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CHAPTER I 

INTRODUCTION 

A .  Basic Pr inciples  of Paramagnetic Resonance 

In  t h i s  section, some of the  pr inciples  of paramagnetic resonance 

(electron spin resonance) w i l l  be outlined with pa r t i cu la r  reference t o  

1 t h e  study of f r ee  radicals .  The e f f ec t  was f i r s t  observed by Zavoisky 

i n  1945 and has since been extensively developed and applied t o  a var ie ty  

of f ie lds .  Many excellent reviews cover t h e  various ramifications of the  

subject.  Par t icu lar ly  noteworthy a re  several  reviews from the  Clarendon 

which treat t h e  method and i t s  application t o  t h e  study 

of c rys ta l s  containing t r ans i t i on  ions (both the  d and f e lectron series) 

and paramagnetic centers produced by i r rad ia t ion  of c rys ta l s .  

by Wertz 

A review 
6 and a book by Ingram’ consider applications t o  t h e  study of 

free radicals. 

The discussion i n  t h i s  sect ion w i l l  be largely qua l i ta t ive ,  and 

i s  intended as a background t o  t h e  investigation reported i n  t h i s  thesis. 

It w i l l  be r e s t r i c t ed  t o  those paramagnetic atoms o r  molecules which have 

only one unpaired electron; most free radicals  f a l l  i n to  t h i s  category. 

Such systems possess magnetic dipole moments resu l t ing  from both t h e  

o r b i t a l  motion and t h e  i n t r i n s i c  spin of the  electron.  The pr inciples  

of the method can bes t  be introduced, however, by considering a molecule 

whose unpaired electron has only spin.  

mated by a wide var ie ty  of paramagnetic substances. 

This condition is  closely approxi- 

T h i s  spin dipole w i l l  
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interact with an applied magnetic field and, according to quantum 

mechanical principles, will assume one of two energy states; in one 

state the electron spin is said to be "parallel" to the field, in the 

other state "antiparallel". 

given by AE = gBH, where g, the spectroscopic splitting factor, is 

2.0023 for a "spin only" electron, B is the Bohr magneton, and H is 

the strength of the applied field. If the system is subjected to 

The difference in energy of the states is 

electromagnetic radiation of frequency v such that 

hv = gBH, (1) 

transitions are induced between the two states, and absorption of electro- 

magnetic energy occurs. A typical paramagnetic resonance spectrometer 

operating at a microwave frequency of 9000 megacycles requires for g = 

2.0023 a magnetic field of - ca. 3200 gauss to achieve the resonance con- 

dition of Equation 1. 

A t  thermal equilibrium, the two spin states in a substance are 

populated in accordance with the Boltzman distribution; the ratio of 

these populations is given by e -gBH/kT. At room temperature, for fields 

of 3200 gauss and for g = 2.0023, this factor is 0.9985. 

induced by microwave energy from the low to high energy state (absorptive 

transitions) have the same a, priori probability as transitions from the 

high to low energy state (induced emission). 

lation of spins in the lower energy state, slightly more absorptive 

transitions occur and there results a net absorption of microwave energy. 

A s  energy is absorbed there is a tendency to disturb the equilibrium dis- 

tribution of states. The populations in the two states tend to equalize. 

Transitions 

Because of the higher popu- 
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Thermal equilibrium is re-established by non-radiative interact ions of 

the spins w i t h  l a t t i c e  vibrations.  

t e r ized  by a thermal sp in - l a t t i ce  relaxation time. Often, t h i s  relaxation 

time i s  su f f i c i en t ly  long tha t ,  i n  the presence of high microwave power 

levels ,  the surplus population i n  the lower s t a t e  is reduced and the 

amount of absorption decreases. 

The r a t e  of t h i s  process i s  charac- 

T h i s  e f fec t  i s  cal led power saturat ion.  

While paramagnetic resonance can be observed a t  any frequency, pro- 

vided the magnetic f i e l d  is  adjusted t o  f u l f i l l  the  resonance condition 

of Equation 1, most spectrometers operate in  the microwave region, The 

so-called x-band spectrometer, operating a t  9000 Mc ( f i e l d s  of 3200 gauss 

fo r  g = 2 )  i s  widely used f o r  f r ee  r ad ica l  s tudies .  

obtained a t  these high frequencies and f i e lds .  

a r e  la rger  a t  high frequencies, and there i s  a more favorable r a t i o  of 

spin populations a t  high f i e l d s  as indicated by the Boltzman fac tor .  The 

minimum number of unpaired electrons tha t  a spectrometer w i l l  detect  a l so  

depends on properties of the paramagnetic system such as  the width of the 

resonance l i ne .  The sharp absorption l i n e  f o r  the s tab le  f r ee  r ad ica l  

a , a - d i p h e n y l - B - p i c r y l ~ y l  i s  Often Used t o  compare t h e  s e n s i t i v i t i e s  

of spectrometers. 

unpaired electrons moles) have been b u i l t .  Because of t h i s  high 

sens i t iv i ty ,  paramagnetic resonance i s  a promising method f o r  the study 

of f ree  rad ica l  intermediates t h a t  occur i n  many chemical reactions.  

centrations dom t o  loW8 M may be detected with samples of ca. 0.25 m l .  

assuming a s e n s i t i v i t y  of lo1’ unpaired electrons.  

High sens i t i v i ty  is  

Transition probabi l i t i es  

Spectrometers capable of detecting fewer than loL2 

Con- 

- 

In  a f ree  atom wi th  o r b i t a l  angular momentum, g is given by the 
8 famil iar  Lande formula, 
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J(J + 1) + s ( s  + 1) - L(L + 1) 
25 (J + 1) g = l +  

where L and S a re  respectively the o r b i t a l  angular momentum and spin 

angular momentum and J is the t o t a l  angular momentum. For L = 0, the  

case so far considered, g is 2 (when cer ta in  quantum electrodynamical 

corrections a re  made, the value becomes 2.0023). 

I n  paramagnetic systems of p rac t i ca l  i n t e re s t  g-values a re  usually 

found t o  be much nearer the "spin only" value of 2,0023 than t h a t  given 

by the Lande formula. Consider, fo r  example, the Cu ion in  a c r y s t a l  

of CuSO4*5H20, 

a g-value of 1.2 is  expected f o r  the i so la ted  ion. 

++ 

This  ion contains one unpaired d electron (2D5/2), and 

Experimentally, f o r  

t h e  c rys ta l ,  g-values varying from 2.08 t o  2.27 have been found3 depending 

on the or ientat ion of the c rys t a l  i n  t h e  applied magnetic f i e l d .  

s t a t i c  f i e l d s  ( c r y s t a l  or ligand fields) from neighboring ions a l ter  the 

electronic  s t a t e  of the ion. In a f r ee  atom, the o r b i t a l  motion of the  

electron produces a magnetic f i e l d  which in te rac ts  wi th  the f i e l d  from 

the spin (LS coupling), 

applied magnetic f i e l d .  In  the c rys ta l ,  the  e l ec t ros t a t i c  f i e l d s  p a r t i a l l y  

destroy or  "quench" the magnetism associated w i t h  the o r b i t a l  motion and 

g-values tend t o  approach the "spin only" value. Further, the  remaining 

o r b i t a l  magnetism is  "locked" i n  a direct ion determined by the c r y s t a l  

f i e l d .  

and t h i s  i n t e rna l  o r b i t a l  f i e l d .  

on the r e l a t ive  direct ions of these f i e l d s  and an anisotropic g-value 

r e su l t s .  

f i e l d ,  In systems containing ra re  ear th  ions, the unpaired electrons 

Electro- 

The resul tant  moment is  oriented by an external ly  

The spin i s  oriented along the resu l tan t  of the applied f i e l d  

The energy of interact ion w i l l  depend 

The degree of quenching depends on the strength of the  c r y s t a l  
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are i n  inner s h e l l s  somewhat shielded from t h e  environment. Deviations 

from g = 2.0023 can be appreciable. 

s i t i o n  ions a re  i n  outer o rb i t a l s  and in t e rac t  more strongly w i t h  the 

c rys t a l  f ields,  consequently, quenching i s  more complete. Orbital magnetism 

i s  s t i l l  more highly quenched i n  f r ee  radicals .  

seldom show as much as one per cent deviation from g = 2.0023. 

example, t h e  tabulation of f ree  rad ica l  g-values of Wertz. ) The unpaired 

electrons i n  these substances are i n  outer o rb i t a l s  and experience strong 

quenching forces a r i s ing  from t h e  electrons i n  bonding orb i ta l s .  

The unpaired electrons of t h e  t ran-  

Complex organic radicals  

(See, for  
6 

Since most free radicals  have g-values close t o  t h e  free electron 

value, t h i s  property i s  not very useful  fo r  characterizing them. 

hyperfine effects, however, may grea t ly  a l t e r  t h e  simple resonance process 

Nuclear 

described above. 

nuclei  cause t h e  absorption l i n e  t o  be s p l i t ,  of ten in to  many components, 

The resu l t ing  spectra  can be used t o  ident i fy  free rad ica ls  and when 

analyzed i n  detai l  give information on t h e  e lectronic  s t ruc ture  of the  

radical .  A nucleus which does not have an even number of neutrons and 

an even number of protons may possess a spin I and a magnetic moment. 

T h i s  moment w i l l  i n t e rac t  w i t h  a magnetic f ie ld  and w i l l  assume one of 

21 + 1 orientat ions,  each of d i f f e ren t  energy. The energy states are 

Hyperfine interact ions of t h e  e lectron w i t h  magnetic 

designated by the nuclear magnetic quantum number M = I, 1-1, . * *  -I. I 
The energy of these s t a t e s  i n  an external  magnetic f i e l d  and t h e  t r ans i t i ons  

t h a t  occur between them form t h e  subject of nuclear magnetic resonance 

( N M R ) ,  In a paramagnetic resonance experiment, t h e  external ly  applied 

f i e l d  or ien ts  t h e  electron spin. It i s  predominantly t h e  i n t e rna l  magnetic 
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f i e ld  from t h i s  e lectron (usually very much greater  i n  magnitude t h a n  

the external ly  applied f ie ld)  t h a t  o r ien ts  a nuclear dipole.  

the nuclear dipole produces magnetic f ie lds  a t  t h e  e lectron posit ion; 

21 -i- 1 di f f e ren t  values a re  possible depending on the  or ientat ion of t h e  

nuclear spin.  Thus, 

t h e  e lectron sees a f i e l d  s l i g h t l y  d i f f e ren t  from t h e  applied field, and 

the energy of t h e  e lectron spin s t a t e  is changed. In  an ensemble of such 

nuclear spin-electron spin systems, t h e  nuclear leve ls  are very nearly 

equally populated, 

21 + 1 dif fe ren t  f ie lds ,  and take 21 + 1 d i f f e ren t  energies. This behavior 

is depicted i n  Figure 1 f o r  a nucleus of I = 3 / 2 .  

unperturbed electron spin states ( t h e  dotted l i n e s  of Figure 1) diverge 

l i nea r ly  w i t h  applied f i e l d .  

dipole produce in t e rna l  f i e l d s  (and energy changes) proportional t o  M 

Constant frequency microwave energy produces t rans i t ions  between t h e  

states; t h e  se lec t ion  rules are such t h a t  t h e  M 

e lectron spin t rans i t ions  are induced. Thus, i n  the  example of Figure 

1, four equally spaced, equally intense l i n e s  occur. 

Reciprocally, 

These fields add vec tor ia l ly  t o  t h e  applied field.  

The electrons see w i t h  e s sen t i a l ly  equal probabi l i ty  

The energies of the  two 

The 21 + 1 = 4 orientat ions of t h e  nuclear 

I' 

do not change when I 

The unpaired electron of a f ree  r ad ica l  may move i n  highly 

delocalized o rb i t a l s  and hyperfine s p l i t t i n g s  from many nuclei  may 

occur. For example, t h e  s p l i t t i n g s  which r e s u l t  from hyperfine i n t e r -  

actions involving two nitrogen nuclei  are shown i n  Figure 2. 

diagrams of expected s p l i t t i n g s  are compared w i t h  oscilloscope photo- 

graphs of ac tua l  spectra  obtained from a c r y s t a l  containing t h e  free 

radical a,a-diphenyl-B-picrylhydrazyl(DPPH). Figure 2a represents a 

Schematic 
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Magne t i c  F i e l d  . 

Figure 1. Energy levels and hyperfine spectrum for 
an unpaired electron ( S  = 1 / 2 )  interacting with 
a nucleus of spin I = 3 / 2 ,  
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UNCLASSIFIED 
ORNL-LR-DWG. 54591 

a 

b 

Figure 2. Hyperfine spl i t t ings from two  nitrogen 
nuclei in DPPH. 
a. Both nuclei are NI4  ( I = 1 ). 
b. NI4 and N I5  ( I = 1/2 ) .  Same ra t io  of 
hyperf ine cou pl i n g  constants.  
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case i n  which both nuclei  are N14 (I = 1) and are unequally coupled w i t h  

the unpaired electron. One nucleus s p l i t s  t h e  e lectron spin resonance 

l i n e  in to  three widely spaced l ines;  each of these are then s p l i t  by the 

second N14 nucleus in to  three l i nes  somewhat more closely spaced. 

l i n e  spectrum i s  thus expected. Each of t h e  hyperfine l i n e s  ac tua l ly  

observed in  DPPH are somewhat broadened due t o  e f f ec t s  which s h a l l  be 

d.iscussed later.  A s  a r e su l t ,  the  f’ull nine l i n e  mul t ip l ic i ty  is  not 

resolved; the closely spaced pa i r s  of Figure 2a appear as s ingle  l i n e s  

of approximately double in t ens i ty ,  

f i n e  interact ion where one of t h e  N14 nuclei  has been replaced by N15 

( I  = 1/2). 

A nine 

Figure 2b represents a similar hyper- 

Six l i nes  are predicted and a re  resolved i r _  t h i s  case. 

The hyperfine s p l i t t i n g  from each nucleus is ,  i n  general, aniso- 

t rop ic  and t h e  amount of s p l i t t i n g  can be re la ted  t o  t h e  unpaired 

electron densi ty  near the  nucleus. 

hyperfine l i n e  separations, a hyperfine tensor can be evaluated. Th i s  

tensor may be resolved in to  two par t s .  

term, r e l a t e s  t o  s p l i t t i n g s  which are isotropic .  These s p l i t t i n g s  are 

proportional t o  t h e  probabi l i ty  Y ’ ( 0 )  of finding t h e  unpaired electron 

a t  t h e  nuclear posi t ion.  From t h i s  term, contributions of s o rb i t a l s  

t o  t h e  unpaired electron wave function can be estimated. 

term, the  dipolar  term, i s  related t o  anisotropic hyperfine separations.  

