MeV.” 1972 Annual Meeting, American Physical Society, San Francisco, Jan. 31-Feb. 3; BUZZ. 
Amer. Phys. Soc. 1’9, 138 (1972). 
D. O’Kelley,* J. S. Eldridge,‘j K .  J. Northcutt,‘j and E. S ~ h o n f e l d , ~  “Some Consequences of Solar Proton 
Activation of Lunar Surface Materials,” Conference on Modern and ,4ncient Particles from the Sun, Lunar 
Science Institute, Ilouston, Tex., Oct. 13-1 5 ,  1971 (invited). 

S. Eldridge,*6 K. J. Northcutt,6 and G. D. O’Kelley, “Calibration and Use of a Large Low-Background 
Gamma-Ray Spectrometer for Lunar and Geochemical Samples,” 10th National Meeting, Society for Applied 
Spectroscopy, St. Louis, Mo., Oct. 18-22, 1971. 

J .  S. Eldridge,‘j G. D. O’Kelley,* and K. J. Northcutt.6 “Abundances of Primordial and Cosmogenic Radionuclides 
in Apollo 14 Rocks and Fines,” Third Lunar Science Conference, Houston, .rex., Jan. 10--13, 1972. 

G. D. O’Kelley,” J.  S. Eldridge,6 E. S ~ h o n f e l d , ~  and K. J. Northcutqs “Concentrations of Primordial Radioelements 
and Cosmogenic Radionuclides in Apollo 15 Samples by Nondestructive Gamma-Ray Spectrometry,” Third 
Lunar Science Conference, Houston, ‘rex., Jan. 10-13, 1972. 

*Speaker. 
1 .  Physics Division. 
2. Virginia Polytechnic Institute and State Ilniversity, Blacksburg. 
3.  Furman University, Greenville, S.C. 
4. Physics Department, Centenary College. Shreveport, La. 
5. Visiting scientist from the Pakistan Institute of Nuclear Science and Technology, Nilore, Pakistan, under the Sister Laboratory 

6 .  Analytical Chemistry Division. 
7. NASA EiZmned Spacecraft Center, Houston, Tex. 

.4rrangement between Oak Ridge National Laboratory and the Pakistan Atonic  Energy Commission. 
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CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS 

T. Seaborg,*8 J. I,. Grandall,g P. R. Fields,l0 A. Giiiorso,I 0. I>. Kzller, Jr., and R. A. Penneman,*2 “Recent 
Advances in the United States on the Transuranium Elements,” Fourth United Narions International Conference 
on the Peaceful Uses of  Atomic Energy, Geneva, Switzerland, Sept. 6-16, 1971 (invited). 

I.,. f i lm,* K. S.  Toth,I and M. F. Roche,’ ‘“lnteractions of Protoris (<85 MeV) with ‘“‘Pa and ’ 32Th,” 162nd 
Naiional Meeting, American Chemical Society, Washington, DX., Sept. 12-1 7, 1971 ; abstract NCJCL-29. 
1,. Hahn and H. W. Bertini,I “Calculations of Spallation-Fission Competition in the Reactions of Protons with 
38 U at Energies Below 3 GeV,” 163rd National Meeting, American Chemical Society, Boston, Apr- ? - - l 4 ,  

1972; abstract NUCL-3 I .  
L. &tn,* P. F. Dittner, K. S. Toth,l and 0. L. Keller, “Studies of (Heavy Ion, axn) Reactions on Actinide 
Targets,” 1 62nd National Meeting, American Chemical Society, Washington, D.C., Sept. 12-17, 1971 ; abstract 
NUC L-24. 
R. Johnson,” E. Eichler, R. 0. Sayer,3 C. E. Bernis, Jr., D. Hensley,’ and M. Schmorak,] “Heavy Ion Coulomb 
Excitation of Transuranium Nuclei,” i62nd Natiorial Meeting, American Chemical Society, Washington, D.C., 
Sept. 12-17, 1971; abstract NUCL-A3 (invited). 

J. S .  Boyno,*l Tti. W. J. R. Huizenga,*h arid C .  E. Bemis, Jr., “Collective States Excited in the z36U(d,d’) 

e. 

F. 

c. 

c . 

C. 

K. 

e. 

Keaction,” 1972 Spring Meeting, American Physiwl Society, Washington, D.C., Apr. 24-27; Bull. Amer. Phys. 
Soc. 17,463 (1972). 

E. Bemis, JK., “Electric Quadrupole and Hexadecapole Moments in ’ 3*Th and 38U,’r Fourth American Isotope 
Separalor Symposium, Natioiial Bureau of Standards, Washington, D.C., Sept. 20, 1971 (invited). 
K. McCowan,*l C. E. Bemis, Jr., 3.  I,. C. Ford, Jr.,l W. T. Milner,l R. L. Robinson,l and P. H. Steison,I 
“Electric Hexadecapolz Momerils in 30Th arid ’ a8TJ,” 1971 Fall Meeting, Division of Nuclear Physics, 
American Physical Society, Tucson, A r k ,  Nov. 4-.--6; Bull. A7~er .  Phys. Soc. 16, I 15‘7 (1971 ). 
E .  Bemis, JI.,“ F. K. McGowan,L 5 .  L. C. Ford, .TI.,’ W. T. Milner,’ R. L. Robinson,1 and. P. €I. Stelson,’ 
“Equilibrium Quadrupole and Ilexadecapole I)eformaiiotis for Even-Even ‘Trarisuraniuxn Nuclei,” 163rd National 
Meeciiig, American Chemical Society, gosion, Apr. 9-14, 1972; abstract NUCL-7 (invited). 

E. Reinis, Jr.,” F. K. McGowan,’ J. E. C. Ford, Jr. ,I  W. T. Milner,l R. E. Ro‘oi.nson,a arid 1’. H. Stelson,l 
“Equilibrium Quadrupole and Hexadecapole Deformations for Even-Even Transuranium Nuclei,” 1972 Spring 
Meeting, American Physical Society, Washington, D.C., Apr. 24---27; &AIL Amer. Phys. pioc:. 17, 5.38 (1972). 

E. Bemis, Jr.,* P. F. Dittner, 6. D. Goodman, R. L. I - Iah,  I). C. FJensley,1 and R. 3 .  Siha, “Nuclear 
Spectroscopy and Single Particle States in the Region Z & 100,” Third International Transplutonium Element 
Symposium, Argonne National Laboratory, Argonne, Ill., Oct. 20--2%, 1972 (invited). 
1. Silva,* N. ‘I’rautrnanti,‘ A. Ghiorso,l 5 .  Harris,’ * and M. Nurmia,] “Automated System for Rapid 
Chemical Separation of Heavy Actinide arid Transactinide Elements,” T h r d  interriational Triinspl~itc-,nium 
Element Symposium, Argonnt. National Laboratory, Argonne, Ill., Oct. 20-22, 1971. 

E. Bemis, Jr., ‘“The Identification of Transferniinm Elements Using X-lRay Techniques,” Gordon Research 
Conference on Nuclear Structure Physics, Andover, N.H., July 26-30, (971 (invited). 

8. U S .  Atomic Energy Commission, Washington, D.C.; Lawrence Berkeley I,aboratory, Berkclcy, Calif. 
9. Savanriali River Laboratory, Aiken, S.C. 
10. Argonne National Laboratory, hrgonrie, Il l .  
1 1 .  Lawrenu! Berkeley I,;iboiatary, Berkeley, Calif. 
12. BAS Alamos Scientific I ~ b n r a t o r y ,  Los Alamos, N.M. 
13. Present address: Argonne Nnrional Laboratory, Argonne, 111. 
14. Neutrori Physics Division. 
15. Nnclear Data Project. 
16. Nuclear S t r u d u r e  Research Laboratmy, University of Rochester, Rochester, N.Y. 
17. lnstitut fur Kernphysik der Universitat, Frankfurt, West Germany. 
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R. 

