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Results are given on the angular dependence of these effects for radi- 
cals stabilized in a ?'-irradiated single crystal of malonic acid. The 
modulation is ascribed to anisotropic hyperf!ne interaction with the 
c~ proton of C H(COOH)2. The results allow electron spin echo to be 
used in certain cases to measure small splittings in the ESR spectra 
of free radicals. 

INTRODUCTION 

The echo ampl i tude  usual ly  has an exponent ia l  r e -  
la t ion to the t i m e  in t e rva l  T be tween the pu l se s ,  but 
c a se s  a re  known where  the e x p o n e n t i a l d e c a y  is modu-  
la ted  with a f r equency  co m (Fig.  4). This effect  was 
f i r s t  o b s e r v e d  for  nuc l ea r  spin echo.  Hahn and Max-  
well  [1] examined  the modula t ion  of the echo f r o m  

pro tons  in ethanol .  The f r equency  and depth of the 
modula t ion  w e r e  d e t e r m i n e d  by the d i f f e rence  be tween 
the L a r m o r  f r e q u e n c i e s  of the alcohol  pro tons ,  which 
have d i f fe ren t  c h e m i c a l  shif ts ,  and by the i n t e r ac t ion  
between these  pro tons .  Modulat ion in e l e c t r o n  spin 
echo was f i r s t  examined  [2] fo r  p a r a m a g n e t i c  Ce ~+ ions 
in C a W Q ,  where  it was a s c r i b e d  to an i so t rop ie  i n t e r -  
act ion of the unpai red  e l e c t r o n  of Ce 3+ with the s u r -  

rounding magnet ic  nucle i .  The ef fec t  can [2] give the 
s a m e  in fo rma t ion  about this  i n t e r ac t ion  as the s t eady-  
s ta te  ENDOR effect .  

We have o b s e r v e d  this  ef fec t  fo r  some  i r r a d i a t e d  
p o l y c r y s t a l l i n e  m a t e r i a l s  [3] and in i r r a d i a t e d  s ing le  
c r y s t a l s  of amino acids and d iea rboxyl ic  ac ids ,  as 
well  as in f rozen  a lcohol ic  solut ions of DPPH.  The 

signal  envelope  had a v e r y  compl i ca t ed  f o r m  in these  
c a s e s ,  so it was n e c e s s a r y  to examine  the ef fec t  on a 
s imple  r ad i ca l  with c lo se ly  kamwn p r o p e r t i e s .  The 
CH(COOH) 2 r ad i ca l  in i r r a d i a t e d  m a l o n i c a e i d  is one of 
the mos t  su i tab le  for  this  pu rpose .  
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Fig.  1. Re la t ion  of s t r u c t u r e  
of CH(COOH) 2 r ad i ca l  to the 

XYZ coord ina te  sy s t em.  

METHODS 

We used a 3 - c m  in s t rumen t  developed at this ins t i tu te  
[3j, with pulses  of dura t ion  40 nsec ,  which c o v e r s  r e -  

laxat ion t i m e s  in the range  10 .7 to 10 -a see .  The l imi t  
of de tee t ion  was 10 ~s p a r a m a g n e t i c  p a r t i c l e s  i n the  s p e c i -  

men  at r o o m  t e m p e r a t u r e .  The two-pu l se  method [4] 

Fig.  2. F i r s t - d e r i v a t i v e  ESR s p e c -  
t r u m  of a T - i r r a d i a t e d  s ingle  e r y s t a l  

of malonie  acid.  

was used,  in which two UHF pu l ses  with a power  r a t io  
of 1 : 2 act  at t i m e s  t = 0 and t = % the sp in -echo  s ignal  
a r i s i n g  at t = 2T. The f r equency  c o r r e s p o n d s  to the 

ESR condit ion,  hv = gflH. The enve lope  of the echo 
signal  was r e c o r d e d  pho tograph iea l ly  f r o m  the o s c i l -  
loscope  with T swept  cont inuously.  The s p e c t r a  w e r e  
r e c o r d e d  with an RE-1301 s tandard  ESR s p e c t r o m e t e r .  

We used a s ingle  c r y s t a l  of malonie  acid grown by 
slow evapora t ion  of an aqueous solut ion,  which was i r -  

rad ia ted  (3 Mrad) at r o o m  t e m p e r a t u r e  with a Co ~~ 
T- r ay  sou rce .  The m e a s u r e m e n t s  w e r e  made at room 
t e m p e r a t u r e  with the c r y s t a l  in a ho lder  provid ing  

ro ta t ion  about one of the t h r ee  or thogonal  XYZ axes 
l inked to the c r y s t a l .  The echo s ignal  and ESR s p e c -  
t r u m  w e r e  r e c o r d e d  at i n t e rva l s  of 3 ~ about e a c h a x i s .  
Identi ty of the se t t ings  in ESR and spin echo was 
checked by m e a s u r i n g  the spl i t t ings  in the s p e c t r a  
with an NMlt f ie ld  m e t e r  of autodyne type and a h e t e r o -  
dyne w a v e m e t e r .  