It is a measure of t h e  contribution of p, a, e tc .  o rb i t a l s  t o  the  electron 

d is t r ibu t ion .  Thus, each nucleus which gives r ise t o  d iscre te  hyperfine 

s p l i t t i n g s  acts as a probe from which the  nature of the wave function of 

t h e  unpaired electron can be deduced. 

From de ta i led  measurements of t h e  

The f irst ,  t h e  Fermi or  contact 

The second 
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Some of t h e  fac tors  a f fec t ing  t h e  w i d t h  of a resonance l i n e  w i l l  

now be considered. They are  important both because t h e i r  proper control  

can improve spec t r a l  resolution and because of t h e  information t h a t  l i n e  

width s tudies  can give on t h e  fundamental processes. Each unpaired 

electron i n  the c r y s t a l  sees,  i n  addition t o  the applied field, an 

in t e rna l  magnetic f ie ld  resu l t ing  from t h e  magnetic moments of a l l  t h e  

other unpaired electrons i n  t h e  system. 

depends on i t s  r e l a t ive  posi t ion and or ientat ion.  The f ie ld  seen by each 

electron is d i f fe ren t ,  and hence i t s  energy is d i f f e ren t  owing t o  t h e  

more or less random orientat ion of t h e  neighboring electron spins.  Each 

neighbor has e s sen t i a l ly  equal probabi l i ty  of being or iented p a r a l l e l  or 

a n t i p a r a l l e l  t o  t h e  applied f i e l d .  

energy values i s  small, an e s sen t i a l ly  continuous range of energy states 

r e su l t s ,  and t r ans i t i ons  between these states are seen as a broad absorption 

l i ne .  Since the f i e l d  from a magnetic dipole decreases w i t h  the  t h i r d  

power of distance, l i n e  w i d t h  a r i s ing  from t h i s  e f f e c t  i s  rapidly reduced 

as the  dipoles are separated. 

s tudies  a re  car r ied  out i n  magnetically d i l u t e  systems; t h e  paramagnetic 

molecules are separated by incorporation i n  a diamagnetic mater ia l .  

The f ie ld  from each neighbor 

Since the  separation between adjacent 

For t h i s  reason, most paramagnetic resonance 

The in te rac t ion  of the  electron with nuclear dipoles (unresolved 

hyperfine e f f e c t s )  can cause a similar type of broadening. 

nuclear magnetic moments are three orders of magnitude smaller than 

electron moments, t h e i r  e f f ec t s  on l i n e  width can be appreciable, 

type of broadening i s  pa r t i cu la r ly  evident i n  hydrogenous materials such 

as c rys t a l l i ne  hydrates and organic free radicals .  For example, i n  many 

Although 

This 
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studies  of the paramagnetic t r ans i t i on  elements, t h e  ion is  incorporated 

i n  a c rys t a l l i ne  hydrate. Even w i t h  extreme magnetic di lut ion,  such 

t h a t  e lectron dipole interact ions are negligible,  rather broad l ines  

(2, 6 gauss) remain. 

reduced, however, by making appropriate isotopic  replacements, For 

example, the magnetic moment of the  deuteron i s  about one-third of t h a t  

of t h e  proton and l i n e  widths  from t h i s  e f f e c t  are proportionately 

reduced when the  subs t i tu t ion  i s  made. 

This type of nuclear dipolar  broadening can be 

Paramagnetic species often give much sharper l i nes  i n  solut ion 

than would be expected from the  foregoing considerations. Those in t e r -  

act ions t h a t  cause anisotropy and many of those t h a t  give width t o  a 

paramagnetic resonance l i n e  a re  angularly dependent such t h a t  t h e  average 

of these contributions over a l l  direct ions i n  space is zero. I n  solut ion 

the  paramagnetic species undergo a tumbling motion. 

su f f i c i en t ly  rapid, t h e  above interact ions are not seen. Often, w i t h  non- 

viscous solvents, extremely sharp l i nes  are observed. Dipolar contr i -  

butions t o  hyperfine s p l i t t i n g s  are s imi la r ly  absent; only the isotropic  

(contact)  pa r t  contributes.  

organic f r e e  rad ica ls  has been car r ied  out i n  solution. Often t h i s  is  

t h e  only type of observation t h a t  has been made because of t h e  d i f f i c u l t y  

i n  incorporating t h e  r ad ica l  i n  a su i tab le  s ing le  c rys t a l .  

respects,  t h i s  type of study has an advantage over a comparable study i n  

a s ingle  c rys ta l .  

greater  spec t r a l  resolution; consequently weak hyperfine interact ions,  not 

resolved i n  c rys ta l s ,  can of ten be distinguished and studied. 

If t h i s  motion i s  

Much of t h e  paramagnetic resonance work on 

In  some 

The narrower l i nes  observed i n  solut ion afford much 

On the  
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other hand, information available from the dipolar interact ion i s  lo s t ,  

and often it i s  t h i s  information which is most def in i t ive  of t h e  unpaired 

electron d is t r ibu t ion .  It should a l so  be mentioned t h a t  u sem1  studies  

can sometimes be made using amorphous or  polycrystal l ine so l ids .  There 

a re  systems (e .g ,  - i r rad ia ted  biological  systems) which cannot be studied 

i n  solution or  i n  s ing le  c rys ta l s .  

i n  s t ruc ture  may result ,  because of anisotropic var ia t ions in  g-value and 

hyperfine s t ruc ture .  In  other cases, however, the g anisotropy is s m a l l  

and the contribution t o  the hyperfine s t ruc ture  comes la rge ly  from the 

isotropic  terms. 

useful  information regarding the nature of the rad ica l  species can be 

inferred.  

In  such cases, a broad l i n e  lacking 

Consequently su f f i c i en t  d e t a i l  can be resolved so t h a t  

There is another interaction, again involving the unpaired 

electrons,  t h a t  can cause d ra s t i c  changes in  the character of t h e  para- 

magnetic resonance l i ne .  T h i s  i s  the exchange narrowing process. If 

t w o  o r  more paramagnetic molecules are su f f i c i en t ly  close together t h a t  

the wave functions of t h e i r  unpaired electrons appreciably overlap, 

quantum mechanical exchange forces must be considered. 

amount of exchange may be negligible in  comparison t o  t h a t  which occurs 

in  chemicalbonding, it can cause d ra s t i c  changes i n  spin resonance 

spectra.  

f r ee  radicals .  For example, c rys t a l s  of the f r e e  rad ica l  diphenyl 

picrylhydrazyl would be expected t o  show a l i n e  width of the order of 

50 gauss on the basis of electron dipolar broadening; yet the observed 

l i n e  width ( f u l l  width a t  half  height) is  only one or  two gauss. 

Although the 

An extreme narrowing of the l i n e  may occur in  concentrated 

Usually, 



but not necessarily,  exchange ef fec ts  decrease more rapidly w i t h  

separation of the radicals  than do the electron dipolar interact ions.  

Fundamental t o  the w i d t h  of any spec t ra l  l i n e  a r e  the  l i fe t imes 

of the s t a t e s  between which t rans i t ions  occur. 

energy of a s t a t e  is  re la ted  t o  i t s  l i fe t ime through the uncertainty 

pr inc ip le  nF4t = R. 

i n  energy is  correspondingly large.  

has been mentioned e a r l i e r .  

of the l i fe t ime of a spin state, var ies  widely in  paramagnetic c rys t a l s  

and increases rapidly w i t h  decreasing temperature. 

c rys ta l s  (pa r t i cu la r ly  the r a re  ear ths)  the thermal relaxation time is  

so short  t h a t  l i nes  a re  broadened t o  an extent t h a t  observations a t  room 

temperature cannot be s a t i s f a c t o r i l y  made; very low temperatures a re  

necessary t o  avoid broadening of these absorption l i nes  through rapid 

sp in - l a t t i ce  relaxation. Most complex f r ee  radicals,  however, have 

suf f ic ien t ly  long sp in - l a t t i ce  relaxation times so t h a t  the l i nes  are 

not d ra s t i ca l ly  broadened by t h i s  process at  room temperature. Another 

way i n  which the l i fe t ime of a spin s t a t e  may be l imited is through 

chemical reaction. Changes i n  l i n e  width from t h i s  cause have been used 

t o  study very rapid exchange reactions involving f r ee  rad ica ls  i n  

solution. 

The uncertainty i n  

When the l i f e  of a s t a t e  i s  short  the uncertainty 

The sp in- la t t ice  relaxation process 

The spin l a t t i c e  relaxation t i m e ,  a measure 

In some paramagnetic 

9 

B. Previous Work on DPPH 

The purpose of the  investigation reported here is t o  characterize 

t h e  spin resonance spectra  of a par t icu lar  f r ee  rad ica l  a,CX-diphenyl-p- 
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picrylhydrazyl ( DPPH ) 

N (+J-N02 \ /  

and from this to draw conclusions about the distribution of the unpaired 

electron throughout the molecule. 

The stable free radical DPPH was first prepared by Goldschmidt and 

Rennl' in 1922, This intensely violet colored material can be prepared 

in pure form and shows little tendency to dimerize to the tetrazane. 

ments of the bulk magnetic susceptibility'' on the solid have demonstrated 

this stability down to 83OK. 

Measure- 

DPPH has received a large amount of attention from those interested 

in paramagnetic resonance. Selwood12 states, "This compound . . . has beccune 
so popular with the paramagnetic resonance specialists that there is some 

question as to what they would do without it." 

reported simultaneously by Holden, Kittel, Merritt and Yager13 and by 

Its resonance was first 

Townes and Turkevitch.'' A single sharp absorption line with a g-value 13 

of 2.0036 and 2.7 gauss half width ( f u l l  width at half height) was observed 

in polycrystalline DPPH. The narrowness of the line was attributed to 

intermolecular exchange effects (exchange narrowing). 

Numerous investigations of the paramagnetic resonance of single 

The g-value was found15 to vary from crystals of DPPH have been made. 

2.0035 to 2.0041 depending on the crystal orientation. The closeness of 

these values to the free electron g-value and the small anisotropy is 

typical of complex free radicals and indicates that the orbital angular 



momentum i s  highly quenched. Small  anisotropies i n  the l i n e  wid th  have 

a l so  been observed; l6’l7 the ha l f -wid th  varied, w i t h  or ientat ion,  from 

1 .5  gauss t o  2 . 1  gauss. Measurements of t h e  g-value as a function of 

microwave frequency18 up t o  75,000 Mc are  i n  accord w i t h  t h e  values15 a t  

lower frequencies; t h e  tensor describing t h e  anisotropy i n  g was found t o  

be ax ia l ly  symmetric. 

found t o  be s l i g h t l y  greater  than a t  room temperature. l9 

measurements of the  l i n e  shape from powdered DPPH have been made. 2o 

differences i n  the  l i n e  width have been seen i n  DPPH crys ta l l ized  from 

d i f f e ren t  solvents. 

The g-value anisotropy a t  low temperatures was 

Detailed 

Small 

21 

DPPH is widely used as a reference material i n  Paramagnetic 

resonance s tudies .  

value i s  used as a secondary standard f o r  t h e  determination of t h e  g- 

value of other  paramagnetic centers.  

form and is  qui te  stable, it i s  a l so  used as an in t ens i ty  standard f o r  

determining the number of unpaired electrons i n  paramagnetic systems. In  

t h i s  respect, t h e  material i s  a l so  often used t o  compare t h e  s e n s i t i v i t i e s  

of various paramagnetic resonance spectrometers. T h e i r  s e n s i t i v i t i e s  vary 

w i t h  t h e  width of t h e  resonance l i n e .  

Its sharp absorption l i n e  of accurately known g- 

Because it can be prepared i n  pure 

DPPH gives a s ingle  sharp resonance l i n e  i n  solutions of high con- 

centration similar t o  t h a t  seen i n  s o l i d  material .  With di lut ion,  t h e  

interact ions contributing t o  exchange narrowing decrease; the l i n e  

broadens and ul t imately a charac te r i s t ic  f i ve  l i n e  hyperfine spectrum 

i s  resolved. 12,15, 19, 22, 23, 24 Photographs of t h e  paramagnetic resonance 

spectrum of DPPIl i n  d i l u t e  solut ion as displayed on an oscilloscope are 
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shown i n  Figure 3 ,  Figure 3a is  t h a t  of normal DPPH, and Figure 3b is  

t h a t  of DPPH labe l led  w i t h  N15 i n  t h e  @ nitrogen posi t ion.  

resolved, symmetric, f i v e  l i n e  spectrum (Figure 3a) has been in te rpre ted  

as being due t o  the  hyperfine coupling of t he  unpaired electron w i t h  t h e  

two hydrazyl nitrogens,  15’22 

N14 nuclei  ( I  = 1) would y ie ld  a nine l i n e  spectrum. 

t o  t h e  two nitrogen nuclei  a re  near ly  equal, some of the  l i n e s  w i l l  

superimpose (within t h e i r  l i n e  widths) and a f i v e  l i n e  spectrum will 

r e su l t .  

of the  coupling constants i s  0.82. 

whether t h e  (2 or  @ nitrogen had the  grea te r  hyperfine interact ion,  s ince 

both in te rac t ing  nuclei  were ident ica l .  The solut ion spectra  of other  

f r ee  rad ica ls  of t he  hydrazyl s t ruc ture  have been investigated.  Although 

t h e  spec t r a l  pa t te rns  are considerably d i f f e ren t  i n  appearance, they a l l  

may be explained by the  hyperfine in te rac t ion  of two N 1 4  nuclei .  In  one 

The p a r t i a l l y  

In  general, such an in te rac t ion  w i t h  two 

If t h e  couplings 

A recent analysis25 of t h e  spectrum indicates  t h a t  t h e  r a t i o  

It was not possible  t o  determine 

((c&5)2 NN (C6H2)(N02), S03Na) the  full nine l i n e  mul t ip l i c i ty  was 

resolved. 22’ 26 The separation between t h e  p a r t i a l l y  resolved nitrogen 

hyperfine l i n e s  of DPPH i n  solut ion has been reported t o  be ca. 10 gauss, 1 5  - 
T h i s  mount of contact interact ion,  when assumed t o  come from an unpaired 

electron i n  nitrogen 2s o rb i t a l s ,  accounts f o r  only a f e w  pe r  cent of the  

unpaired electron density.  