K. 

L. 

L. 

L. 

M. 

F .  

M. 

J. 

V. Gentry, “Radiohalos, Tektites and Lunar Radioactive Chronology,” T h r d  Lunar Science Conference, 
Houston, Tex., Jan. 10-13, 19’72. 

L. Vander Sluis*i and L. J. Nugent, “Energy Differences Between the fqp? and the fq+ls2 Electron 
Configuration for the Lanthanide and Actinide Neutral Atoms,” 19 7% Annual Meeting, Optical Society of 
America, Ottawa, Canada, Oct. 5 -4. 

J .  Nugent* and K. L. Vander Sluis,l “Theoretical Treatment of the Energy Differences Between fqd’  s2 and 
fq+l s2 Electron Configurations for Lanthanide and Actinide Atomic Vapors,” Ninth Rare-Earth Research 
Conference, Virginia Polytechnic Institute, Blacksburg, Oct. 10-14, 1971. 
J. Nugent,* J. L. B ~ r n e t t , ~ g  and L. K. “‘Thermodynamic Systernatics Among the Members of the 
Lanthanide and Actinide Series,” Ninth Rare-Earth Research Conference, Virginia Polytechnic Institute, 
Blacksburg, Oct. 1 0  -14, 1971. 

J. Nugent, “Standard (11-111) Oxidation Potentials for Each Member of the Lanthanide and .Actinide Series,” 
Third International Transplutonium Element Symposium, Argonne National Laboratory, Argonne, Ill., Oct. 
20  22, 1971 (invited). 

0. Krause* and F. Wuilleuniier,2 “Electron Binding Energies in Americium,” International Conference on 
Electron Spectroscopy, Asilomar, Calif., Sept. 7-10, 1971. 

W ~ i l l e u m i e r * ~ ~  and M. 0. Krause, “Partition of the Photoionization Cross Section of Neon in Soft X-Ray 
R e i o n , ”  International Conference on Electron Spectroscopy, Asilomar: Calif., Sept. 7-  -10, 1971. 

0. Krause, “Case Studies in Soft X-Ray Spectrometry Using an Electron Energy Analyzer of Well-Defined 
Characteristics,” Nuclear Analytical Chemistry Conference, Oak b d g e ,  Tenn.) Qct. 12-14, 197 1 (invited). 

H. Burns, “Preparation and Structure Determination of Compounds with Transuranium Elements Using 
Single-Crystal Methods,” Third Knternational Transplutonium Element Symposium, Argonne National Labora- 
tory, Argonne, Ill., Oct. 20-22, 1971 (invited). 

J. H. Burns,* W. H. Baldwin, and J .  R. Stokely,6 “Ideiitification and Crystal Structure Analysis of a Compound of 
Ileptavalent Neptunium, LiCo(NI-13j6Np,0s(OH)2.21120,” Winter Meeting, American Crystallographic Associa- 
tion, Albuquerque, N.M., Apr. 4 -7,  1972. 

J. R. Peterson*22 and J. F ~ g e r , ~ ~  “The Dioxide of Long-Lived Curium-248,” 162nd National Meeting, American 
Chemical Society, Washington, D.C., Sept. 12- 17, 197 1 ; abstract NUCL-5 1. 

J. R. Peterson,22 “Microchemical Methods for the Synthesis and Study of Heavy Actinide Metals and Compounds,” 
Third International Transplutonium Element Symposium, Argonne National Laboratory, Argonne, Ill., Oct. 
20-22, 1971 (invited). 

I>. 

C. 

ISOTOPE CHEMISTRY 

L. Brown, “Chemical Exchange Methods for Separating Carbon-13,” National Symposium on Carbon-13, Los 
Alamos, N.M., June 9 11, 1971. 

RADIATION CHEMISTRY 

J .  Hochanadel,* J .  A. Ghormley, and P .  J. O g r e i ~ , ~ ~  “Absorption Spectriim and Reaction Kinetics of the H 0 2  
Radical in the Gas Phase,” Pulse Radiolysis Symposium jointly sponsored by the Chemical Institute of Canada 
and Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, Pirrawa, Manitoba, Canada, 
Oct. 25-27, 1971. 

18. Visiting scientist fioi11 the Institute of Planetary Science, Columbia Union College, ‘l’akoma Park, Md. 
19. Present address: Division of Research, U.S. Atomic Energy Commission, Germantown, Md. 
20. Department of Chemistry, Rutgers University, New Brunswick, N.J. 
21. Vi5iting scientist from Laboratoire de Chirnie Physique de I’Universite, Paris VI, France. 
22. Consultant. Department of Chemistry, University of Tennessee, Knoxville. 
2 3 .  Nuclear Chemistry Laboratory, University of Lidge, Liege, Belgium. 
24. Department of Chemistry, Maryville College, Maryville, Tenn. 
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C. 5. Hochanadel,* J. A. Ghormley, 5. W. Boyle, and P. J .  0ge11 ,~“  “Studies o f  O3 Formation, and the Absorption 
Spectrum and Reaction Kinetics of the HCI2 Radical Using Pulse Radiolysis and Flash Photolysis Techniques,” 
Conference on Air Pollution sponsored jointly by the .University of California and the AEC National 
Laboratories, California Statewide Air Pollution Research Center, IJniversity of California, Riverside, Feb. 
23---24, 1972. 

K. W. Matthews,2 H. A. Mahlman, arid T. J ,  Sworski, “Elementary Processes in the Radiolysis of Aqueous Sulfuric 
Acid Solutions: Del.erminations of Both Go, and GS04-,’’ Conference on Elementary Processes in Radiation 
Chemistry, University of Nutre Dame, Notre D a m ,  Ind., Apr. 4-7, 1972. 

ORGANIC CHEMISTRY 

C J. Collins, “‘The Mechanism of Aliphal ic Deamination,” Plenary Lecture, 22nd Coriferznce on Reaction 
Mechanisms, Nagoya, .?;lparl, Oct. 19, 1971 (invited). 

PHYSICAL CHEMISTRY 

M. H. Lietzker and D. W. G o s b i ~ i , ~ ~  “Simple Expressions for Represent irig Osmo1,ic and Aciivity Coefficient 
Behavior in Mixed Electrolyte Systems,” 23rd Southeastern Regional Meeting, Arnexican Chemical Society, 
Nashville, Tenn., Nov. 4- 5, 197 1. 

9. S. Johnson, Jr., “Polyelectrolytes in Aqueous Solutions - - -  Filtration, I-fyper-filtraticJti, and Dynainic Menibranes,” 
162nd National Meeting, American Chemical Society, Washington, D.C., Sept. 12-1 7, 197 I ; abstract POI,Y-O70 
(invited). 

J. S. Jul~xrson, Jr., “Hyperfrlf ration. A Method for ‘Yreatment o f  Waste Streams,” Conference or1 Textile Waste Water 
Treatment and Air Pollution Control, sponsored by Clenison Universj ty, Hilton-Head Island, S.C., Jan. 20-21, 
1972 (invited). 

I<. E. Mintum” and 1. S. Johnson, “.Dynamically Formed Dual-Layer Mernbr:ines for Brackish \kiter Des;iIIriation,” 
Third OSW Conference on Reverse Osmosls, IAS Vegas, Nev., May ‘7--- 11, 1972 (invited). 