Resonance l i n e s  from hydrogens a re  of ten seen i n  free rad ica ls  con- 

ta in ing  aromatic groups. Because of the  absence of such l i n e s  i n  DPPH, it 

has been thought t h a t  t h e  unpaired electron is  s t rongly local ized on t h e  

two hydrazyl nitrogens . Recently, 27 however, spectra  of DPPH i n  highly . 
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Figure 3. Paramagnetic resonance spectra from 
dilute DPPH solutions 
a. DPPH of normal isotopic content. 
b. DPPH in which the p hydrazyl n i t rogen was 
N15 . 
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purified,  oxygen free solvents have been obtained i n  which proton hyper- 

f ine  l i nes  are resolved. 

seen; the spectrum was not interpreted.  

Well over one hundred closely spaced l i n e s  were 

It was  t h e  purpose of t h i s  invest igat ion t o  study the paramagnetic 

resonance spectrum of DPPH i n  s ing le  c rys ta l s ,  t o  resolve from t h i s  spectrum 

both t h e  contact and dipolar contributions t o  the  hyperfine interact ion,  

and from t h i s  t o  deduce some of the  de ta i l  of the unpaired electron dis-  

t r ibu t ion .  

s ingle  c r y s t a l  so t h a t  dipolar  broadening e f f ec t s  and exchange e f f ec t s  

would not obscure the  spectrum, 

a,a-diphenyl-@-picrylhydrazine (DPPH2) was chosen as t h e  host c rys t a l .  

Because of t h e  s t r u c t u r a l  s imi l a r i t y  of t h e  two molecules, it was thought 

t h a t  d i l u t e  s o l i d  solutions of DPPH i n  DPm2 might be e a s i l y  prepared. 

Experiments were performed on crys ta l s  of normal isotopic  content and on 

c rys t a l s  i n  which t h e  @ hydrazyl nitrogen was replaced w i t h  N15 .  It vas 

found t h a t  labelled crystals  not only gave more usef'ul spectra because of 

the fewer l i nes  and consequently grea te r  resolution, but also allowed t h e  

hyperfine interact ions from t h e  a and /3 nitrogens t o  be distinguished. 

It w a s  necessary t o  magnetically d i l u t e  DPPH i n  a diamagnetic 

The diamagnetic "parent" of DPF'H, 

. 



CHAPTER I1 

EXPERIMENTAL 

A .  Preparation of Materials 

Both DPPH2 and DPPH of normal isotopic  content were obtained 

commercially, 

and the  DPPH from t h e  Aldrich Chemical Company. The N 1 5  l abe l led  com- 

pounds were synthesized. The syntheses, car r ied  out f i rs t  with normal 

materials t o  t e s t  the  procedures, a r e  described i n  terms of t h e  following 

reactions (N* = N 1 5 ) :  

The DPPH2 was obtained from t h e  Eastman Kodak Company, 

HN*O3 + NaOH 3 NaN*03 + H20 (1) 

NaN*03 + Pb -+ NaN*02 + PbO ( 2 )  

(C6H5)2NH + HN*02 -+ (C6H5)2NPJ*0 + H20 ( 3 )  

(CeH5)2NN*H2 + H20 (4) Zn 
(C6H5)2NN*O f 4 ( H )  H O A ~  ' 
(C6H5)2NN*H2 + Cl(C~H2)(N02)3 -+ (C6H5)2NNR P i c r y l  + H C 1  ( 5 )  

(C&5)2NN*H P ic ry l  pa (&H5)2NU* P i c ry l  ( 6 )  

Reaction 1. Ni t r ic  ac id  containing 98.3 per  cent NL5 was obtained 

from t h e  Isotope Division of t h e  O a k  Ridge National Laboratory. 

converted t o  sodium n i t r a t e  by neutral iz ing w i t h  sodium hydroxide and was 

evaporated t o  dryness, 

It was 

Reaction 2.  

some d i f f i c u l t i e s ,  

n i t r a t e  i s  a "textbook reaction", severa l  attempts t o  prepare sodium 

n i t r i t e  by t h i s  method were unsuccessful. 

The conversion of t he  n i t r a t e  t o  n i t r i t e  presented 

Although the  d i r e c t  therrral decomposition of an alkali 

The thermal decomposition of 
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sodium n i t r a t e  was found t o  be extremely slow a t  temperatures j u s t  above 

i t s  melting point; when heated much hot te r  the decomposition was accompanied 

by the evolution of oxides of nitrogen. T h i s  reaction has been d i s -  

cussed recently by K.  J. Mysels. 

decomposition in  the presence of lead, and has found t h a t  the conditions 

under which the reaction is  carr ied out, par t icu lar ly  the mesh s i ze  of 

the lead, a r e  c r i t i c a l  i f  high yields of n i t r i t e  a r e  t o  be had. The mesh 

s i z e  recommended by Heath (60-80 mesh) was not available.  

t ha t  good yields of n i t r i t e  can be obtained i f  a large excess of granular 

lead i s  used and the reaction mixture i s  heated fo r  prolonged periods 

of time i n  an i n e r t  atmosphere. 

of granulated lead was heated fo r  16 h r .  under an argon atmosphere at  380'. 

After cooling, the sodium n i t r i t e  was leached from t h e  matrix wi th  hot 

water. 

D.  F. Heath*' has investigated t h i s  28 

We have found 

A mixture of 5.8 g. of NaN*03 and 38 g. 

A small a l iquot  was analyzed; an 80 per cent y ie ld  w a s  found. 

Reactions 3 and 4. The direct ions of Clusius and Vecchi 30,31 for 

preparing label led unsymmetrical diphenylhydrazine were followed. A solu- 

t i on  containing 9 g. of diphenylamine, 65 m l .  of absolute ethanol, and 6.5 

m l .  of concentrated hydrochloric acid was cooled t o  -5' and the  NaN*02 

solution (3.7 g. NaN*02) w a s  added slowly. After about one hour, N- 

nitrosodiphenylamine was precipi ta ted by adding excess water; it was 

separated from the solution and dried. 

by slowly adding ace t ic  acid t o  a cold d c o h o l i c  solution of the N- 

nitrosodiphenylamine i n  which zinc dust was suspended. The solut ion was 

separated from the excess zinc; the hydrazine was prec ip i ta ted  as t h e  hydro- 

chloride and dried.  A yield of 62 per cent based on the NaN*02 was obtained. 

Diphenylhydrazine was prepared 
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32 Reactions 5 and 6. Procedures of Porier, K a h l e r ,  and Benington 

were followed. 

hydrochloride i n  ethanol was t rea ted  w i t h  sodium bicarbonate and p ic ry l -  

chloride. 

was  added t o  dissolve t h e  DPPH2 and the  mixture was f i l t e r e d .  The solu- 

t i o n  was  concentrated by p a r t i a l  evaporation of the solvent, and ethanol 

was added t o  prec ip i ta te  the DPPH2. 

obtained. 

t r e a t i n g  it w i t h  an excess of lead dioxide i n  benzene. 

the benzene solut ion was concentrated by p a r t i a l  evaporation of t he  

benzene and - n-hexane added t o  prec ip i ta te  t he  DPPH. 

determined. 

About one-half (3.5 g. ) of t h e  label led diphenylhydrazine 

The mixture was boiled gently t o  speed the reaction. Chloroform 

A yield of - ca. 40 per cent w a s  

P a r t  of the DPPH2 was  converted t o  t h e  free rad ica l  DPPH by 

After f i l t r a t i o n ,  

The y ie ld  was not 

B. Growth and Properties of Crystals 

. 

Crystals of DPPH2, grown from benzene solution, were chosen as 

the diamagnetic medium i n  which t o  incorporate t h e  f r e e  rad ica l  DPPH. 

Preliminary experiments indicated t h a t  DPPH2 would incorporate small 

amounts of DPPH and t h a t  resolved paramagnetic resonance l i n e s  could be 

observed. Pure DPPH had previously been t o  c r y s t a l l i z e  from 

benzene i n  a monoclinic form; the space grow is  Pc and there a r e  two 

molecules of DPPH plus two of benzene i n  the u n i t  c e l l .  

from x-ray powder pat terns  

It was found 

t h a t  c rys t a l s  of DPPH2 grown from benzene 
* 

The author wishes t o  thank R, D.  El l ison of the Oak Ridge National * 
Laboratory Chemistry Division f o r  the x-ray examinations reported i n  t h i s  
t h e s i s .  
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solut ion had a d i f f e ren t  space group. It was necessary t o  determine the  

symmetry and c e l l  parameters of DPPH2 s o  t h a t  t h e  paramagnetic resonance 

measurements could be re fer red  t o  known c r y s t a l  axes and r e l a t ed  t o  t h e  

c rys t a l  symmetry. An invest igat ion t o  deduce these parameters was under- 

taken by R .  D.  E l l i son  and t h e  author.34 Small c rys t a l s  of DPPH2 were 

grown by evaporation of a benzene solut ion and s ingle  c r y s t a l  x-ray 

d i f f r ac t ion  pa t te rns  were taken. The small c rys ta l s ,  which contained 

benzene of c rys t a l l i za t ion ,  required spec ia l  care  t o  prevent decomposition 

whi le  obtaining t h e  d i f f r ac t ion  pa t te rns .  They were mounted i n  t h i n  

wall cap i l l a r i e s  t h a t  contained a benzene saturated atmosphere. The 

c e l l  parameters determined from t h e  s ing le  c r y s t a l  da ta  were ref ined 

using powder pa t te rns .  It was found t h a t  DPPH2 c rys t a l s  are monoclinic 

and of space group P21, 

c = 11.e7 A; the  monoclinic angle is  11l0 14'. 

zation w a s  d i r e c t l y  determined from loss of weight on heating f r e sh ly  

c rys t a l l i zed  material t o  constant weight a t  60'. 

c rys t a l s  was determined pycnometrically. 

c e l l  s i z e  it was found t h a t  t h e  c rys t a l s  contained t w o  molecules of DPPH2 

plus  two of benzene i n  t h e  u n i t  c e l l .  Powder pa t te rns  of pure DPPH2 

c rys t a l s  and those containing small mounts of DPPH were compared; no 

differences were observed. 

0 0 
The c e l l  dimensions are: a = 9.37 A, b = 10.78 A, 

0 
The benzene of c r y s t a l l i -  

The densi ty  of the  

From these data  and from t h e  

Rather  large c rys t a l s  ( severa l  millimeters on an edge) were 

required fo r  the paramagnetic resonance work. T h i s  was necessary i n  

order t o  ge t  s igna ls  of  adequate in t ens i ty  and ye t  have t h e  c rys t a l s  

s u f f i c i e n t l y  d i l u t e  i n  DPPH t h a t  exchange and d ipolar  broadening e f f ec t s  
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would not in te r fe re .  

evaporation of benzene solutions.  

containing an appropriate amount of DPPH was placed in  a p a r t i a l l y  

covered vessel and t h e  solvent was allowed t o  evaporate slowly f o r  a 

week or  more a t  room temperature. Ordinarily only masses of small 

c rys ta l s  were obtained wi th  t h i s  method. Presumably, on evaporation, 

the solutions f i r s t  became supersaturated and then showered many small 

seeds. 

Attempts were made t o  grow these c rys ta l s  by slow 

A nearly saturated solution of DPPH2 

A thermal gradient method was found t o  be more re l iab le .  In  a 

typ ica l  experiment, about one-half t o  one gram of DPPH;! was placed i n  

the bottom of a 1 5  m l .  t e s t  tube and 10 m l .  of benzene containing ca. 

20 mg. of DPPH was  added. The upper pa r t  of the tube was f i rs t  heated 

gently fo r  a few hours while the lower pa r t  was kept cool i n  a water 

ba th .  This  treatment was designed t o  dissolve any small seeds i n  the 

upper pa r t  of the tube. 

polyvinyl alcohol was then immersed a few centimeters below the solution 

level .  

the upper part was unheated. 

carr ied upward by thermal convection and c rys t a l l i za t ion  occurred i n  the 

cooler regions near the top. With luck, a f t e r  many days, a seed grew 

in to  a well-developed s ingle  c r y s t a l  of suf f ic ien t  s i ze  and DPPH content 

t o  be experimentally usef'ul. 

formed on the cool s ides  of the t e s t  tube without the use of a seed c rys ta l .  

The technique was by no means foolproof; often the growth was polycrystal-  

l i n e  o r  twinned. Since only a few well-developed crys ta l s  were needed f o r  

A small seed c rys t a l  glued t o  a glass  rod w i t h  

The bottom end of the tube was then heated i n  an oven a t  ca. 60'; 

Saturated solution from the bottom was 

In some instances well-developed crys ta l s  
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t h e  study, no pa r t i cu la r  e f f o r t  was made t o  r e f ine  or improve the  pro- 

cedure. The usual  d i f f i c u l t i e s  attendant t o  growing c rys t a l s  were 

amplified because of the small amount of labelled compounds avai lable ,  

and because t h e  opacity of the  solut ion prevented day by day observation 

of t h e  progress of c r y s t a l  growth. 

weighed about one-half gram. A s  noted above, t h e  c rys t a l s  tended t o  

lose benzene of c rys t a l l i za t ion .  Large c rys t a l s  l o s t  benzene slowly 

and could be handled f o r  severa l  hours i n  air  without appreciable decom- 

posi t ion.  

containing a benzene saturated atmosphere. 

The l a rges t  s ing le  c r y s t a l  obtained 

When s tored fo r  long periods, they were placed i n  a desiccator  

It was desirable  t o  determine t h e  morphology of t h e  DPPH2 c rys t a l s  

so t h a t  they might e a s i l y  be or iented fo r  t h e  paramagnetic resonance 

observations. While these or ientat ions could have been made w i t h  x-rays, 

t h i s  technique is  t i m e  consuming and would have been f’urther complicated 

by t h e  de te r iora t ion  of t h e  c rys t a l s  due t o  loss of benzene. I n t e r f a c i a l  

angles of a large well-developed c r y s t a l  were measured using a Unicam 

t w o  c i r c l e  op t i ca l  goniometer. 

data w i t h  angles calculated from t h e  c e l l  parameters determined by 

x-rays. The i n t e r f a c i a l  angles observed op t i ca l ly  agreed w i t h  t h e  ca l -  

culated values t o  _. ca. 0.5 or  l e s s .  T h i s  uncer tainty is  due pr imari ly  

t o  roughness of t h e  c r y s t a l  faces; t h e  l i g h t  beam re f l ec t ed  from these 

faces w a s  somewhat diffuse and angles could not be measured w i t h  high 

precis ion.  Faces w i t h  t h e  following Mil ler  indices were found t o  develop: 

001, 100, 011, o i i ,  110, i o i ,  iii, i io ,  ill, The first four  were usua l ly  

predominant and determined t h e  cha rac t e r i s t i c  shape of t h e  c rys t a l .  