C. A. Briindon,”’ ’ J. S. Johnson, Jr., R. E. blinturn, and J. J. Porter.2 “Complete Reuse of Textile Dyeing Wiistes 
Processed with Dynamic Membrane t.lypert‘iltratioo,” Joint American Society of Mecbanical Engineers/I;nviron- 
mental Protection Agency Symposium on Reuse and ‘Trestment of Wasre Water General Industry and Food 
Processing Symposium, New Orleans, La., Mar. 28-30, 1972. 

rtl A. Bredig. “‘Excess Free Energy in Some Rimry Molten Salt Mixtures with a Corninoti Cation,” Gordon Rebearch 
Conhxence on Molten Salts, Mcriden, N.W., Sept 1, 1971 

M. A. Bredig, “‘The Order-Disordet (1,arnbd.i) Tranution in Urmium Dioxide and Otht.1 Solids of thc Fiuonte I ype 
of Structure,” International Colloytiium on the Study of Crystal Transformdtions dt lhgh Ternperat tire, above 
2000”K, Oderlio, France, Sept 29, 1971 

1%. R. Kiorrstem, -‘L.mthanum ‘Trifluoride d> <i Membrane in a ReferPrice Electtode f o r  Use ill eel tam Molten 
Fluorides,” Clordori Research Confeience on Molten Salts, Meriden, N.H., Sept 1, 1971 

R. H. Rusey, “Low-Temperature Heat Capacities of 7Lifi[ and 7X,i0,’’ Szcond Inrernational Gonferen‘e on 
Calorimetry and Thermodynamics (26th .4nnual Calorinietry ConErrence), Orono, Me., July 12-1 4, I97 1. 

25. Visiting sdentist from the Australian Atomic Energy Commission Research Establishment, Lucas I-{eights, New South Wales. 
26.  Graduate student, University of Tcnncssee, Knoxville. 
2’1. C:lemson University, Glernson, S.C. 
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CHEMICAL PIiYSICS 

M. Brown,* 1). C. Rohrer,28 B. Berking,2s C. A. be ever^,^^ K. 0. and R. S i m p ~ o n , ~ ~  “a,@-Trehalose 
Dihydrate, C, 2H2 0,  , *2H2 0. Three Independent Determinations,” Winter Meeting, American Crystallographic 
Association, Albuquerque, N.M., Apr. 4-’7, 1972. 

A. Agron,* W. R. Busing, and H. A. Levy, “Lithium Hydroxide Monohydrate,” Winter Meeting, American 
Crystallographic Association, Albuquerque, N.M., Apr. 4--7, 19’72. 

M. Williams,”’o S. W. Peterson,lo and €I. A. Levy, “The Aqiiated Hydrogen Ion, 1-1,03+: A Migh Precision 
Neutron Diffraction Study of Sulfosalicylic Acid Trihydrate (SSATH), C6 H,(COOH)(OH)SO, H.3H20,” Winter 
Meeting, American Crystallographc Association, Albuquerque, N.M., Apr. 4 7, 1972. 

E. Thiessen,* FI. A. Levy, and B. D. F i a ~ g , ~ o  Won-Planarity of Two Hydroxamic Acids: 3-Hydroxyxanthme and 
Hydroxyurea,” Winter Meeting, American Crystallographic Association, Albuquerque. N.M., Apr. 4-7, 1971. 

W. R. Busing* and W. E. Thessen, “The Effect of Intermolecular Forces on the Conformation of a Molecule in a 
Crystal,” Summer Meeting, American Crystallographic Association, Ames, Iowa, Aug. 15-20, 197 1. 

C. K. Johnson, “A Set of Five Invariants for Reporting the Precision of Atomic Parameters,” Summer Meeting, 
American Crystallographic Association, Ames, Iowa. Aug. 15-20, 1971. 

C. K. Johnson“ and G. D. Brunton,3l “Hydrogen Isotope Fractionation, Phase ‘Transformation and Dynamic 
Disorder in Y(H, 0 2 ) ( C 2 0 4 ) *  H2 0; A Neutron Diffraction Study,” Winter Meeting, American Crystallographic 
Association, Albuquerque, N.M., .4pr. 4-7, 1972. 

C. K.  Johnson, “New Computational Techniques, Particularly Refinement.” Syrnposiuin on Computational Needs 
and Resources in Crystallography, Albuquerque, N.M., Apr. 8, 1972 (invited). 

R. 

T. 

T. 

T. 

T. 

Livingston, “ESR Studies of Short-Lived Radicals Prepared by Photolysis of J,iquids,” Gordon Research 
Conference on Magnetic Resonance, New Hampton, N.H., June 16, 1971 (invited). 

A. Carlson, “Evaluation of the Use of Electron Spectroscopy for the Study of Surfaces,” 45 th  National Colloid 
Symposium, Atlanta, Ga., June 21 --23, 1971 (invited). 

A. Carlson, “Study of the Electronic Structure of Molecules by Photoelectron Spectroscopy,” US-Japan Seminar 
on  Current Problems in Spectroscopic Studies, Tokyo, Japan, Aug. 24-27, 1971 (invited). 
A. Carlson, “General Survey of Electron Spectroscopy,” International Conference on Electron Spectroscopy, 
Asilomar, Calif., Sept. 7-10, 1971 (invited). 

A. Carlson, “Comprehensive Examination of the Angular Distribution of Photoelectron Spectra from Atoms and 
Molecules,” International Conference on Electron Spectroscopy, Asilomar, Calif., Sept. 7-10, 1971. 

J. C. C a r ~ e r , * ~ ~ ? ~ ~  T. A. Carlson, L. C. Cain,26 and G. K. S c h ~ e i t z e r , ~ ~  “Use of X-Ray Photoelectron Spectroscopy 
t o  Study Bonding in Transition Metal S d t s  by Observation of Multiplet Splitting,” International Conference on 
Electron Spectroscopy, A d o m a r ,  Calif., Sept. 7-10, 1971. 

T. A. Cadson* and N. F e r n e l i ~ s , ~ ~  “Chemical S h f t s  Observed in Photoelectron Spectroscopy as a Function of the 
Periodic Table,” XVth Conference on Analytical Chemistry in Nuclear Technology, Oak Ridge, ‘Tenn., Oct. 
12-14, 1971 (invited). 

28. Department of Crystallography, University of Pittsburgh, Pa. 
29. Department of Chemistry, University of Edinburgh, Scotland. 
30. Oak Ridge Associated Universities Summer Student Trainee from Moorhead State College, Moorhead, Minn., summer 1971. 
31. Reactor Chemistry Division. 
32. Present address: IJniversity of Georgia, Athens. 
33. Departnient of Cheidstry, University of Tennessee, Knoxville. 
34. Research Consultants, Inc., Oak Ridge, Tenn. 
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I. C. C a r ~ e r , * ~ ~ ? ~ *  T. A. Carlson, G .  K.  S c h w e i t ~ e r , ~ 3  and F. A. Grimm,j3 “Photoelectron Spectroscopy of 
‘Transition Metal Compounds,” XVth Conference on Analytical Chemistry in Nuclear Technology, Oak Ridge, 
Tenn., Oct. 12---14, 1971 (invited). 

T. A. Carlson, “Recent Developnients in the Use of Electron Spectroscopy for the Study of Chemical Problems,” 
Maryland Section, Anierican Chernical Society, Baltimore, Md.,Jan. 2 6 ~ ~ - 2 7 ,  1972 (invited). 

T. A. Carlson, “Recent Developments in the Use of Electron Spectroscopy for the Study of Chemical Problems,” St. 
Joseph Valley Section, American Chemical Society, South Bend, Ind., Jan. 14-1 5, 1972 (invited). 

‘r. A. Carlson, “Present and Future Applications of Auger Spectroscopy,” Interriational Conference oil Inner Shell 
Ionization Phenomena, Georgia Institute of Technology, Atlanta, Apr. 17---22, 1972 (invited). 

F. Wuilleurnier*21 and M. 0. Krause, “Determination of Oscillator Strength for the First Discrete Transition in N2 
from the Auger Decay,” International Conference on Inner Shell Ionizatiori Phenomena, Georgia Institute of 
Technology, Atlanta, Apr. 17 --21, 1972. 

M. 0. Krause“ and F. Wujlleumier,2 “X-Kay Analysis by P1iotc:electron Spectrometry,” International Conference 
on Inner Shell Ionization Phenomena, Georgia Institute of Technology, Atlanta, Apr. 17-21, 1972. 

M. 0. Krause, ”Creation of Multiple Vacancies,” International Conference on Inner Shell Ionization Phenomena, 
Georgia Institute of Technology, Atlanta, Apr. 17---21, 1972 (invited). 

M. 5.  Saltmarsh,*l A. van der Woude,’ C. A. Ludeniana,‘ R. L. Hahn, and E. Eichler, “Energy Shifts and Relative 
intensities of K X-Rays Produced by Swift Heavy Ions,” International Conference on Inner Shell Ionization 
Phenomena, Georgia Institute of Technology, Atlanta, Apr. 17-21, 1972. 

A. van der Woude,*I M. J .  Saltmarsh,’ R. L. Hahn, and E. Eichler, “X-Ray Production Cross Sections by Swift 
Heavy Ions,” Internal ional Conference 011 Inner Shell Ionization Phenomena, Georgia lnstituie of Technology, 
Atlanta, Apr. 17---21, 1972. 

S.  Datz,* E. L a e g ~ g a a r d , ~ ~  L. C. P e l d n ~ a n , ~ ~  J. U. Ander~en ,~S  and J. E. D u g a 1 1 , ~ ~  “L Subshell Ionization Cross 
Sections in Gold for Proton and He lon Bombardment (0.2 ---3 MeV/Nucleon),” International Cotifererice on 
Inner Shell ionization Phenomena, Georgia Institute of Technology, Atlanta, Apr. l7---21, 1972. 

S. Datz, “Molecular Beam Studies of Collision-Induced Molecular Excitation,” International Conference on 

S. Datz, “Applications of Ion-Atom Collision Physics,” international Seminar on Ion-Atom Collisions, Amsterdam, 

S. Datz, “Atomic States of Energetic Ions i n  Solids,” IInd International Conference on Atomic Collisions i n  Solids, 

Interniolecular Energy Transfer, Cambridge, England, July 19---23, 197 1 (invited). 

Netherlands, July 21 -23, 1971 (invited). 

Gausdal, Norway, Sept. 20---.24, 197 I (invited). 

- 

35. Physics Institute, University of harhus, Aarhiis, Denmark. 
36. Oak Ridge Aqsoaated IJniverrities, Oak Ridge, Tenn. 



Lectures 

NUCLEAR CHEMISTRY 

R. L. Hahn, “Proposed APACHE Scientific Program (Nuclear Chemistry),” First Meeting of the Advisory Committee 

R. L. Ferguson, “Studies of the Double-Humped Fission Barrier at  Oak Ridge,” lnstitut fur Kemphysik, Uriiversitat 

R. I,. Ferguson, “Fission Isomer S tudes  at  Oak Kidge,” Physik Department, Technische Universitat Munchen, 

G. D. O’Kelley, “A New Look at the Moon: Analysis of Samples from the Apollo and Luna Missions,” American 

on the Experimental Facilities of Apache, Oak Kidge, Tenn., Oct. 1 l - ~ ~  12, 1971. 

Tubingen, Germany, k c .  17, 1970. 

Garching, Germany, Feb. 9,  1971. 

Chemical Society Local Section Speaker Tour: Mobile, Birmingham, and Florence, Ala., October 197 1. 

CHEMISTRY AND PHYSICS OF TRANSIJRANIUM ELEMENTS 

R. L. IIahn, “Super-Heavy and Sub-Super-Heavy Elements,” Carnege-Mellon University, Pittsburgh, Pa., Oct. 1-8, 

R. L. I-lahn, “Recent Research with Heavy Ions at Oak Kidge,” Los Alamos Scientific Laboratory, Los Alamos, 
N.M., Feb. 22, 1972. 

E. Eichler, “Coulomb Excitation of Actinide Nuclei with Heavy Ions from ORIC,” Chemistry Department Seminar, 
Texas A and M University. College Station, May 5, 1972 (OKAU Traveling Lecture). 

0. L. Keller, Jr., “Prsdiction of Chemical and Physical Properties of the Actinide and Superheavy Elements,” 
Herbert S. Hanied Symposia on Chemistry of Heavy and Superheavy Elements, Yale University, New Haven, 
Conn., Mar. 9- 10, 1972. 

C. E. Bemis, Jr., “The [Jnequivocal Identification of Transfermium Elements by X-Ray Techniques,” Chemistry 
Department Seminar. Washington University, St. Louis, Mo., Mar. 24, 1972. 

R. J. Silva, “Predictions and Methods for the Chemical Separation of Superheavy Elements,” Nuclear Chemistry 
TXvision Seminar, Lawrence Berkeley Laboratory, Berkeley, Calif., Apr. 14, 1972. 

197 1. 

RADIATION CHEMISTRY 

P. S. Rudolph, “The Study of the Radiolysis of Methane in a Mass Spectrometer,” Chemistry Department Seminar, 
East Carolina University, Greenville, N.C., Oct. 29, 1971. 

OKGANIC CHEMISTMY 

C. J. Collins, “Der Cebrauch von Isotopen bei organischen Untersuchungen,” Universitat Munchen, Germany, May 
21, 1971; Universitat des Saarlandes, Germany, July 5,  1971; Universitat Frankfort, Germany, July 7, 1971. 

C .  J .  Collins, “The Use of Isotopes to Study an Organic Reaction,“ Shionogi inc., Osaka, Japan, Oct. 12, 1971; 
University of Hiroshima, Japan, Oct. 12, 1971; Sagami Research Center, Tokyo, Japan, Oct. 20, 1971; Sankyo 
Inc., Tokyo, Japan, Oct. 21, 1971; Sendai university, Japan. 0c t .  22, 1971; University of Tcnnessee at Martin, 
Apr. 12, 1972. 
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C. J. Collins, “The Mechanism of 6,2-Hydnde Stlift i n  Noibornyl (Xions,” Osaka Section, Chemical Society or 

C. J. Collins, “Recent Experiments in the Deamination of Primary Aliphatic Amines,” Chemistry Department 
Japan, Ort. 13, 1971. 

Seminar, IJniversity of Tennessee, Knoxville, Jan. 13, 1972. 

PHYSICAL CHEMISTRY 

M. W. Lietzke, “Thet-modynarnic Properties of Electrolyte Solutions from Solubility and EMF Meaurenients,” 

K. A. kaus , ’  “t-fyperfiltration and Related Teclmiques,” Chemistry Division Senljnar, Brookhaven National 

K. A .  Kiaus,’ “Pfiysical-Chernical Treatment MeIliods,” Tennessee Water and Wastewater Associariori Meeting, Oak 

E. 11. Taylor, “The Story of Polywater,” hrnerican Chemical Society 1,ocal Section b c 1  lire, Uriiversity of Alabama, 

Chemistry llkpartment Seminar, University of Tennessee, Knoxmlle, Nov. 1 1, 197 1. 

Laboratory, Upton, L.I., N.Y., June 9,  1971; Sterling Forest ResemAiCenter, Tuxedo, N-Y., June 10, 1971. 

Ridge, July 29, 1971. 

Tuscaloosa, Nov. 11, 1971. 

H. R .  Bronstein, “bmf Studies in liare Earth Metal-Metal Halide Melts,” University of New Brunswick, t’iedericton, 

H. R. Bromtein, “The kvelopnient of a Novel Reference Electrode System fot IJse in Certain Fluoride Melts,” 
N.B., Canada, May 26, 1971. 

1Jniversity of New Brunswick, Fredericton, N.B., Canada, May 27, 197 1. 