The faces were indexed by comparing these 

0 
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The amount of DPPH incorporated i n  t h e  c r y s t a l  varied, of course, 

w i t h  the conditions of c r y s t a l  growth. 

t h e  thermal gradient method (20 mg. DPPH, 1 g. DPPH2, and 10 m l .  benzene) 

c rys t a l s  containing of t h e  order of 0 . 1 p e r  cent DPPH were obtained. 

concentration gave paramagnetic resonance l i n e s  of adequate i n t e n s i t y  and 

yet  was s u f f i c i e n t l y  d i l u t e  t h a t  dipolar broadening and exchange narrowing 

e f f ec t s  could be ignored, A conventional assay of t h i s  small amount of 

DPPH i n  a c r y s t a l  would have been d i f f i c u l t .  It was done i n  a semiquanti- 

t a t i v e  manner by comparing t h e  i n t e n s i t i e s  of t he  resonance l i n e s  from the 

c r y s t a l  w i t h  those of a benzene solution containing a known amount of DPPH. 

In  a typ ica l  experiment using 

This 

It w a s  necessary t o  l a b e l  both t h e  DPPH and t h e  DPPH2 when growing 

t h e  N 1 5  label led c rys t a l s .  

of the p hydrogen of t h e  DPPH2 t o  t h e  DPPH would destroy t h e  l abe l l i ng .  

An attempt was made t o  measure the rate of t h i s  exchange. 

DPPH and normal DPPH each give a charac te r i s t ic  resonance spectrum i n  

solution (Figure 3) .  

benzene and i t s  spectrum observed. 

w a s  added and t h e  solutions were mixed. Even though a lapse of less 

than one minute had occurred before the  spectrum of t h e  mixture could 

be observed the spectrum had changed t o  t h a t  of normal DPPH. Thus, t h e  

exchange occurred i n  less than one minute. 

If t h e  DPPH2 was not labelled,  a rapid exchange 

Labelled 

A small amount of label led DPPH w a s  dissolved i n  

A saturated solut ion of normal DPPH2 

Attempts have been made t o  incorporate DPPH i n t o  DPPH2 c rys t a l s  

grown from other solvents and in to  N-picryl-9-aminocarbazine which has 

a s t ructure  very similar t o  DPPH2. 

proved unsuccessfil .  

A l l  such attempts have so far 

DPPH2 w i l l  c r y s t a l l i z e  from carbon d isu l f ide  . 
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solution in small needlelike crystals; attempts to grow satisfactorily 

large crystals by the evaporation or  thermal gradient methods failed, 

Similarly, chloroform as a solvent has failed to yield satisfactory 

crystals. Large, well formed crystals have been grown from acetone, but 

there was not sufficient DPPH incorporated into these crystals to be 

experimentally usefil even though very high DPPH-DPPH2 ratios were used 

in solution. Similarly, N-picryl-9-aminocarbazine, while producing large, 

well developed crystals from benzene, failed to incorporate sufficient 

DPPH . 
With this latter system, the exchange reaction between DPPH and 

the carbazine was briefly investigated. The free radical carbazyl 

(N-picryl-9-aminocarbazyl) gives a characteristic solution spectrum. 7 

If the DPPH were to abstract the f3 hydrogen of N-picryl-9-aminocarbazine, 

the carbazyl radical would be formed and a characteristic change in 

spectrum should occur. An excess of the carbazine was added to a small 

anount of DPPH dissolved in benzene. Unlike the rapid exchange between 

DPPH and DPPH2, no exchange occurred. The spectrum did not change from 

that of pure DPPH in three months at room temperature. 

C . Spectrometer 

A transmission type spectrometer design by Dr. Ralph Livingston 

and built at the Oak Ridge National Laboratory was used in this investi- 

gation. 

9000 Mc (x-band). 

The spectrometer operates at microwave frequencies of about 

The essential features are shown in Figure 4. 
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Microwave power, produced by a klystron osc i l l a to r ,  i s  propagated 

through a waveguide t o  a resonant cavi ty  between t h e  poles of an e l ec t ro -  

magnet. T h i s  cavi ty  contains t h e  paramagnetic sample. The energy 

transmitted through the cavi ty  is  detected by a s i l i c o n  c r y s t a l  diode, 

amplified, and fed t o  t h e  v e r t i c a l  p l a t e s  of an oscilloscope. The 

magnet i s  equipped w i t h  two s e t s  of co i l s .  Power f o r  t h e  main magnet 

co i l s  i s  obtained from a d.c supply and regulated t o  provide a steady 

magnetic f i e l d .  T h i s  f i e l d  i s  adjustable; i n  t h e  experiments reported 

here f i e l d s  near 3000 gauss were used. Smaller modulation co i l s  add an 

a l te rna t ing  component t o  t h e  steady f ie ld .  Power f o r  these modulation 

co i l s  i s  f’urnished from a l i n e  a t  60 cps, and controlled w i t h  a va r i -  

able transformer. 

t h e  o sc i l l a t ion  of t h i s  f ie ld  i s  about 100 gauss. 

of t h e  oscilloscope is synchronized w i t h  t h i s  a l te rna t ing  f i e l d .  The 

steady f i e l d  is  adjusted so t h a t  t h e  60 cps f i e l d  excursions w i l l  sweep 

back and fo r th  over t h e  resonance l i ne .  

resonance spectrum i s  displayed on t h e  oscilloscope; t h e  horizontal  

def lect ion represents magnetic f ie ld ,  and t h e  v e r t i c a l  def lect ion 

represents the  amount of absorption of microwave power by t h e  sample. 

Included i n  t h e  microwave c i r c u i t  are a load i so la tor ,  a tuner, 

at tenuators,  and a wavemeter c i r c u i t .  The i so la tor ,  a f e r r i t e  device, 

allows free passage of t h e  microwaves from the  klystron t o  t h e  system 

but e f fec t ive ly  prevents transmission in  t h e  reverse direct ion.  T h i s  

prevents re f lec ted  energy from pul l ing o r  detuning the klystron. The 

tuner  i s  used t o  match t h e  output of t h e  klystron t o  t h e  transmission 

A t  full l i n e  voltage (115 v o l t s )  t h e  amplitude of 

The horizontal  sweep 

In t h i s  manner, t h e  paramagnetic 



l i ne .  Attenuators are used t o  control  t h e  amount of power f a l l i n g  on 

t h e  sample. The wavemeter c i r c u i t  is  used t o  determine t h e  frequency 

of t h e  microwaves. A di rec t iona l  coupler samples a small portion of the 

microwave energy and conducts it t o  t h e  wavemeter which is  a cy l indr ica l  

resonant cavi ty  w i t h  one movable end which can be controlled by means of 

a micrometer screw. Since t h e  resonant frequency of a cavi ty  depends on 

the cavi ty  dimensions, the  micrometer i s  ca l ibra ted  d i r ec t ly  i n  frequency 

uni t s .  The ca l ibra t ion  of t h e  wavemeter used i s  reliable t o  one or  two 

pa r t s  i n  lo4 (about 1 Mc out of 9000 Mc) , 

The sample cavi ty  i s  a brass rectangular cavi ty  having inside 

dimensions of 0.4 x 0.9 x 0.95 inches, It i s  operated i n  t h e  TI3101 mode. 

(The electromagnetic modes of microwave cav i t i e s  are described i n  standard 

references on microwave electronics;  see e.g. Gintzon. )35 The cavi ty  is 

resonant a t  a f ixed microwave frequency. Paramagnetic resonance t r a n s i -  

t ions  r e s u l t  from t h e  interact ion of the electron spin w i t h  the magnetic 

component of t h e  microwave electromagnetic osc i l la t ions .  T h i s  component 

i s  a t  maximum strength near t h e  top and t h e  bottom of the cavi ty  operating 

i n  t h e  TElol mode. Thus, samples are placed i n  these posi t ions t o  obtain 

maximum s igna l  intensi ty .  The cavity i s  not connected d i r ec t ly  t o  t h e  

waveguide as indicated i n  Figure 4, but i s  coupled t o  the  waveguide by 

short  lengths of coaxial  cable. T h i s  permits t h e  cavi ty  t o  be placed in  

a dewar flask so t h a t  observations can be made a t  low temperatures i f  

des i red .  

Experimental measurements were made w i t h  the c rys ta l s  oriented 

s o  t h a t  the applied magnetic f i e l d  w a s  p a r a l l e l  t o  the ac, ab and bc 



30 

crystallographic planes. The ab and bc c r y s t a l  faces were w e l l  developed 

and provided a convenient method of or ientat ion fo r  measurements i n  these 

planes; t h e  appropriate face was placed on t h e  bottom of t h e  cavi ty  which 

was aligned accurately p a r a l l e l  t o  t h e  magnetic f i e l d .  The d i rec t ion  of 

t h e  f i e l d  was a l t e r ed  by ro ta t ing  the e n t i r e  magnet assembly. It was 

s t i l l  necessary t o  define t h e  f i e l d  d i rec t ion  r e l a t ive  t o  t h e  c r y s t a l  axes 

in  a par t icu lar  plane. It was possible t o  take advantage of t h e  c r y s t a l  

symnletry t o  determine these angles. The hyperfine separations i n  these 

planes were expected t o  be symmetric w i t h  respect t o  the or ien ta t ion  i n  

which the f i e l d  i s  p a r a l l e l  t o  the b axis; i .e . ,  i f  we define t h i s  angle 

a r b i t r a r i l y  as 0 , then hyperfine spacings observed a t  a given pos i t ive  

angle w i l l  be iden t i ca l  w i t h  those at t h e  same negative angle. 

Figures 10 and 11). 

b axis was  approximately p a r a l l e l  t o  t h e  applied magnetic f i e l d .  T h i s  

was done by aligning appropriate c r y s t a l  edges p a r a l l e l  t o  t h e  cavi ty  

walls. A series of measurements were then made a t  angles on both s ides  

of t h i s  posit ion.  From these data, and from t h e  symmetry, the or ien ta t ion  

of the axes w i t h  respect t o  t h e  applied f i e l d  was deduced. 

0 

(See 

The c rys ta l s  were placed i n  t h e  cavi ty  so t h a t  the  

T h i s  technique could not be used f o r  measurements i n  which t h e  

f i e l d  was p a r a l l e l  t o  t h e  ac plane. The ac c r y s t a l  face was not found 

t o  develop, and there  were no symmetry conditions which defined angles 

in  t h i s  plane. 

rod was normal t o  the  ac plane; t h e  op t i ca l  goniometer was used t o  

e f f e c t  t h i s  or ientat ion.  The c r y s t a l  was then inser ted i n t o  the cavi ty  

through a small hole i n  the top with t h e  brass rod held v e r t i c a l l y  and 

A t h i n  brass rod was glued t o  the c r y s t a l  s o  t h a t  the 



normal t o  t h e  applied f i e ld  d i rec t ion .  The brass rod was indexed w i t h  

a marker p a r a l l e l  t o  the  c axis so t h a t  t h i s  d i rec t ion  could be defined. 

T h i s  d i rec t ion  could a l so  be determined by comparing data  taken i n  t h e  

ac and bc planes. The in teBec tbn  of these planes is  t h e  c ax i s ,  

Magnetic f i e l d  measurements were made w i t h  a small. proton probe 

and a nuclear magnetic resonance osc i l la tor -de tec tor .  The probe was a 

small c o i l  surrounding an ampoule of water. 

- ccz. 13.5 Mc was supplied from t h e  o sc i l l a to r ;  a nuclear magnetic resonance 

t r ans i t i on  of t h e  proton was excited, detected and also fed t o  t h e  v e r t i c a l  

p l a t e s  of t h e  oscil loscope. Thus, a sharp marker ( the  proton resonance 

l i n e )  appeared on t h e  oscil loscope simultaneously w i t h  a paramagnetic 

resonance l i n e ,  The radiofrequency was adjusted u n t i l  t h e  two l ines  were 

superimposed. The frequency was then measured using an Army Signal Corps 

BC-221  frequency meter. The magnetic f i e l d  s t rength w a s  computed from 

Hadiofrequency power a t  

t h i s  frequency and t h e  accurately known gyromagnetic r a t i o  of t h e  proton. 

The conversion of frequency v 36 t o  f i e l d  s t rength H i s  given by h 

T h i s  equation can be used d i r e c t l y  t o  determine the separations between 

hyperfine l i n e s .  Accurate absolute f i e l d  measurements were needed t o  

compute g-values, however, and a small correction was necessary. The 

posi t ion of t h e  proton probe and t h e  posi t ion of t h e  paramagnetic sample 

were not ident ica l .  S l igh t ly  d i f f e ren t  f ie lds  occurred a t  these posi t ions 

because of small inhomogeneities i n  t h e  magnetic f i e l d .  T h i s  d i f ference 

was determined by measuring the l i n e  posi t ion of a small sample of 

powdered DPPH whose g-value i s  accurately known (2,0036).  The absolute 
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f i e ld  a t  t h e  sample pos i t ion  was calculated using Equation 1 and com- 

pared w i t h  t h e  f ie ld  a t  t h e  proton probe posi t ion.  

of the  order of 1 p a r t  i n  lo3. 

The correct ion was 
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CHAPTER I11 

EXPERDENTAL RESULTS 

A ,  Theory 

. 

The energy states of a paramagnetic system, between which electron 

spin resonance t r ans i t i ons  occur, can be represented by a spin Hamiltonian 

developed by Abragam and P r y ~ e . ’ ~  The various terms enter ing i n t o  t h i s  

Hamiltonian have been discussed by t h e  above authors, by Bleaney and 
2 Stevens and others .  For t h e  pa r t i cu la r  problem of i n t e r e s t  here, t h e  

hyperfine spectra  of DPPH magnetically d i lu ted  i n  a s ingle  c r y s t a l  of 

DPPH2, the following Hamiltonian i s  appropriate : 
r 7 

Here g i s  the  spectroscopic s p l i t t i n g  factor ,  f3 i s  the  Bohr magneton, 3 
and r’ are t h e  e lectron and nuclear spin operators i n  units of Ti, and A, 

the  hyperfine tensor,  i s  a rank two symmetric tensor whose detailed form 

w i l l  be considered later.  The subscr ipts  a and f3 designate the  in t e r -  

ac t ing  nuclei .  For t h e  present problem they designate t h e  a and (3 n i t ro -  

gens of a,a-diphenyl-f3-picrylhydrazyl. It should be emphasized here t h a t  

Equation 4 is  a spin Hamiltonian. 

and nuclear s p i n s  a r e  considered. In  pr inciple ,  t h e  elements of the  

Only in te rac t ions  involving the  electron 

hyperfine tensors can be determined from the  s p a t i a l  p a r t s  of t h e  wave 

flrnction of the  unpaired electron, but f o r  a complicated molecule such 

as DPPH a theo re t i ca l  computation of t h i s  type i s  not feas ib le .  Thus, 

it s h a l l  be t h e  purpose here t o  solve t h e  spin Hamiltonian so t h a t  t h e  
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elements of the hyperfine tensors may be evaluated from t h e  paramagnetic 

resonance spectra .  

the de ta i l  of t h e  unpaired electron wave f’unction. 

Later, we s h a l l  use these values t o  deduce some of 

The first term (3-g)  represents the interact ion of t h e  e lectron 

In general, spin w i t h  t h e  applied magnetic f ie ld  ( t h e  Zeeman energy). 

t h i s  term should r e f l e c t  t h e  anisotropic behavior of the g-value and have 

t h e  form $e,-$ where 6 i s  a rank two symmetric tensor .  

cussed later, experimental g-values were found t o  be very nearly independent 

of angle, hence t h e  isotropic  form given above where g is  a sca l a r  i s  

adequate. The hyperfine terms (z*A*?)  represent t h e  magnetic in te rac t ion  

of t h e  nuclear and electron spin dipoles.  In  general, one hyperfine tern 

i s  required f o r  each interact ing nucleus. 

findings, only two are included i n  the Hamiltonian. 

As w i l l  be dis- 

Anticipating t h e  experimental 

Two terms t h a t  might contribute t o  hyperfine e f f ec t s  have been 

omitted from t h e  Hamiltonian. 

quadrupole interact ion and a term of t h e  form $*?representing t h e  in t e r -  

act ion of the nuclear spin w i t h  t h e  applied field.  

t r ibu t ions  are s m a l l  compared t o  t h e  hyperfine terms and can be neglected 

i n  t h e  present problem. The hyperfine energy (ca .  - 100 Mc.) i s  s m a l l  com- 

pared t o  t h e  Zeeman energy (s. 9000 Mc. a t  3000 gauss) and can be t rea ted  

as a small perturbation. 

treatment of Trammell, Zeldes, and Livingston. 

These are t h e  term representing t h e  

Both of these con- 

The solut ion given below will be based on t h e  

38 

We s h a l l  consider f irst  only t h e  first term of the Hamiltonian 

and calculate  zero order energies unperturbed by hyperfine in te rac t ions .  

The electyon spin 5 in te rac ts  w i t h  the  applied f i e l d  and i s  quantized 
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. 

with respect to this direction; - -  i .e. the component of 3 in the field 
direction $*$/H has eigenvalues Ms = ?J 1/2. It follows directly that 

where H is the magnitude of d,  This equation represents the energy 

levels of a spin-only electron i n  a magnetic field. These levels diverge 

linearly with the field strength as indicated by the dashed lines of 

Figure 1. The hyperfine energy, according to first order perturbation 

theory, is 

Integrations over the electron spin and nuclear spin variables of the 

zero order wave finctions are indicated by the angular brackets, It w i l l  

not be necessary to express these functions explicitly, since the solution 

of Equation 6 follows simply from the properties of the spin vectors. 

From the zero order treatment, the expectation of -5 is 
<s) = Ms li)/H = Msi;)) ( 7 )  

where 2 is a unit vector in the field direction. Thus, 

El = -&Ms < i;)*Aa-?a + S*AB*TB > ( 8 )  

To integrate over the nuclear variables, it was recognized that ? is 
4 

quantized in the direction of the vector d =  h*A. The component of 7 
in this direction ?*d/V has eigenvalues M Thus, I' 

(I) = MI 71% ( 9 )  

where M is the nuclear magnetic quantum number and V is the magnitude I 
of d.  Equation 8 then becomes 
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Since 

where A2 = A * A  is again a symmetric rank-two tensor,  t h e  hyperfine 

energy i s  
1 

MIcl(h 4. Aa 2.32 h )  + 

The t o t a l  energy, Eo + E l ,  is given by 

38 The allowed t r ans i t i ons  

AE = gf3H + 

The spacings, i n  magnetic 

a re  OMs = 1 and 
r 

AMI = 0. Thus, 
_ - ?  

ponents from the unperturbed 

f ine  mult iplet  corresponding 

given by 

f i e l d  un i t s  (gauss),  of t h e  hyperfine com- 

l i n e  posi t ion 

t o  a l l  MI = 0 

(center  of the  symmetric hy-per- 

i n  t h e  above equation) are 

When referred t o  t h e  p r inc ipa l  axes of t h e  hyperfine tensors,  Equation 1 5  

becomes 

where t h e  h ' s  are direct ion cosines of t h e  applied magnetic f i e l d  w i t h  

respect t o  t h e  p r inc ipa l  axes (not necessar i ly  the same f o r  both tensors ) ,  

and t h e  A ' s  are wri t ten i n  component form. In  t h e  diagonal representation, 

(Aii)2 = (A2)ii . 
These equations describe t h e  number of hyperfine l i nes  and t h e  aniso- 

t rop ic  behavior of t h e i r  spacings. The nuclear magnetic quantum numbers 

M take 21 + 1 values (I, I - 1, . . . - I)  f o r  each nucleus. Thus, each 

of t h e  e lectron spin levels  designated by Ms = + -$ or  - $ are  s p l i t  i n to  
I 
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(21, + 1)(2I + 1) leve l s .  Since t h e  various M do not change when t h e  

electron spin t r a n s i t i o n  i s  induced, t h e  same number of hyperfine l i n e s  

i s  expected. 

nine l i n e s  are expected, 

B I 

I n  normal DPPH both nitrogens are N14 (Ia = I = 1) and B 
I n  t h e  label led compound t h e  B nitrogen is  

(I  = 3) and s ix  l i n e s  are expected. 

levels  shown i n  Figure 1 is  based on Equation 13. 

The f i e l d  dependence of t h e  energy B 

The DPPH-DPPH2 system was expected t o  have a somewaht more compli- 

cated hyperfine spectrum than predicted by Equations 15 and 16. 

space group of DPPH2 i s  P21. Assuming t h a t  the incorporation of DPPH 

i n t o  DPPH2 does not destroy t h i s  symmetry, there are two crystallographi- 

The 

c a l l y  equivalent posi t ions i n  t h e  u n i t  c e l l  f o r  it t o  enter .  These 

posit ions are related by a two-fold screw axis  p a r a l l e l  t o  t h e  c rys t a l -  

lographic b axis. 

each of which i s  oriented d i f f e r e n t l y  w i t h  respect t o  t h e  applied f ie ld .  

The hyperfine spectra w i l l  come from two DPPH molecules, 

The a-nitrogen, f o r  example, is characterized by two hyperfine tensors 
+2 

A: and Aa corresponding t o  each DPPH molecule i n  the u n i t  c e l l .  They 

a r e  related by t h e  point symmetry of t h e  DPPH2 c r y s t a l .  In  matrix 

no t a t  ion 

where C2 represents a two-fold rotat ion about t h e  b ax is .  A similar 

expression r e l a t e s  t h e  B-tensors. When the magnetic f ie ld  i s  p a r a l l e l  

t o  the crystallographic ac plane $.A2.h = h*A 
3 3 * 2 +  ‘h ,  and a mul t ip l ic i ty  

charac te r i s t ic  of a s ingle  molecule i s  expected. With the magnetic f i e l d  

i n  other directions,  the hyperfine s p l i t t i n g s  are d i f fe ren t  ($*A2*g f 

r;’~A*~*r;’) and eighteen l i n e s  a r e  expected f o r  t h e  two DPPH molecules w i t h  . 



a two N14 hyperfine interaction; similarly,  twelve l i nes  a r e  expected 

fo r  t h e  label led molecule. 

mation i s  obtained from the addi t ional  l i nes  because the tensors of the 

two molecules a re  re la ted  by known c rys t a l  symmetry. 

It should be noted t h a t  no new usefu l  in for -  

B .  General Features of Spectra 

Spectral  observations and measurements were made on the normal 

(N14-N1*),  and label led (NL4-Nl5 )  crys ta l s .  

hyperfine l ines  were found t o  have a f u l l  width a t  h a l f  height of about 

7 gauss. 

evident when observations were made a t  l iqu id  nitrogen temperature. 

In  both cases resolved 

The l i nes  were found t o  power sa tura te .  Th i s  was pa r t i cu la r ly  

A t  each f i e l d  se t t i ng  a g-value was determined using Equation 1 

and measured values of the  microwave frequency and magnetic f ie ld  s t rength.  

Since the g-value re fers  t o  the Zeeman s p l i t t i n g  unperturbed by hyper- 

f ine  e f fec ts ,  f i e l d  values corresponding t o  the  center of the symmetric 

hyperfine mult iplet  were required. 

measured f i e l d  values f o r  the extreme l ines  (h igh  f i e l d  and low f i e l d )  of 

the spectrum. A s  indicated i n  Chapter 11, corrections fo r  f ie ld  d i f f e r -  

ences a t  the proton probe and the sample were made using pure powdered 

DPPH. The g-values f o r  the label led rad ica l  a re  presented in  Table I; 

they average 2.003 w i t h  an angular var ia t ion of about ? 0.001. T h i s  i s  

essent ia l ly  the same as has been found f o r  pure DPPH c rys t a l s .  Because 

of the e s sen t i a l  constancy of these values, the f i rs t  term i n  the 

Hamiltonian (Equation 4) can be considered t o  be isotropic .  

These were determined by averaging 
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A s  expected from t h e  DPPH2 c r y s t a l  symmetry, t h e  hyperfine spectra  

were complicated by t h e  presence of two molecules of DPPH i n  t h e  un i t  

c e l l .  In  the ac plane, however, both molecules appeared magnetically 

equivalent and spectra  typ ica l  of one DPPH molecule were observed. 

t h i s  plane, the normal (N14-N1*) crys ta l s  gave, a t  cer ta in  angles, a 

maximum of nine resolved l i nes  while the label led (N14-N15)  c rys t a l s  gave 

a maximum of s i x  l i n e s .  

Figures 5 and 6. 

In 

* 
Typical spectra  i n  t h i s  plane are shown i n  

The change i n  mul t ip l ic i ty  from nine l i n e s  wi th  the  

normal t o  s i x  l i nes  w i t h  t h e  labelled compound indicates t h a t  the  hyper- 

f i ne  spectra  come from t h e  hydrazyl nitrogens. 

Spectra of label led DPPH w i t h  t h e  magnetic f i e l d  p a r a l l e l  t o  t h e  

ab crystallographic plane are shown i n  Figure 7 and w i t h  t h e  f i e l d  

p a r a l l e l  t o  the bc plane i n  Figure 8. The w i d t h  of t h e  l i nes  w a s  compa- 

rable t o  t h e  l i n e  spacings i n  these planes, and, generally, spec t r a l  

resolution was poor. The outermost l ines ,  however, were su f f i c i en t ly  

resolved t h a t  s ign i f icant  r e su l t s  could be inferred from t h e i r  behavior. 

When t h e  magnetic f i e l d  was ro ta ted  from a direct ion p a r a l l e l  t o  t h e  

ac plane t o  a d i rec t ion  skew t o  t h i s  plane, it was expected t h a t  each 

hyperfine l i n e  would s p l i t  i n to  two equivalent l i nes  because of t h e  

presence of t h e  two DPPH molecules. T h i s  s p l i t t i n g  was observed w i t h  t h e  

outer l ines ,  but could not be observed elsewhere because of the poor 

resolution. The spacings between these l i nes  were i n  accord w i t h  t h e  

Spectra shown i n  t h i s  t hes i s  are reproductions of photographs of * 
the oscilloscope screen taken w i t h  a Land oscilloscope camera. 
enlargement of these photographs is  variable,  hence they should not be 
compared quant i ta t ively.  Spectra displayed on t h e  oscilloscope may be 
somewhat d i s tor ted  from t h e i r  t rue  shape due t o  instrumental e f f ec t s .  

The 
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a b 

C d 

Figure 5, Spectra of a single crystal  containing 
NI5 labelled DPPH, The magnetic f ie ld  was 
paral lel to  the ac plane, Field directions rela- 
t i v e  to  t h e  c ax is :  ( a )  70°, ( b )  45", ( c )  
40°, and ( d )  Oo. 
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Figure 6. Spectra of a single crystal containing 
normal DPPH. The magnet ic f ie ld  was paral lel 
to  the ac plane. Field direct ions relat ive to the 
c axis are ( a )  170°, ( b )  ZOO, ( c )  70° , (d )  135O. 
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Figure 7. Spectra of a single cvystal containing 
N15 labelled DPPH. The magnet ic f ie ld was 
paral le l  t o  the ab plane. F ie ld  direct ions 
relat ive to the a axis : ( a )  Oo , ( b )  5 4 O ,  
( c )  126", ( d )  1 5 0 O .  

. 
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a b 
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Figure 8. Spectra of a single crystal containing 
NI5  labelled DPPH. The magnet ic f i e l d  was  
parallel t o  the bc plane. Field d i rec t ions  
re la t ive t o  the c axis are  ( a )  1 7 O  ( b )  90°, 
( c )  125O,(d)  55O. 

9 
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c rys t a l  symmetry; t h e  i n t ens i t i e s  were not .  

the  in t ens i ty  of t he  other ,  

(both normal and l abe l l ed ) ,  

asymmetry i n  the experimental configuration and we a r e  forced t o  con- 

clude t h a t  there are d i f fe ren t  numbers of DPPH molecules i n  each of the  

crystal lographical ly  "equivalent" posi t ions.  T h i s  i s  not s t r i c t l y  con- 

s i s t e n t  w i t h  the  space group f o r  DPPH2, 

contained i n  the  DPPHz crys ta l s  and d is tor t ions  may have been present 

t h a t  were not observed w i t h  x-rays, 

of added DPPH, t h e  host l a t t i c e  does not accommodate it w e l l ,  and there  

are d is tor t ions  not seen by x-rays a t  such l o w  concencentrations; t h e  

"symmetry re la ted  posit ions" are not occupied w i t h  equal probabi l i ty .  

T h i s  might  be expected from t h e  f inding t h a t  2 per  cent DPPH (compared 

t o  DPPH2) had t o  be placed i n  solut ion t o  obtain a c r y s t a l  containing 

only c&. 0 .1  per cent DPPH. 