G .  H. Cartledge, “The Ionic Potential,” East Tennessee Section, Artierican ChemEcal Society, Lind Lectuie, 

G.  M. Cai tledpe, “Effects in the Corrosion Interface,” East Tennessee Section, American Chemical Society, Lind 

IJniversity of Tennessee, Knoxville, Nov. 2, 1971 . 

Lecture, Oak Ridge, Tenn., Nov. 3, 1971. 

CHEMICAL PHYSICS 

W. E. Thiessen, “Precise Molecular Geometry by X-Ray and Neutron Di ffrfraction Techniques,” Furman University. 
Greenville, S.C., Mar. 15, 1972. 

T. A. Carlsuti, “‘Electron Spectra arid Chemical Problenis,” Sunxner Institute on Low-Energy Accelerators for 

M. 0. Krause, “The Various Aspects of‘ Electron Spectrometry,’’ Aerospace Research Laboratory, Wright-Patterson 

M. 0. Krause, “Electron Spectrometry in Chenlistry and Physics,” Physics Department Colloquium. University of 

T. A. Carlson, “Recent Developments i n  the Application of Eleciron Spec1 roscopy to Chemicd Problems," Rutgers 

Teaching and Kesearch, Oak Ridge, Tenn., July 5-Aug. 13, 1971. 

Ai1 Force Base, Dayton, O h 0  (thiough University of Cincinnati), Jan. 21, 1072. 

Virginia, Charlottesville, Mar. 24, 1972. 

TJniversity, New Bnmswick, N.J., Apt. 5, 1972. 

S .  Datz, “Atomic States of Ertergelic Jons in Solids,” Lecture Series, IJniversity of Aarhus, Aarhus, Denmark, 
June-September 1971. 

J . Director’s Division. 
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STAFF 

PROFESSIONAL ANI) EDUCATIONAL ACTIWTIES 

W. R. Busing 

T. A. Carlson 

C. J .  Collins 

S. Datz 

L. Dresner 

E. Eichler 

R. L. Feiguson 

J. A. Ghormley 

R. L. Hahn 

C. K. Johnson 

0. L. Keller. Jr. 

I<. A. Kraus 

President. American Crystallographic Association, 1971. 

Member, Organizing Committee, International Conference on Electron Spectroscopy, Asilomar, Calif. 

Joint Editor-in-Chief, Journal of Electron Spectroscopy, December 197 1 -present. 
Member, Program Advisory Board, International Symposium on Future Applications of Inner Shell 

Sept. 7 --lo. 1971. 

Ionization Phenomena, Atlanta, Ga., Apr. 22, 1972. 

Profcqsor of Chemistry, part time, University of Tennessee. Knoxville. January 1964-present. 
NATO Award, Universities of Munich and Saarbrucken. May 14 July 9 .  1971. 

Chairman, Gordon Research Conference on  Dynamics of Molecular Collisions, 1972. 
Chairman. I11 International Conference on Atomic Collisions in Solids, 1972-73. 
Program Committee, Division of Electron and Atomic Physics. American Piiysical Society, 1969 
Editorial Board, Atomic Data, 1969-present. 
Editorial Board, Case Studies iii Atomic Physics, 1970-present. 
Guest Professor, Institute of Physics, Aarhus University. Aarhus, Denmark, June 1 -0c t .  22. 197 

Lecturer in Chciilical Engineering, University of Tennessee, Knoxville. 1963 present. 

71. 

Chairman, Symposium on Coulomb Excitation and In-Beam Gamma-Ray Spectroscopy, 162nd National 

Membership Committee, Division of Nuclear Chemistry- and Technology, American Chcmical Society, 
Mecting, American Chemical Society, Washington, D.C., Sept. 12-  17, 197 1. 

1972. 

Fellowship from Deutsches Bundesministerium fur Wisscnwhaftliche torschung, Garching, Germany, 
July 1970-July 1971. 

Editorial Board, Radiation Research, 1972 1975. 

Secretary, Committee on Major Nuclear Facilities. Division of Nuclear Chemistry and Technology, 
American Chemical Society, 1970 - 1974. 

Research Council, Jan. 1 ,  1972-Dec. 31, 1974. 
Member. USA National Committee for Crystallography, National Academy of Sciences- National 

Member, National Research Council Committee on Chemical Crystallography. 
Consultant, Crystallographic Computing Committee, International Union for Crystallography. 

USAEC rransplutoniurn Program Committcc, 1969.- 1974. 
Mcmber, Nuclear Physics Survey Panel, National Academy of Sciences, 1969- 1972. 

Editorial Board, Journal of Cliroinatography. 1958-present. 
Editorial Advisory Board, Journal of Inorgatiic and Nuclear Ciiemistry, 1958-present. 
Editorial Board. Desalination, 1966-present. 

Professor of Chemistry, part time, Univerhity of Tennessee, Knoxville, January 1964- present. 

Professor of Chemistry, part time, University of 'I'ennesscc, Knoxville. January 1964-present. 
ORNL liaison officer for ORNL-University of Tennessee part-time teaching progranrs. 1968-present. 
Member, Graduate Council, University of rennessce, Knoxville, January 1970-present. 
Chairman. East Tennessee Section, Ameiicall Chemical Society, January 1972-present. 
Chairman. Third Southeastern Magnetic Resonance Conference, Oak Ridge, Oct. 20.- 22, 197 1. 
Editorial Board, The Journal of Magnetic Resotzarice, January 197 1 .- present. 
Editorial Board, Magnetic Resorzance Review, September 197 1 -present. 
Judge, 23rd International Science and Engineering Fair, New Orleans, La.. May 3, 1972. 

M. 1-1. Lietzke 

Ralph Livingston 
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6. E. Moore 

G. 1). U’Kelley 

R. w. Stoughton 

T. J. Sworski 

E. 1-1. raylor 

Instructor in Chemistry, Nationnl Science Foundation In-Service Institute for Secondary Sciiool Science 

Professor of Chemistry, part time, Ihiversity of Tennessee, Knoxville, January 1964-- present. 
Subcommittee on Radiochemistry, National Academy (if Sciences- -National Kcseaxch Council, 1962 

Chairman, Division of Nuclear Cherriislry and Technology, American Chemical Society, 197 1. 
Chairman, Nominating Committee, Division of Nuclear Chemistry and Technology, Americm Chemical 

Editorial Advisory Board, Journal of Inorganic urid Niicleur Chemistry, 1958 ~ present. 
Consulting Editor, Inorganic and Nuclear Chernbfry Letters, 1965 --present. 

Discussion leader, Chemistry Semina for high school teachers and students. Cumherlarid College, 

Board of Directors, Institute of Catalysis. 
Advisory Hoard, American Chemical Society and U.S. Atomic Energy Cornmission Monographs on 

Teachers, Knoxville College, Knoxville, ’Tenn., 1967 ---present. 

present. 

Society, 1972. 

Williarnsburg. Ky., Mar. 31LApr. I,  1972. 

Cliernistry and Chemical Engineering ia Nuclear Technology. 

FOREIGN MEETINGS AND ACTIVITXES 

Meeting and/or Activity Location Staff Member(s) 

Vlll International hleetiny on Nuclear Physics, Jan. 25-30, 1971 
Tnternational Conference on Intermolecular Energy Transfer, July 19-22, 1971 
International Seminar on Ion-Atom Collisions, July 21 --24, 1971 
V11 International Conference on the Physics of Llectronic and Atomic Collisions, 

I1 Tnternatioiial Conference on Atomic Collisions in Solids, Srpt. 20- 24, 1971 
Lecture Series, “Atomic States of Energetic Ions in Solids,” June --September 1971 

July 26---30, 1971 

US-Japan Seminar on Current Problems in Spectroscopic Studies, Aug. 2 4  27, 

OAS sponsored lectures and discussions on electron spectmscopy, May 6 --2 1, 

NATO Advanced Study Institute on Direct and Pattzrson Methods of Solving 

1971 

1972 

Crystal Structiircs, Sept. 6-18, 1971 

‘i’ernpetature, Above 2000°K, September 1971 
International Colloquium on the Study of Crystal Transformations at High 

Pulse Radiolysis Conference, Oct. 25 - -  27, 1971 

22nd Confirence on Reaction Mechanisms, October 1971 

Villars, Switzerland K. L. Ferguson 

Cambridge, England S. Datz 
Amsterdam, Netherlsnds 
Amsterdam, Netherlands 

Gnusdal, Norway 
University of Aarhus, 
Aarl-ius, Denmark 

Tokyo, japari T‘. A. Ctirlsori 

lJnive.rsity of Mexico? 
btexico City, Mexico 

York, England 
IJniversity of York, G. M. Brown 

OdeiUo, Prance M. A. Bredig 

Wtiiteshell NuclYdr C I. [Iochanadel 
Rerenrch Establidimenl, 
Pinawa, Manitoba, 
Can;ida 

Nagoya. Japan C. J. Collins 

COLLABORATIVE RESEARCH 

Institution COllilboTdtOI‘(S) Subject Staff Member(s) 

Argonne National LabordtOly A. Kahman Molecular dynamic studies of molten salts A. H. Nsrten 
S .  W. Peterson Neutron diffraction H. A. Levy 
J. M. Williams 

University of Arkansas E. Schafer Rarnan spectra of metal-organo cornpounds G. M. Begun 

Brookhaven Nalioritll Laboratory J. Rudis Search for superheavy elements in accelerator J. Nalperin 
targets R. W. Stoughton 

Centenary College R. F. Walker, Jr. Properties of rare-earth and osmium alptra I(. L. Hahn 
emitters I(. S. Toth’ 

_I____... ~ 

1. Physics Diviqion. 
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Institution 

Clemson Univervity 

University of Delft. Netherlands 

University of Delhi, India 

Embassy of the Socialist Federal 
Republic of Yugoslavia 

EIJRATOM, Ceel. Belgium 

Florida State University 

Universitat Frankfurt, Germany 

Fresno State College 

Furinan University 

Universitat Giessen, Germany 

lnstitut fur Kernphysik der 

Institute of Nuclear Research, 

Universitat Frankfurt, W. Germany 

Amsterdam, Netherlands 

International Paper Company 

Lawrence Berkcley Laboratory 

Lawrence Radiation Laboratory, 

University of Li&ge, Belgium 

Livermore 

Lo5 Alamos Scientific Laboratory 

Maryville College 

Massachusetts Institute of Technology 
School of Chemical Engineering 
Practice, Oak Ridge Station 

Middle East Technical University, 
Ankara. Turkey 

Colla bora tor( s) 

C. A. Brandon 
J .  J. Porter 

B. van Nooijen 
A. C. Rester 

S. C. Pancholi 

M. Mladjenovic 

H. Weigmann 

R. K. Sheline 

P. Ostermann 

M. J .  Zender 

R. 0. Sayer 

G. Siegcrt 
H. Gunther 

Th. W. Elze 

J. Konijn 

K. J. Brown 

A. Ghiorso 
M. Nitchke 
G. T. Seaborg 
A. Ghiorso 
E. Cheifetz 
R. C .  Jared 
E. R. Giusti 
S .  G. Thompson 

R. G. Lanier 
R. A. Meyer 

M. N o t  

J. Fuger 

M. S. Moore 
A. N. Ellis 

P. J. Ogren 

.I. T. Day 
P. H. Wadia 
and various teams 

N. K. Aras 

Subject 

Hyperfiltration of textile dycing wastes 

Decay properties of 8 4 Y  

Level structure of 9 c ~  
States in 249Bk populated in alpha decay 

of 2 5 3 ~ ~  

Search for conversion electrons from 3 6  U 

Levels in 1 6 1 T b  excited by (3He,d) reaction 

Search for conversion electrons from 2 3 6 U  

Energy levels in 3 6 ~  

fission isomer 

and by decay of 3.7-min I6 'Gd 

fission isomer 

Coulomb excitation of rare-earth and 
actinide nuclei 

Nuclear charge distribution of heavy fission 
fragments in reaction 3 9 ~ u ( n t h , f l  

Collective states excited in * 3 6  U (d,d')  
reaction 

Decay properties of 84Y 

Hyperfiltration of kraft pulp mill wastes 

Automated system for rapid chemical 

Chemical separation and identification of 

Search for superheavy elements in nature 

separation of element 105 

superheavy elements 

Levels in ' 6 1  T b  excited by (3He,d) reaction 
and by decay of 3.7-min Gd 

Self-irradiation effects on  physical and 

Experimental deterniination of heat of 
chemical properties of curium 

solution of berkelium metal 

249Cf at ORELA 
Neutron induced fission cross sections for 

Pulse radiolysis and flash photolysis 

Hyperfiltration with dynamically formed 
membranes 

Excited states in l B 4 W  populated in the 
decay of IB4Ta 

Staff Member(s) 

J. S. Johnson, Jr. 
R. E. hfinturn 

N. R. Johnson 

N. R. Johnson 

C. E. Bemis, Jr. 

R. L. Ferguson 

N. R. Johnson 
G. I). O'Kelley 

R. L. Ferguson 

P. F. Dittner 
C. E. Bel-nis, Jr. 

E. Eichler 
N. R. Johnson 

R. L. Ferguson 

C. E. Bemis, Jr. 

N. R. Johnson 

J .  S. Johnson, Jr. 

R. J.  Silva 

R. J .  Silva 

J. S. Drury 
J. Halperin 
R. J .  Silva 
R. W. Stoughton 

N. R.  Johnson 
G. D. O'Kelley 

J .  R. Peterson* 

J. R. Peterson' 

C. E. Bemis, Jr. 

C. J .  Hochanadel 
J. A. Ghormley 
J. W. Boyle 
J. S. Johnson, Jr. 
K. A. Kraus 

N. R. Johnson 

2. Consultant. Department of Chemistry, University of 'Tennessee, Knoxville. 
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institution 

Universitat Munchen, Germany 

NASA Manned Spacecraft Center 

University of Oklahoma 

Lithoratoire de C’liirnie Physique 

University of Puerto Rico 

Piirdiie Ilniversity 

de l’Univerritd, Paris VI, France 

University nf Rochester 

Rutherford High Energy Laboratory 

Stanford Linear Accelerator Center 

Tectinivche Universitat Wunchen, 
Germany 

University of Tennessee 

Union Carbide Corp., Linde 

1J.S. Geological Survey 

1,aboratories 

UNISOR Project 

Vanderbilt University 

Collrborator(s) 

H. J Specht 
J. Weber 

E. Schonfeld 

€1. Fischbeck 

F. Wuillcumier 

L. Bluin 

P. J .  Daly 
S. w. Y a k s  

9. R. Huizenga 
C. Kline 
J. R. Huizengd 
J. S. Hoyno 

G. 6. J .  Boswell 
W. Newton 

D. Rusick 
f j .  WdlZ 

E. Konecny 

K.. L. Ricdinger 

C.  Bingham 

G. Mamantov 
F. Schmidt-Meek 
LV. E. Bull 
G.  K. Schweilzm 
I:. A. Grimm 

T. F. Willianis 

R. M. Milton 

J .  W. McCarthy 

A. C .  Rester 

J. II. I-Iamilton 
A. V. Rainayya 
P. E. Little 
A. F. Kluk 
J. H. Hamilton 
A. v. Karnayya 
A. C. Rester 
N. C. Singhal 

R. Mlekddj 

Subject S h f f  Mcmber(8) 

Search for conversion clectrons from 236TJ 
fission isomer 

Determination of primordial and cosmogenic 
radionuclide content of lunar miiterial by 
garnma-ray spectrometry 

systems3 

their compounds 

Use o f  electron spectroscopy in biological 

Electron spectrometry o l  actinides and 

Theory of liqiuids 

Excited states in I H 4 W  populated in dccay 

Odd proton in 24YBk cscited in 24SCm(3He,d) 