One l i n e  was about one-third 

This e f f e c t  was noted with several  c rys t a l s  

The e f f ec t  could not be a t t r i bu ted  t o  any 

Only small amounts of DPPH were 

Presumably, even w i t h  small amounts 

C .  Evaluation of Hyperfine Tensors 

The data obtained from the labelled DPPH crys ta l s  were used t o  

evaluate the hyperfine tensors.  

presented graphically i n  Figures 9-11, 

labelled w i t h  N1', an unambiguous assignment of t h e  two hyperfine tensors 

t o  the appropriate nitrogens was possible.  

c rys ta l s  had a fur ther  advantage. Because of fewer l ines ,  compared t o  

the normal material, spec t r a l  l i nes  were resolved over a much grea te r  

range of angle, thus giving more reliable data t o  use i n  evaluating t h e  

These data are tabulated i n  Table I and 

Since only t h e  f3-nitrogen was 

The use of t h e  labe l led  
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TABLE I 

MEASURED HYPERFINE SPACINGS AND G-VALUES FOR LABELIXD DPPH 

Crystal 
Orientation* 

a b C 

ac plane 

107 90 4 
97 90 14 
92 90 19 
87 90 24 
82 90 29 
77 90 34 
67 90 44 
42 90 69 
7 90 104 
13 90 124 
33 90 144 
53 90 164 

ab plane 

9 81 110 

14 76 110 

19 71 109 

19 71 109 
29 61 108 
39 51 106 
44 46 105 

49 41 103 

69 21 97 
59 31 100 

Gvalue 

~ 

2.0027 
2.0023 

2 0027 
2.0029 
2.0027 
2.0026 

2.0038 
2.0024 

2.0033 

2.0037 
2.0034 
2.0029 

2.0028 

2.0036 
2.0034 

2.0034 
2.0034 
2.0033 

2.0029 
2 0028 
2.0032 

2.0031 

Hyperfine Spacings i n  Gauss** 

-32.2 
-30.0 

-28.0 
-26 -4 
-24.4 
-22.6 
-18.0 

- 5.3 
-18.2 
-27.0 
-32 3 
-34.0 

-22.8 

-25 .i 

-25.0 

-26.1 
-26.6 
-26.5 
-26.2 
-25.0 

-24.0 

-23.4 

-17 9 3 
-17.0 
-15.6 
-15.0 

-14.1 
-13 9 5 
-11.2 

- 5.3 

-12.4 
-15.8 
-17 3 

17.7 32.2 

-3.3 3.7 16.2 28.1 

-3.4 4.0 15.6 26.3 

-2.9 3.8 16.3 29.9 

-3-7 4.3 14.2 24.3 
-4.4 3.9 13.3 22.5 
-5.2 4.8 11.0 18.0 

-5.3 5.3 5.3 5.3 
18.2 

13.6 27.0 
15.4 35.3 
18.1 34.1 

22.8 

25.1 

25 .o 
26 .I. 
26.6 
26.5 
26.2 
25.0 

24.0 

23.4 
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TABLE I (CONTINUED) 

Crystal 
Orientation* 

a b C 

ab plane 

79 11 94 
129 39 78 
129 39 78 
134 44 76 
139 49 74 
139 49 74 
144 54 73 
149 59 72 
154 64 71 
159 69 71 
159 69 71 
169 79 70 
179 89 69 

bc plane 

90 88.5 1.5 
90 73.5 16.5 
90 73.5 16.5 
90 68.5 21.5 

90 68.5 21.5 

90 56 34 

90 49 41 
90 46 44 
90 44 46 

90 58.5 31.5 

90 48.5 41.5 

G-value 

2.0032 

2 0025 

2.0027 

2.0029 
2.0029 
2 0029 
2,0025 

2 0028 

2.0032 

2.0036 
2 * 0022 

2 0039 

2.0029 

2.0030 

2.0029 

2.0028 

2.0026 
2.0023 

2.0023 

2.0023 

2.0035 

2.0037 

2.0024 

2.0017 

Hyperfine Spacings in Gauss** 

-20.8 
-25.6 
-26.0 
-26 -0 
-25 09 
-26 4 
-26.3 
-25.8 
-25 7 
-25 3 
-25 * 3 
-22.4 
-21.0 

-33.0 
-36 .o 

-36.1 

-36 3 
-36.2 
-35.2 
-35.5 
-34.9 
-34.6 

-27.0 

-24.1 

20.8 
25.6 
26.0 

26 .o 
25 *9 
26.4 
26.3 
25.5 
25.7 
25.3 
25.3 
22.4 
21.0 

33.0 
36.0 

36.1 

36.3 
36.2 
35 -2 
35.5 
34.9 
34.6 

27.0 

24.1 

. 
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TABLE I (CONTINUED) 

9 
I 

i 

i 

C rys t a1 
Orientation* 

a b  C 

bc plane 

90 38.5 51.5 
90 34 56 
90 28.5 61.5 
90 24 66 
90 14 76 
90 9 81 
90 1 91 
90 6 96 
90 11 101 

90 16 106 
90 26 116 

90 36 126 
90 31.5 121.5 

90 41.5 131.5 

90 51.5 141.5 
90 61.5 151.5 
90 71.5 161.5 
90 71.5 161.5 

90 76.5 166.5 
90 76.5 166.5 

G-value 

2.0029 
2.0021 

2.0029 
2.0024 

2 0026 
2 0026 
2.0033 
2.0027 
2.0028 
2.0029 
2.0025 

2.0030 

2.0023 
2 0027 
2,0027 
2.0026 

2.0028 

2.0027 

2.0035 

Hyperfine Spacings i n  Gauss** 

-1,-z 1 0,-2 1 1,-3 -1,+ 0,q 1 l,$ 

-33.4 33.4 
-31.6 31.6 
-30.0 30.0 

-28.2 28.2 
-24 3 24.3 
-22.1 22.1 

-17.2 17.2 
-19 3 19.3 
-22.6 22.6 
-25 .o 25.0 

-31.3 31.3 
-32.3 32.3 
-34.0 34.0 
-35.8 35 * 8  

-29 e 1  29.1 

-36.4 36.4 
-36.1 36.1 
-26.0 26.0 
-35 *3 35.3 
-28 2 28.2 

*Angles i n  degrees of applied magnetic f i e l d  w i t h  respect t o  
crystallographic axes. 

**The hyperfine l ines  are designated by the nuclear magnetic 
MIB quantum numbers Mia, 
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Figure 9. Measured values and calculated curves for t h e  
hyperf ine  separat ions in a single c r y s t a l  containing 
N45 l a b e l l e d  DPPH. T h e  magnet ic  f ie ld  was  
p a r a l l e l  t o  t h e  ac p lane.  Dark  c i rc les  represent un- 
resolved l ines  o 
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Figure IO. Measured values and calculated curves 
for the overall hyperfine separations in a single 
crystal  containing NI5  labelled DPPH. The 
magnetic f ie ld was paral le l  to the ab plane. The 
solid and dotted curves represent the t w o  
symmetry related molecules. 
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Figure 11. Measured values and calculated curves 
for the overall hyperf ine separations in a single 
crystal  containing N I 5  label led DPPH. The 
magnetic f ie ld was parallel to the bc plane. The 
sol id and dotted curves represent the two  
symmetry re la ted molecules . 



tensors.  Indeed, it is  doubtful i f  t h e  tensors could have been evaluated 

from data obtained w i t h  t h e  normal c rys t a l s .  Measured values of t h e  hyper- 

f i ne  s p l i t t i n g s  from the normal (N1*-N1*) c rys t a l s  were found t o  agree well  

w i t h  those calculated from t h e  tensors deduced from the  spectra  of t h e  

label led c rys t a l s  when appropriate corrections f o r  the nuclear spin and 

nuclear magnetic moments were made. 

i n  Figure 12 .  

T h i s  comparison i s  shown graphically 

F i t t i n g  t h e  data of t h i s  problem required t h e  evaluation of twelve 

parameters; i . e .  s i x  elements of A; and s ix  elements of A2 ( t h e  tensors 

a re  symmetric). 

based on Equation 15. 

Cartesian ax is  system based on t h e  DPPHz c r y s t a l  axes was chosen (see 

Figure 1 3 ) .  Two of t h e  axes were t h e  b and c crystallographic axes; the 

t h i r d ,  t h e  a* axis, was chosen t o  be orthogonal t o  b and c and t o  l i e  i n  

t h e  ac plane. For computational purposes, Equation 1 5  may be writ ten as 

follows : 

B 
Attempts were made t o  compute these parameters by methods 

To define t h e  applied f ie ld  d i rec t ion  2, a 

mt = ma + 2mp 

AHa = (g*AZ*I;’)z ( 2 0 )  

AHB = (T;)*Ag*h)2/2 3 -  

( 1 9 )  
1 

1 

(21) 

The quant i t ies  AHt, ma, and M 

separations indicated i n  Figure 14. 

t o  the  ac plane the  l i nes  were resolved su f f i c i en t ly  w e l l  t h a t  t h e  ind i -  

viciual hyperfine spacings AHa and AH B 
parallel t o  t h i s  plane, has no component along b.  

are defined by t h e  hyperfine l i n e  

When the magnetic f ield was p a r a l l e l  
B 

could be measured. The f ie ld ,  when 

Equation 20, wri t ten 
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Figure 12. Measured values and calculated curves for 
the hyperfine separations i 
conta in ing normal DPPH. 
was parallel to the ac plar 
represent unresolved l ines 

I a DPPH2 crys ta l  
The magnet ic f ie ld  
e. The solid c i rc les 

D 
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F igure 13. A x i s  system used in evaluat ing hyper- 
f ine  tensors. The monocl in ic axes of DPPH2 
are  a, b, and c. An orthogonal  set a*, b, and 
c was used to  define the  magnet ic f ie ld direc- 
t ion.  
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Figure 14. Schematic d iagram o f  6 l ine hyperfine 
spect rum de f in ing  AH,  , AHp 1 and AH, 
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i n  component form, is then 

m; = hf (Ag)l . l .  4- h% ( A g ) 3 3  4- 2hlh3(AE)13 j ( 2 2 )  

where hl and h3 are,  respectively, the components of 2 (d i rec t ion  cosines) 

w i t h  respect t o  the a and c axes. 

used t o  calculate  h l  and h3. 

were deduced from these and the observed values of &Ia. 

of elements was calculated fo r  the tensor using values of OH 

The angles tabulated in  Table I were 

The three tensor elements of Equation 22 

A similar  s e t  

B '  
The evaluation of the other three elements of each tensor required 

data from the ab and bc crystallographic planes. 

spec t ra l  resolution in  these planes, the only r e l i ab le  data tha t  could 

be obtained were the  overal l  s p l i t t i n g s  of the hyperfine pat terns  mt. 
(The outer l ines  were generally su f f i c i en t ly  resolved tha t  t h i s  measure- 

ment could be made r e l i a b l y ) .  The sum of the contributions of the indi-  

vidual nitrogens contribute t o  t h i s  parameter. The contributions from 

each tensor a re  not d i r ec t ly  separable (see Equations 19-21). 

a t ing  the s i x  remaining elements by hand computations would have been a 

formidable task ,  

IBM 704 computer and a non-linear l e a s t  squares program. 

ming for  t h i s  problem was done by W. R .  Busing of the Oak Ridge National 

Laboratory Chemistry Division.) 

form. 

Because of the poor 

Evalu- 

An attempt was made t o  compute these elements using an 

(The program- 

Equations 19-21 Were writ ten i n  component 

"Best values" of the elements of A: and A2 were sought such t h a t  B 
[AH, ( observed)-mt( calc .  ) l2 would be a minimum. The de ta i l s  of t h i s  

method w i l l  not be presented since it was not successful, 

y ie ld  sensible values of the tensor elements. 

It f a i l e d  t o  



Fortunately, there were simplifying features  of the spec t ra  t h a t  

allowed one of t he  tensors (A$) t o  be determined d i r e c t l y  i n  diagonal 

form. The resolved data  of t h e  ac plane show t h a t ,  f o r  one angle, t h e  

hyperfine in te rac t ion  f o r  the  a nitrogen ( N 1 4 )  i s  zero; as t h e  f i e l d  is  

rotated i n  t h i s  plane, t h e  t r i p l e t  s t ruc tu re  cha rac t e r i s t i c  of NL4 

collapses and only a doublet cha rac t e r i s t i c  of N15 remains (see Figure 

5a). 

hyperfine s p l i t t i n g  can occur i s  f o r  a p r inc ipa l  value of A: 

zero and f o r  the  magnetic f i e l d  t o  be applied along t h e  corresponding 

p r inc ipa l  ax is .  A zero pr inc ipa l  value is  for tu i tous  as  w i l l  be dis-  

cussed i n  t h e  next chapter when the  de ta i led  form of t h e  hyperfine 

tensor  is considered, 

value, it would seem even more coincidental  t h a t  t h e  corresponding 

pr inc ipa l  ax i s  should l i e  i n  the  ac plane. 

A2 tensor  i s  a x i a l l y  symmetric and t h a t  an e n t i r e  plane of zero s p l i t t i n g  

or ientat ions should occur wi th  t h i s  c rys t a l .  The strong doublet i s  

indicat ive of t he  zero N14 s p l i t t i n g .  

car r ied  out by or ient ing the  c r y s t a l  so t h a t  t h e  magnetic f i e l d  could 

be ro ta ted  i n  known crystallographic planes.  Three planes, i n  addi t ion 

t o  the  ac plane, were searched ( t h e  100, 001 and 011 planes) .  

other than the  ac plane, t h i s  doublet would tend t o  be obscured by t h e  

l i nes  from t h e  "second" DPPH molecule. Because of t h e  anomalous 

in t ens i ty  behavior of t h e  two DPPH molecules, su f f i c i en t ly  good reso- 

l u t ion  was obtained by confining t h e  observations t o  the  strong family 

From Equation 16 it i s  apparent t h a t  t h e  only way t h i s  zero 

t o  be 

If we assume t h a t  A: has  but one zero p r inc ipa l  

T h i s  suggested t h a t  t h e  

a 

A search f o r  t h i s  doublet was 

In  planes 

of l i n e s .  In  each of these planes, an or ien ta t ion  was found where a 
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strong doublet w a s  seen superimposed on a spectrum of weaker l i n e s .  

(See - e.g.  Figures 7c and 8 c ) .  The four or ientat ions (including t h a t  

found i n  the  ac plane) defined a plane and confirmed a x i a l  symmetry, 

t h e  fourth Three of the  four or ientat ions were coplanar t o  ca. t 1 , 
deviated from t h i s  plane by about 5'. 

0 - 
The d i rec t ion  normal t o  t h i s  

plane is  t h e  unique axis of t h e  a x i a l l y  symmetric tensor.  

t o  make angles of 126O, 6 2 O ,  and 36' respect ively w i t h  t he  a, b, m d  c 

It was found 

crystallographic axes. From t h i s  ax is  d i rec t ion  and from t h e  elements 

of A; obtained from t h e  resolved data of t h e  ac plane the  only non- 

zero element of A: was found t o  be 350. 

The elements of A2 could then be deduced i n  a more conventional B 
manner. 