Collective states excited in 2 3 6  ~ ( c i , d ’ )  rcaction 

of 1 8 4 ~ ~  

and 248Cni(4He,r) reactions 

Search for superlieavy elernerits in accelerntor 
targets 

Search for superheavy elements in accelerator 

Search for conversion electrons from a 3 6 U  
targets 

fission isomer 

Coulomb excitation of rm-earth and xtinide 

Properties of rare-earlh alpha emitters 
nuclei 

Raman studies of molten-mlt systems 
Hot atom collision cliernistry 
Use of electron spectroscopy for cliemical 

Calculations o f  anyilar distribution o f  

Pulse radiolysis study o f  succinorlitnlc in the 

Search for superheavy elements in nature 

analysis” 

photoelectron spectra3 

rotator phase 

Search for superheavy elements in nature 

Development of data-acquisition system 

Studies of deformed nuclei and of rotation- 
vibration interaction 

Study of properties of some vibradorial 
spherical nuclei 

R. L. [’erguson 

T. A. Carlson 

M. 0. Krause 

A. H. Narten 

N. K. Johnson 

C. I ?~  Bemis, Jr. 

U. E. Uemis, Jr. 

J .  Halperin 
11. W. Schmitt’ 
K. w. Stoughton 

J. Halperin 
K. W. Sloughton 

R L. Ferguson 

E. Eichler 
N. R .  Jolnlson 
R. L. Hahn 
K. S .  Toth‘ 
i;. M. Hegun 
S. Datz 
T. A. Carlson 

‘T. A .  Carison 

J. A .  Ghorniley 

J .  Hdiperin 
R. W. Stoughton 
J .  Halperin 
R. W. Stoughton 

E. Eichler 
N. R. Johrison 

N. R. Johnson 

N. R. Johnson 
E. Eichler 

3. In collaboration with the Physics Division. 
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Institution 

Vanderbilt University 

Virginia Polytechnic lnstitute 
and State Univel-siiy 

Collaborator(s) 

J. 1-1. Hamilton 
P. E. Little 
A. V. Rarnayya 
E. Collins 
A. F. Kluk 
J .  H. Hamilton 
I,. Varnell 

M. A. Ijaz 

Subject Staff Mernber(s) 

N. R .  Johnson Determinations of El-MI mixing ratios in 
transitions from vibrational states of deformed 
nuclei 

Hcavy-ion Coulomb excitation of 76Hf 
and "'Hf 

Propertie\ of rare-carth and osniiuili alpha 
emitters 

N. R. Johnson 
E. Eichler 

R. L. Hahn 
K. S. Toth' 

ANNUAL i N F o R m r m N  MEETING AND ADVISORY COMMITTEE 

The Annual Information Meeting of the Chemistry Division was held October 6 and 7, 1971, in the Central 
Auditorium, Building 3500N. Reports presented at  the Meeting were: 

Wednesday, October 6 ,  1971 

E. H. Taylor Introduction 

E. .I .  Kelly 

II .  R. Bronstein 

€1. Zeldes 

I*. Dresner 

R. H. Busey 

C. J. Ilochanadel 

Electrochemical Behavior of Titanium 

A Reference Electrode System for Use in Fluoride Melts 

Pararnagnetic Resonance Studies of Photolyzed Liquids 

Transport 1-hrough Ion-Exchange Membranes 
Low-Temperature Heat Capacity of Lithium-7 Hydride and Lithium-7 Deuteride 

Absorption Spectrum and Reaction Kinetics of the HOz Radical in the Gas Phase 

Thursday, October 7, 1971 

C. E. Rernis 

J. Ilalperin 

M. 0. Krause 

'I. A. Carlson 

W. R.  Busing 

A. 1-1. Narten 

The Determination of the Electric Quadrupole and Hexadecapole Monients for Even-Even Actinide Nuclei 

A Neutron Multiplicity Counter 

Electron Binding Energies in Americium 

Two New Aspects of Photoelectron Spectroscopy3 

Effect of Interatomic Forces on  Molezular Conformation in Crystals 

Liquid Gallium: Interatomic Potential Function from X-ray and Neutron Diffraction Data 

Members Qf the Advisory Committee were: 

Prof. George S. Hammond 
Department of Chemistry 
California Institute of  Technology 
Pasadena, California 9 1109 

Dr. Joseph J. Katz 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60493 

Department of Chemistry 
Stanford University 
Stanford, California 94305 

Prof. Henry Taube 
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On Nov. 17-18, 1971, the research program of the Chemistry Division was discussed with members of the 
I)ivision of Research, IJ.S. Atomic Energy Cortmission. Reports presented at these meetings were: 

Wednesday, November 17, 197 1 

E. Eichler 
J. Halperin 
R. L. Ferguson 

C. E. Bemis 
6. M. Begun hrlolecular Spectroscopy 

13. R. Bronstein 
E. ~ i c c i ~  

I). J. Fisher4 

M. T. Kelley4 

J. c:. ~ ~ i i t e ~  

T. A. Carlson 
K. 1-1. Husey 
s. Datz 

Thursday, Noveniber 18, 1971 

L. J. Nugent 

C .  1. Collins 
W. E. Thiesseri 
E. J. Kelly 

Heavy-Ion Coulomb Excitation of Deformed Nuclei (Lanthanides and Actinides) at  ORIC 

Some Recent Neutron Cross Section Measurements 
Fragment Mass-Energy Systematics and the Mechanism of Medium-Excitation f2ission 

Determination of Intrinsic Electric Quadrupole and Hexadempole Moments for Even..%:ven Actinide Nuclei 

A Reference Electrode System for Use in Certain Fluoride Melts 

Nuclear Methods in Chemical Analysis 

instrumentation Researcb in Analytical Chemistry 

Small Computer Applications and In-Line Analyses 

Future Kesearch Program Planning 

Recent Developments in the Use of Photoelectron Speclroscopy for Chemical Problems3 
Low-Temperature Heat Capacity of' Lithium-7 Hydride and L.ithiirm-7 fkuteride 
Inner- arid Outer-Shell Chemistry from Collision Experiments 

Systematics Correlating Some Thermodynamic Properties of thc Lanttlanide and Actinidc Metals 

'The Memory of an Organic Reaction 
'The Molecular Geometry of Hydroxarnic Acids: 3-Hydroxyxanthine and Hydroxyurea 
Electrode Kinetics and Corrosion: Electrochemical Behavior of Titanium; A Potentiostat Mcthod for 

Conductance and Capacitance Measurements 

C. J. Hochanadel 
H. Zeldes 

Absorption Spectrum and Reaction Kinetics of the 1 1 0 2  Radical in the Gas Phase 
Parainagne tic Resonance S tndies of Free Kadicals in  Solutions 

The Annual Information Meeting of the Water Research Program of the Chemistry Divisioii was held May 28, 
1971, in the Central Auditonurn, Building 4500N. Reports presented at the Meeting were: 

J. S. Johnson, Jr. 

€1. A. Mahlman 
L. Dresner 

R. E. Minturn 

1). G. 'Thornas' 

Introductory Remarks 
Cross-Flow Filtration in 'Treatment o f  Municipal Sewage 

Theoretical Studies Related to Ionic Transport through-Membranes 

Kccerit Developments in Dynamic Membranes and Their Practical Applications 

Hydrodynamic Effects on Fouling 

VISITING SCIENTISTS 

Name Affilia Lion O W L  Research Program Sponsor 

N. C. Fernelius Research Consultants, Inc. Electron Spectroscopy Research Consultants, Inc. 

F. W. Fink Dirniinghatn Southern College Transuranium Research Laboratory Birminghani Southern 

W. H. Fletcher University of Tennessee Isotope Cnerriistry Consultant 

R. V. Gentry Columbia Union College 'Iransiiranium Research Laboratory Columbia IJnion College 

College 

__ 
4. Analytical Chemistry Division. 
5. Rac to r  Division. 
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Name Affiliation ORNL Research. Program 

M. Mladjenovic Embassy of the Socialist Fcdcral Transuranium Research Laboratory 
Republic of Yugoslavia, 
Washington, J3.C 

J. R .  Peterson University of Tennessee Transuranium Research Laboratory 

S .  W. Peterson Argonne National Laboratory Neutron and X-Ray Diffraction 

R. 0. Sayer Furman University Nuclear Chemistry 

F. K .  Schmidt-Rleek University of rennessee Molecular Beam 

R. Triolo University of Palernio Diffraction Studies of Liquids 

J. A. Wargon University of Tennessee Organic Chemistry 

R. M .  White Raker University Electron Spectroscopy 

J .  M.  Williams Argonnc National Laboratory Neutron and X-Ray Diffraction 

B. J. Wilson Brigham Young Ilniversity Microwave and Radio-Frequency 
Spectroscopy 

F. Wuilleurtiier Laboratoire de Chimie Physique 'l'ransuranium Research Laboratory 
de la Facultd des Sciences de 
Paris, Paris. Iirance 

Name 

W. J. Carter 

J. C. Carver 

la. la. Collins, Jr. 

J. A.  t ahey  

D. W. Gosbin 

H. D. Harmon 

Sponsor 

Government of Yugoslavia 

Consultant 

ANI- 

ORAU Faculty Research 
Participation Program 

Consultant 

NAI'O 

University of Tennessee 

Baker University 

ANL 

Sabbatical leave and 0RAl.J 
Faculty Research 
Participation Program 

Centre National de la 
Recherche Scientifique, 
NATO, and ORNL 

GRADUATE 
Major Professox 

and/or Institution Staff Adviwr Field of Resexuch SponsoT 

G. K. Schweitzer, 'T. A. Carlson Electron spectroscopy applied to  Oak Ridge Graduate 

G. K .  Schweitzer, T. A. Carlson Photoelectron Multiplet Splitting and NSF Fellowship 

University of Tennesscc environmental problems3 Fellowship Program 

University of l'ennessee Chemical Shifts in Transition-Metal 
Compounds3 (Ph.D. thesis, March 
1972) 

G. D. O'Kelley, G. D. O'Kelley Decay properties of z06TI and 9 8 1 c  University of 
University of Tennessee E. Eichler 1 ennessee _ .  

N. R. Johnson 

Cynthia Daughertp M. €4. Lietzke, M. H. Lictzke The Thermodynamic Properties of 
University of 'Tenncsscc Aqueous I-ICl-KCl-CaCIz Mixtures as 

Calculated from Electromotive Force 
Measurcrnents (M.S. thesis, March 
1972) 

J. R. Peterson,* L. J .  Nugent The Preparation and Some Propertics Oak Ridge Graduate 
University of Tennessee of Berkelium Metal and Californium Fellowship Program 

Dioxide (P1i.D. thesis, June 1971) 

Predictions of Activity and Osmotic M. 11. Lietzke, M. 13. Lictzke 
University of Tennessee Coefficients for Aqueous Electrolyte 

Mixtures (M.S. thesis, August 1971) 

J. R. Peterson,' C. F. Coleman6 The Thiocyanate and Chloride Com- National Defense 
University of Tennessee plexes of Some rrivalent Actinides Education Act 

(Ph.D. thesis, August 1971) Title IV Fellowship 

6 .  Chemical 'l'echnology Division. 
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A. Y. Nerrell 

F. D. Hwang 

S .  G .  Johnson 

A. E. Jonas 

N. Kashihira7 

A. F. Kluk 

G. E. McGuire 

Joyce Ann Monard 

D. U. O'Kain 

G. L. Ostroin 

P. R. Reed' 

N. C. Singlial 

D. P. Spears 

J. N. Stevenson 

Name 

Staff Advisor Major Professor 
and/or Institution 

Karl H. Gayer, R. H. Rusey 
Wayne State University 

F. K. Schmidt-Bleek, S .  Datz 

F. K. Schmidt-Bleek, S. Datz 

W. E. Bull and 
G. K. Schweitzer, 

University of 'Tennessee 

University of Tennessee 

T. A. Carlson 

University of Tennessee 

F. K. Schmidt-Bleek, S. Datz 
University of Tennessee 

J .  H. Hamilton, N. R. Johnson 
Vanderbilt University 

G.  K. Schweitzer, 

P. G. Huray, 

University of  Tennessee 

University of Tennessee 

C. R. Bingliam, 

F. K.  Schmidt-Bleek, 

F. K. Schmidt-Blcek, 

University of Tennessee 

University of Tennessee 

University of Tennessee 

T. .4. Carlson 

0. L. Keller, Jr. 
R. L. Becker' 
F. E. Obenshain' 
R. L. Hahn 
K. S. Tothi  
S .  Datz 

C. J. Ilochanadel 
T. J. Sworski 

J. H. Hamilton, 

H. Fischbeck, T. A. Carlson 

N. R. Johnson 
Vanderbilt University E. Eichler 

University of Oklahoma 

J. R. Peterson,2 0. L. Keller, Jr. 
L. J. Nugent University of Tennessee 

Field of Research Sponsor 

Enthalpies of formation of T c z 0 7 ,  National Science 
Tc03,  and TcOd(aq.)  Foundation Science 

Faculty Fellowship 

Fast collisions usirig molecular beams University of 'l'cnncssee 

Excited atorn-molecule reactions University of Tennessee 

Photoelectron Spectroscopy of the 
Tetcafiuoro and Tetrsmethyl Corn- 
pounds o f  Group IV Elements3 
(P1i.D. thesis, Decernbcr 1971) 

Ionizing Collisions of Fast Alkali 
Atoms with C12, Br2 and 0 2  (Ph.D. 
thesis, August 1971) 

Investigations of the Level Structiire 
and of the Rotation-Vibration 
Interaction in 156Gd and 58Gd 
(Ph.D. thesis, August 1971) 

NSF Fellowship Study of complex metal salts by 
photoelectron spectroscopy3 

Transuranium Research Laboratory NSF Feliowship 

University of 
Tennessee Research 
Grant 

Oak Ridge Graduate 
Fellowship Program 

Ratios in 'ODy, ' Dy, and 
149.1%) 

Sputtering studies 

Radiation Chemistry of Gaseous AUA-ANI, Prc- 
Methane (Ph.D. thesis, August 197 1) doctoral Fellowship 

Vibrational properties o f  even-even Vanderbilt 
spherical nuclei University 

Use of electron spectroscopy for the 
study of  heavy metals in biological 
systems3 

elements and compounds Fellowship Program 

Oak Ridge Cmduate 
Fcliuwship Program 

Solid-state 5tudics of sonic actinide Oak Ridge Graduate 

UNDERGRADUATE 

Institution ORNL Research Program 

I). C. Ahlgren DePauw University 

€1. Lynn Button 

S .  J. Conner' 

University of Tennessee 

Georgia Institute of Technology 

R. D. Flaig 

W. D. Hopewell 

Moorhead State College 
University of Puget Sound 

F. A. Shirley DePauw University 

7. Purdue University, Lafayette, Ind. 
8. Co-op student. 

Isotope Chemistry 

Organic Chemistry 

Transuranium Research Labora- 
tory 

Neutron and X-Ray Diffraction 

Spectroscopy of Transition 
Metal Complexes 

Organic Clremistry 

Syonsor 

Great Lakes ('allege? Awxia t ion  

ORAU Summer S titdent Trainee Program 

Columbia Union Collcgr 

ORAU Simmer  Student Trainee Program 
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