Equation 20. 

from these the  elements of A2 were computed. 

s a t i s f a c t o r i l y  f i t  t h e  data i f  it wits a l so  assumed t o  be a x i a l l y  

Values of DH were calculated from t h e  elements of A: using a 
Values of AH were then deduced using Equation 19 and B 

It was found t h a t  A* would B B 

symmetric. The tensor  elements are presented i n  Table 11. The elements 

of A; and A* a re  presented w i t h  reference t o  t h e  axis system of Figure B 
1.3. The magnitudes of the pr inc ipa l  values of A and A are a l s o  given. a B 
A s  indicated by Equation 18, only t h e i r  magnitudes are determined experi- 

mentally. The d i rec t ions  of t h e  unique p r inc ipa l  axes of Aa and A are 
B 

a l so  shown i n  Table 11. The angle between these axes w a s  found t o  be 

13 w i t h  an estimated uncertainty of t 2 . 0 0 

I t  is d i f f i c u l t  t o  estimate t h e  precision w i t h  which t h e  tensor 

elements and the pr inc ip le  axes direct ions are known. Spectra calculated 

from the values l i s t e d  above agree w e l l  w i t h  t h e  measured data; generally 
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1 

Aa 

B A 

TABm I1 

HYPERFINE TENSORS DEDUCED FROM PARAMAGNETIC RESONANCE 
SPECTRA OF LABELLED DPPH 

- 

Elements of A: and A2 w i t h  Respect t o  Axis System of Figure 13 B 

Crystallographic Axes 

a b C 

126 5' 61.7' 36 3O 

118. oo 68.7' 23.4' 

- A: 
38 -55 

-5 5 79 

-94.5 135 - 

Aa 

0 

- 
-94.5 

135 

233 - 

Principal Values of Aa and A B 

k18.7 

k8.2 1 

-70 -200 

254 472 

4 72 1260 

B A 

k8.2 

k38.5 
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t h e  agreement i s  within one gauss. This comparison is  shown graphically 

i n  Figures 9-11, Small deviations from axial  symmetry might be expected 

t o  f i t  the data equally well. 

represent hyperfine components merging t o  a t rue  s ing le t .  T h i s  is 

i l l u s t r a t e d  i n  Figure 5 by a p a i r  of t r i p l e t s  collapsing t o  a p a i r  of 

s ing le t s .  Because of the na tura l  width of the l i nes  (E. 7 gauss), a 

small spacing between the components of t h e  t r i p l e t  would not be resolved. 

However, the  width and height of t h e  p a i r  of s ing le t s  (Figure 5 )  is  very 

close t o  t h a t  predicted from t h e  exact merging of the three hyperfine 

l i nes  of 7 gauss half-width. 

of Aa could not exceed one or  two  gauss. 

i n  AB, s ince i t s  evaluation was based i n  pa r t  on incompletely resolved 

data of the  ab and bc planes, and since it depends upon the  previous 

evaluation of the  elements of Aa. 

For example, the zero elements of Aa 

T h i s  indicates t h a t  t h e  small elements 

Similar uncertaint ies  e x i s t  

. 
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CHAPTER IV 

INTERPRETATION AND DISCUSSION 

In Chapter 111, the  paramagnetic resonance spectra  of DPPH 

magnetically d i lu ted  i n  DPFX2 were considered w i t h  reference t o  a 

spin Hamiltonian. The g-values were found t o  be e s sen t i a l ly  isotropic  

and very near the spin-only value, indicating t h a t  the o r b i t a l  magnetism 

of the unpaired electron was almost completely quenched. Hyperfine 

spectra were found t o  be due t o  t h e  hydrazyl nitrogens and, from these 

spectra,  two tensors Aa and A were deduced. B 
deta i led  form of these tensors is considered and some of the propert ies  

of the wave function f o r  the unpaired electron a r e  deduced. 

In t h i s  chapter t h e  

Each of t h e  hyperfine interact ions terms of the Hamiltonian 

37 (Equation 4 )  has the detai led form 

where 7 i s  a vector from the nucleus t o  the unpaired electron, r is  i ts  

magnitude, Y 2 ( 0 )  is t h e  unpaired electron densi ty  at  r = 0, gn i s  t h e  

nuclear g-value, and f3 is  the nuclear magneton. These l a t t e r  two 

quant i t ies  a re  defined i n  terms of t h e  nuclear magnetic moment p by n 
t h e  expression gnPn = pn/I. erg/gauss, 

gn(N14) = 0.4036, and %(N15) = -0.5660 were used f o r  t h i s  invest igat ion 

n 

The values B, = 5.049 x 

( see  

ca te  

from 

e . g . ,  K ~ p f e r m a n ~ ~  f o r  or ig ina l  sources).  

averaging over t h e  s p a t i a l  par t s  of the wave function. 

Equation 23 t h a t  t h e  elements of the hyperfine tensors are given by 

The angular brackets ind i -  

It follows 



[- 8x Y 2 ( 0 )  8i j  -<-$ ( G i j  - 3x.x./r2)>] (24) A i j  = gn'n 3 1 J  

I n  t h i s  equation, 6 

of 2 w i t h  respect t o  a su i tab le  coordinate system. 

i s  t h e  Kronecker de l t a  and the xi a re  the components i 3  
In diagonal form, 

using a matrix representation, Equation 24 becomes 

where xl, x2, and x3 are the components of 7 with  respect t o  the pr inc ipa l  

axes of the tensor.  The f i r s t  term C i s  the so-called contact term due 

t o  Fermi; 40 it a r i se s  from a r e l a t i v i s t i c  treatment of the electron,  The 

second term D, t h e  dipolar term, represents the "classical"  magnetic 

interact ion of the electron spin dipole and the nuclear dipole.  

Equation 25 we see t h a t  the experimental hyperfine tensors Aa and A 

be resolved in to  two par t s ,  C and D.  The resolution is  unique, since the 

elements of C are a l l  t h e  same (C,  = C2 = C3 = c )  and the t race  of the 

dipolar  pa r t  i s  z e r o b x  + D2 + D3 = 0 ) .  

From 

B can 

Unfortunately, as was pointed out i n  the previous chapter, t h e  

signs of the elemeots of Aa and A could not be determined experimentally. 

Consequently, there  were ambiguities i n  the resolution of the experimental 
B 

tensors.  

ambiguity : 

The Aa tensor, because of the zero elements, gave l e a s t  

*a Da 

A similar  expression i n  which the sign of every element of each tensor 

. i s  reversed is  a l so  possible.  It was pointed out i n  Chapter I11 t h a t  



62 

zero values for two of t h e  pr inc ipa l  elements of Aa were "fortuitous",  

and would not be expected i n  general. T h i s  c m  be seen w i t h  reference 

t o  Equation 26. Two of the elements of the contact tensor must be equal 

i n  magnitude, but opposite i n  s ign t o  two of the elements of the dipolar  

tensor.  The contact tensor i s  a measure of the s character of the 

unpaired electron d is t r ibu t ion  and the dipolar tensor i s  a measure 

of the p character.  Thus, the amounts of s and p character of the 

unpaired electron d is t r ibu t ion  must balance appropriately i f  the two 

elements a re  t o  have the value zero. 

Six resolutions of A are  possible depending on the signs of the B 
elements. Three of these are:  ( f o r  purposes of comparison, the e l e -  

ments of A 

t o  N14 by multiplying each element by g14/g15 = -0.7129). 

deduced f o r  NL5, have been converted t o  values appropriate B' 

[-5*8-5.827*1 = [5*3 5.3 5,J + rl' '-11. 122. .] ( 28) 

[ 5'8-5.8 27.5 ] = 9.1 9.1  ] + [-303-i4.g 18.3 

The other three resolutions a re  similar, but wi th  t h e  sign of every e l e -  

ment reversed. 
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The resolut ions of A and A presented in  Equations 26-29 are the a B 
only ones which may be interpreted i n  terms of a wave function f o r  a 

s ingle  unpaired electron.  If t h e  resolutionsof opposite sign were 

chosen, such an in te rpre ta t ion  would not be possible .  For example, 

the  elements of the  contact tensors are defined by Equation 25 t o  be 

c = 8ngnpnT2(0)/3. Only pos i t ive  quant i t ies  en ter  t h i s  expression (g  n 
r e fe r s  t o  N1* and is  pos i t i ve )  , hence resolutions yielding negative 

need not be considered i n  t h i s  one electron t r e a t -  
Or % values of c, 

ment . * 
The hyperfine in te rac t ion  i s  predominantly sens i t ive  t o  t h e  

unpaired electron d i s t r ibu t ion  in  the  v i c i n i t y  of a magnetic nucleus; 

the contact coupling depends on Y 2 ( 0 ) ,  and the  dipolar  term involves 

l/r3. The tensors deduced from t h e  experimental data thus r e l a t e  only 

t o  t h a t  p a r t  of t h e  wave function of the unpaired electron i n  the  

neighborhood of the  hydrazyl nitrogens.  It i s  reasonable t o  assume 

t h a t  t h e  wave function in  t h e  v i c i n i t y  of t h e  hydrazyl nitrogen nuclei  

can be represented as a l i n e a r  combination of atomic o rb i t a l s ,  Y, and 

Y centered on these nuclei; B’ 

and t h a t  !Pa and Y are nitrogen 2s-2p hybrids; B 

*This simple one electron descr ipt ion i s  only approximate, but 
adequately describes the  features  of t h e  e lectronic  s t ruc ture  of DPPH 
t h a t  can be ascertained from t h e  experimental data. 
p l e t e  description, both pos’ t ive  and negative values of Aa a r e  permitted. 
The concept of spin densi ty  ‘1,42 ra ther  than electron density is  used t o  
in t e rp re t  the  hyperfine in te rac t ions .  The consequences of t h i s  re f ine-  
ment will be considered la ter  i n  more d e t a i l .  

In a more com- 

. 
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aaYa = a Y sa sa + ypcl 

"BY@ = &SB + apf3 ypB 

Only the s o r b i t a l s  contribute t o  the  contact tensor,  I.:. Y2(0)  

a2 >:f2 ( 9). Thus, from Equation 25, t h e  s electron densi ty  about a 

given nucleus is 
s s  

In  t h i s  equation c i s  an element of an experimental contact tensor  

(Equations 26-29). 

The angular brackets of Equation 25 indicate  an averaging wi th  

respect t o  the  wave function Y .  The elenents  of Da a r e  given by 

jiY2[L (1-3xi/r 2 2  )la d7 . 
r3 = gnBn (34) 

The subscr ipt  (2 indicates  t h a t  r and xi a re  measured wi th  respect  t o  the  

an i t rogen  nucleus. A similar equation, of course, r e l a t e s  t h e  elements 

of D 

a nitrogen will be given. The equations for t h e  nitrogen may be 

obtained by interchaaging t h e  Q! and @ indices.  

I n  the  development which follows, only expressions r e l a t i n g  t o  the  B '  

If we expand Y" using 

Equation 30, three  terms r e s u l t :  

. 

The f irst  term of Equation 35 represents the magnetic dipole in te rac t ion  

of the  electron w i t h  the a nitrogen nucleus when t h e  e lectron is  considered 

t o  be i n  o r b i t a l s  centered on t h i s  nucleus. The second term represents 

. 
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t h i s  in teract ion when the  electron is  i n  o r b i t a l s  centered on t h e  

f3 nitrogen. 

region. 

The t h i r d  represents t h e  in te rac t ion  from t h e  overlap 

Because of t h e  l/r3 dependence, t h e  value of t h e  first term 

i s  large compared t o  t h e  others.  

values are within the  limits of experimental e r ro r .  

sidered i n  more d e t a i l  after t h e  first term i s  evaluated. 

The others may be neglected s ince t h e  

This  point is con- 

On expanding !Y$ by Equation 31, three terms are obtained: 

+ 2asa S Y  s a  Y pa EL $3 (1 - 3~:/r')]~ dT}. (36) 

An approximate equal i ty  is  indicated because of the  exclusion of t he  

second and t h i r d  terms of Equation 35. The last  two terms of Equation 

36 are equal t o  zero as can be seen by in tegra t ing  t h e  angularly dependent 

terms, 

a nitrogen, 

The elements of Da depend only on t h e  p-orb i ta l  centered on t h e  

= f ( r ) z ,  where A quenched p-orb i ta l  may be described by Y 
P 

z i s  t h e  symmetry axis of the  p o r b i t a l  and f ( r )  spec i f ies  t h e  radial 

dependence of t h e  function. Using t h i s  function and carrying out t h e  

appropriate integrat ions of Equation 36, it is found t h a t  
r 1 

L J 

The evaluation of <l/r3) depends on t h e  detailed form of t h e  radial p a r t  
a P  

of the  wave function. 

A model of t h e  unpaired electron d i s t r ibu t ion  must be assumed i n  

order t o  evaluate t h e  contribution t o  Da from t h e  second term of Equation 

35. It was assumed t h a t  t h e  unpaired electron d i s t r ibu t ion  i s  adequately 
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described by S la t e r  2p orbi ta l s ,  one centered on each nitrogen; t h a t  

these o rb i t a l s  a r e  p a r a l l e l  t o  each other and perpendicular t o  the N-N 

bond direction; and t h a t  t h e  N-N distance is  1.45 A ( t h a t  of hydrazine). 

The term as writ ten i n  Equation 35 was not used. Trammell, Zeldes, and 

LivingstoJ8 have considered t h i s  interact ion i n  a somewhat d i f f e ren t  

form and have developed equations (Equations 15  and 19 of reference 38) 

from which the in te rac t ion  can be readi ly  evaluated. It was found t h a t  

the contribution t o  D,, from the second term of Equation 35 is  

0 

. 

L 

Even w i t h  the extreme assumption t h a t  

a re  small compared t o  the elements of 

a* 

Da i n  Equations 26-29 and a re  within 

= 1, the elements given above PB 

the limits t o  which they a re  known experimentally. 

Equation 35 contributes even l e s s  t o  Da. 

depend on t h e  overlap of the two p o rb i t a l s .  

distance of 1 .45  A, overlap will be very s m a l l  and the l/r3 dependence 

w i l l  reduce the contribution even more. Consequently, the contribution 

from both of these terms may be neglected. 

The t h i r d  term of 

Contributions from t h i s  term 

Assuming again an N-N 
0 

The dipolar tensor of Equation 37 and t h e  experimentally observed 

dipolar tensors (excepting t h a t  of Equation 29 which w i l l  be discussed 

below) a re  ax ia l ly  symmetric. 

fo r  a2: 
P 

Here, D3 i s  the unique element 

Their elements may be equated and solved 

of the observed dipolar tensors.  

c 

. 
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We have seen t h a t  t h e  e lectron d i s t r ibu t ion  i n  t h e  v i c i n i t y  of the  

and i f  t h i s  d i s t r ibu t ion  f3 nitrogen ( Y  ) contributes predominantly t o  D 

i s  assumed t o  be an s-p hybrid D 

The d i s t i n c t l y  non-axially symmetric tensor  D ob ta imd from one resolut ion 

of A (Equation 29) is  therefore  physical ly  unacceptable. That t h i s  

B B' 
will be very near ly  ax ia l ly  symmetric. B 

B 

B 
resolut ion i s  

of Aa i n to  an 

unl ikely t h a t  

unacceptable i s  f 'urther supported by the  unique resolut ion 

a x i a l l y  symmetric dipolar  tensor; it would seem highly 

t h e  e lec t ronic  d is t r ibu t ions  about t h e  two nitrogens should 

d i f fe r  so much, 

To apply Equations 25 and 38 t o  t h e  experimental tensors,  values 

f o r  Y : ( O )  and (l/r3) are needed. H a r t r e e - F ~ c k ~ ~  wave functions f o r  

a nitrogen 2s electron were used t o  evaluate YE(  0 ) .  A value of 32 .O 

x cm. was found. A value of <l/r3> = 20.8 x cm. was found 

using nitrogen 2p functions ( 4 S  state) .  

Hartree-Fock f'unctions w i l l  underestimate t h i s  value and recommends <l/r3& 

= 22.5 x cm. . This  value was used t o  evaluate a2 To evaluate 

.a2 t h e  following resonant s t ruc tures  of DPPH have been considered: 

P 

-3 -3 

P 
D o u ~ r n a n i s ~ ~  points  out t h a t  t h e  

-3 

PB 

Pa 
(a )  (b) 

C6H5\ + 

C 6 H 5  
,! -N--Pic (39) 

When t h e  unpaired electron i s  regarded as being on the  a nitrogen, t h i s  

nitrogen has a pos i t ive  formal charge. 

bound; it i s  screened somewhat l e s s  from the  nuclear charge and an increase 

i n  (l/r3> is expected. 

and Scha~low'~  have considered the  e f f e c t  of nuclear charge and have found 

The 2p electron i s  more t i g h t l y  

Hartree functions f o r  N+ are not avai lable .  Tomes 
P 
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. 

t h a t  (l/r3> must be increased by a fac tor  of 1.30 t o  account f o r  t h e  
P 

decrease in  screening. 

used f o r  t h e  Q nitrogen. 

likewise be expected, but since no r e l i a b l e  method for  estimating the 

increase is known and since a: values were found t o  be small on both 

nitrogens, the  same value was used f o r  both nitrogens,  On inser t ing  

t h e  appropriate numerical parameters in to  Equations 33 and 38, t h e  

following equations r e l a t ing  t o  the s and p character of the  electron dis- 

-3 Thus, the value <l/r3> = 29.2 x lo2* cm. was 

An increase i n  Y E ( 0 )  f o r  t h e  Q nitrogen would 
P 

t r ibu t ion  were obtained: 

a2 = c/546 
S 

a2 = Da,/47.7 (41) pa 

PB 
a2 = Dp3/36.7 . (42) 

Using the above equations, the following r e su l t s  were obtained. 

For Q nitrogen 

a2 = 0,011 and a2 = 0.263 . (43) sa pa 
The t o t a l  unpaired electron density i s  0.274 of which 4 per cent is  s 

character. 

resolution used. 

For t h e  f3 nitrogen there  are two  choices depending on the 

For the resolution of Equation 27 

a2 = 0.024 and a2 = 0.396 . (44) sP PB 
The t o t a l  e lectron density i s  0.420 of which 5.7 per cent is s character.  

For the resolution of Equation 28 

a2 = 0,010 and a2 = 0.605 . (45) 
S B  PB 

The t o t a l  e lectron density i s  0.615 of which 1.6 per cent is  s character.  
46 Weissman has shown t h a t  only t h e  contact terms i n  the  hyperfine 

. 

interact ion contribute t o  hyperfine spectra  observed i n  solut ion.  It was 
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B hoped t h a t  a comparison of t h e  contact coupling constants c and c 

deduced from t h e  DPPH-DPPH2 c rys t a l s  (Equations 26-28) with those deduced 

a 

B '  from DPPH solutions would remove t h e  ambiguity i n  t h e  resolution of A 

Deal and KoskiP5 have investigated the de ta i led  shape of t h e  paramagnetic 

resonance spectrum of DPPH i n  solut ion and found t h a t  the  r a t i o  of the  

contact coupling coeff ic ients  was 0.82 rt 0.01. 

car r ied  out w i t h  normal DPPH, they were unable t o  determine whether  c, 

A similar analysis has been carried out recent ly  by 

Since t h e i r  analysis was 

was larger .  
Or 

and eo-workers using both normal and labelled (N1' i n  t h e  @ 

nitrogen posi t ion)  DPPH. T h i s  analysis established tha t ,  i n  solution, 

c, < cg. 

t h a t  of Koski. T h i s  r e su l t  is  not i n  agreement w i t h  t h e  r e su l t s  found 

i n  t h i s  work on DPPH i n  a s ingle  c rys ta l .  

indicated i f  t he  resolutions of Equations 26 and 27 are preferred and 

a r a t i o  c /c 

The ratio found c / = 0.77 is  i n  e s sen t i a l  agreement wi th  a% 

A r a t i o  c /c = 0.48 i s  a B  

= 1.19 is  indicated using Equations 26 and 28. a B  
We have seen from Equations 43-45 t h a t  t h e  contact interact ion,  

the  only p a r t  observed i n  solution, represents a minor portion of the 

electron density ( a2 = 0.011; a2 = 0.024 o r  0.010). Presumably, t h i s  

small amount of s admixture might vary w i t h  the environment of t h e  DPPH 
Sa SB 

molecule, and cause corresponding changes i n  t h e  hyperfine spectra.  The 

overa l l  s p l i t t i n g  &It of t h e  normal DPPH solut ion spectrum is a measure 

of t h e  sum of t h e  contact coupling coeff ic ients .  This  s p l i t t i n g  was 

measured under a var ie ty  of conditions t o  see i f  it was sens i t ive  t o  

environmental e f f ec t s .  Measurements were made i n  benzene solut ion 

(0.002 and 0.005 M DPPH) and i n  carbon d isu l f ide  solut ion (0.005 M ) .  
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The measurements were repeated w i t h  the solutions saturated w i t h  DPPH2. 

The spectra were essent ia l ly  the same i n  a l l  cases. 

of AHt were found t o  f a l l  within one gauss of 34 gauss. 

uncertainty quoted may possibly be due t o  small environmental e f fec ts ,  

it is within the  estimated accuracy of the measurements. 

molecule i n  the DPPH;? l a t t i c e  is  undoubtedly somewhat d i s to r t ed  from 

i ts  s t ruc ture  in  solution and r e l a t ive ly  large differences i n  contact 

hyperfine couplings might occur. 

c rys ta l s  should help t o  elucidate t h i s  environmental e f f ec t .  

i n  Chapter 11, several  attempts were made t o  grow such c rys t a l s  w i t h -  

out success. 

A l l  measurements 

While the 

The DPPH 

A study of DPPH i n  d i f f e ren t  host 

A s  noted 

Thus, the solution r e su l t s  a re  not def inat ive i n  removing the  

ambiguity in  the possible resolution of A 

resolution, however, the unpaired electron densi ty  on the B nitrogen 

i s  greater  than t h a t  on the CX nitrogen, indicating t h a t  the  resonant 

structure (a) of Equation 39 predominates. 

chemist would normally write f o r  DPPH. The electron dens i t ies  deter-  

mined here a re  subs tan t ia l ly  d i f fe ren t  from those calculated by a 

molecular o r b i t a l  method which give unpaired electron dens i t ies  of 

0.1416 and 0.1518 respectively f o r  t h e  CY and @ nitrogens.  

electron was found i n  t h i s  investigation t o  be predominantly i n  p 

o rb i t a l s .  The symmetry axes of these o rb i t a l s  were found t o  m a k e  an 

angle of 13' w i t h  each other ,  It is  reasonable t o  assume t h a t  these 

o rb i t a l s  are  approximately perpendicular t o  t h e  N-N bond. Th i s  cannot 

be s t a t ed  w i t h  cer ta inty,  however, since the or ientat ion of t h e  DPPH 

molecule w i t h  respect t o  the c r y s t a l  axes is not known. 

With either choice of B '  

T h i s  is  the s t ruc ture  a 

48 

The unpaired . 
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For a f r ee  rad ica l  such as DPPH t h e  t o t a l  spin S2 and i t s  component 

i n  t h e  f i e l d  d i rec t ion  Sz a re  conserved; &.e. in  a magnetic f ie ld ,  i n  - 
t h e  lowest 

individual 

are paired 

energy state, S2 = &(& + 1) and Sz = $. The spins of the 

electrons contribute t o  Sz ( S z  = 2 s . ) .  Most of t h e  e lectrons i z1 

i n  bonding o rb i t a l s  o r  inner shel ls  and do not contribute t o  

. In  describing t h e  paramagnetic resonance spectra  of DPPH, we have 
s Z  

assumed t h a t  a l l  of t h e  e lectrons but one are paired and have found t h a t  

t h i s  approximation i s  adequate t o  describe the experimental data. 

been shown 41’ 42j 49 both theore t ica l ly  and experimentally, however, t h a t  

It h a s  

t h i s  simple description may not be generally adequate. We s h a l l  examine 

a t  t h i s  t i m e  some of the  consequences of a more complete description. In 

a f r ee  radical ,  configurations involving more than one unpaired electron 

may be important. 

involve three electrons i n  d i f f e ren t  orb i ta l s ,  two w i t h  s 

t h i r d  w i t h  sz = -1/2. 

a magnetic f i e l d  a t  the nuclear posi t ion and each must be considered i n  

For example, a configuration i n  which S = 1/2 might 

= 1/2 and t h e  

Each of t h e  unpaired electrons,  however, produces 

z 

Z 

in te rpre t ing  the hyperfine s p l i t t i n g s .  For t h i s  purpose, a spin densi ty  

function 41y 42 has been defined: 

P ( X , Y , d  = l/sz <CiSz iG( r i )  > (46) 

The angular brackets indicate  an expectation over t h e  complete wave 

f’unction of t h e  molecule and 6(r. ) is t h e  Dirac del ta  function of t h e  

distance between t h e  e lectron i and t h e  point x,y,z i n  space. 
1 

The 

densi ty  of spin angular momentum (spin densi ty)  a t  the point x,y,z is  

expressed by pS thus p is  a normalized spin density.  When t h e  t o t a l  

wave function i s  approximated by a one electron wave f’unction t h e  spin 
Z’ 
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density p and t h e  e lectron densi ty  Y"(x,y,z) are ident ica l .  

molecule, however, t h e  spin density a t  a given point may be e i t h e r  pos i t ive  

or  negative. 

ment defines t h e  conservation of t o t a l  spin S z .  

In  a real  

The in t eg ra l  of p over a l l  space i s  unity; t h i s  state- 

The equations developed i n  Chapter 111 t o  describe t h e  observed 

hyperfine s p l i t t i n g s  are not altered by these considerations. 

f i ne  tensors Aa and A must be interpreted i n  a somewhat d i f f e ren t  l i g h t  

however. 

equations completely analogous t o  Equations 33 and 38 but i n  which t h e  

electron densi ty  Y2 is  replaced by t h e  spin densi ty  p. Thus, t h e  tensor 

elements c and D3 may be e i t h e r  pos i t ive  or  negative; &.e. i n  addi t ion 

t o  t h e  resolutions of Aa and A 

consider other resolutions i n  which the  signs of every element i n  these 

equations a re  reversed. 

negative spin dens i t ies  a t  t h e  posi t ion of t h e  a nitrogen nucleus, and 

would s ign i fy  t h a t  those configurations i n  which t h e  spin pa r t  of the 

s f%nction was a n t i p a r a l l e l  t o  t h e  t o t a l  spin were predominant, 

ly ,  a negative value of D a  would s igni fy  t h a t  t h e  spin densi ty  integrated 

over t h e  p o r b i t a l  centered on t h e  CI nitrogen was negative. 

The hyper- 

B 
The contact and dipolar  tensors respectively are given by 

given by Equations 26, 27, and 28 we must B 

Negative values of ca, f o r  example, would require  

Similar- 

The values of a2 and a=? calculated earlier refer t o  t h e  absolute 
S P 

magnitude of t h e  integrated spin density.  

sign of D3 i n  both of Equations 26 and 28 are t h e  same, the  spin associated 

w i t h  the s o r b i t a l  and the  spin associated with t h e  p o r b i t a l  are of the  

same sign on each nitrogen. 

sum of t h e  s and p contributions, are a2 = k 0.274 and a2 = k 0.420 o r  

Since t h e  sign of c and the  

The t o t a l  integrated spin dens i t ies ,  t h e  

a B 

. 
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c' 

. 

+_ 0.615. 

quant i t ies .  The choice w i t h  each quantity pos i t ive  i s  favored, however. 

In  t h i s  case t h e  t o t a l  spin associated w i t h  the  hydrazyl nitrogens i s  

0.694 or  0.889 and indicates  t h a t  t h e  e lectron spin is highly local ized 

on these nitrogens. 

- a:. T h i s  choice would correspond t o  a t o t a l  spin of 0.146 o r  0.341 

on t h e  hydrazyl nitrogens and, by difference,  a large amount of spin 

would be on the phenyl and p i c r y l  r ings.  

There were no experimental indications of t h e  sign of these 

The only other  reasonable choice i s  w i t h  + a' and 8 

Resolved hyperfine s p l i t t i n g s  from the  hydrogen and nitrogen nuclei  

of t h e  aromatic rings were not seen. 

l i nes  (ca. 7 gauss) i s  typ ica l  of hydrogenous materials and indicates 

t h a t  hyperfine interact ions w i t h  t h e  r ing  nuclei  are weak. 

nuclear magnetic resonance study5' of the  s h i f t  of t h e  proton resonances 

of DPPH indicates  t h a t  hyperfine s p l i t t i n g s  from t h e  aromatic hydrogens 

should be about 1 gauss. Spl i t t ings  t h i s  s m a l l  would, of course, be 

unresolved i n  t h e  experiments reported here, 

s h i f t s  have been re la ted  t o  e lectron spin dens i t ies  on t h e  aromatic 

carbons; spin dens i t ies  of - ca. 0.07 on t h e  ortho and para phenyl car- 

bons and g. - 0.04 on t h e  meta carbons of both phenyls and the p i c r y l  

group were indicated. These values appear t o  be i n  much b e t t e r  accord 

w i t h  the assumption of pos i t ive  spin dens i t ies  on both hydrazyl nitrogens.  

Indeed, t h e  width of t h e  individual  

A recent 

The NMR proton resonance 
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