The c r y s t a l  s t r u c t u r e  is known [5]. The t r i c l i n i c  
unit ce l l  contains  two m o lecu l e s ,  so addit ional  l ines  
cannot appear  in the s p e c t r u m  due to nonequivalent  
o r ien ta t ion  of the r ad ica l s  in the la t t i ce .  The o r i e n t a -  
t ion of the XYZ s y s t e m  r e l a t i v e  to the c r y s t a l l o g r a p h i c  
axes was as in [6]. 
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Fig. 3. Splitting of the doublet of CH(COOH) 2 and 
m o d u l a t i o n  p e r i o d  T m as  func t ions  of 0 and  q). 
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F i g u r e  1 shows  t h e  r e l a t i o n  of  t h e  XYZ s y s t e m  to 
the  (~H(COOH) 2 r a d i c a l  s t a b i l i z e d  in t he  c r y s t a l .  The  

u n p a i r e d  e l e c t r o n  is  [6] in a 2Px o r b i t a l .  The  e x t e r n a l  
f i e l d  H 0 has  a d i r e c t i o n  de f i ned  b y  the  a n g l e s  0 and ~p 
in t he  XYZ s y s t e m ,  in w h i c h  0 is  the  ang le  b e t w e e n  
H 0 and t h e  XY p l a n e  and q) is  t he  ang le  b e t w e e n  the  X 
ax i s  and the  p r o j e c t i o n  of H 0 on the  XY p lane .  

RESULTS 

The radicals CH(COOH) 2 and CH2COOI-I are pro- 
duced in y-irradiated malonic acid. The ESR spectrum 

consists of two strong lines produced by the first and 

several weaker lines, some of which arise from the 

second. Figure 2 shows ESR spectra recorded with 

various orientations of the crystal. The superimposed 

s p e c t r u m  of CH2COOH i n t e r f e r e s  wi th  the  o b s e r v a t i o n  
of w e a k  l i n e s  of  CH(COOH) 2. The  s p e c t r u m  i s  not  s u b -  
s t a n t i a l l y  s i m p l i f i e d  a f t e r  12 h r  at 50 ~ C. 

The  ESR s p e c t r u m  and e c h o  e n v e l o p e  of CH(COOH)2 
w e r e  r e c o r d e d  f o r  v a r i o u s  o r i e n t a t i o n s .  F i g u r e  3 
shows  the  s p l i t t i n g  AH of  t he  s t r o n g  doub le t  and the  
m o d u l a t i o n  p e r i o d  T m as  f u n c t i o n s  of  0 and qp. M o d u l a -  
t ion  of t h e  echo  s i g n a l  i s  s e e n  in the  YZ p l a n e  (~  = 90 ~ 
o v e r  t he  r a n g e  0= 75 ~ to 0 = 105 ~ , and in t he  X Z p l a n e  
( ~ =  O) i n t h e r a n g e  o =  60 ~ to o =  120 ~ . In bo th  c a s e s ,  

T m is  m a x i m a l  f o r  HoIIZ. The  m a x i m u m  T m in the  YZ 
p l ane  is  0.6 # s e c ,  wh i l e  t ha t  in the  XZ p l a n e  is  0.4 #sec* .  
Th i s  d i f f e r e n c e  a r i s e s  f r o m  n o n e q u i v a l e n c e  of the  
o r i e n t a t i o n s  as  a r e s u l t  of i n a c c u r a t e  s e t t i n g  on go ing  
f r o m  one  r o t a t i o n  a x i s  to  a n o t h e r .  AH in t he  XY p l a n e  
(0 = 0) is  shown as  a func t i on  of  q) in F ig .  3c;  n o m o d u -  
l a t i on  is  s e e n  in  t h i s  p lane .  F i g u r e  4 shows  t y p i c a l  
o s c i l l o g r a m s  fo r  t he  c h a n g e  in t he  d e c a y  as  0 i s  v a r i e d .  

In e x p e r i m e n t s  by the  t h r e e - p u l s e  m e t h o d ,  the  
p u l s e s  had  e q u a l  d u r a t i o n s  and a p o w e r  r a t i o  of 
2 : I : 2 ,  b e i n g  app l i ed  a t t - - -  0, t =  T, a n d t =  T +  T .  
The  s t i m u l a t e d  e c h o  s igna l  t h e n  o c c u r s  at t = 2T + T.  
The  d e c a y  c u r v e s  as func t ions  of T (T c o n s t a n t )  and 
~- (T c o n s t a n t )  w e r e  of  t he  s a m e  f o r m  as  in t he  t w o -  
p u l s e  m e t h o d .  The  e f f e c t  was  not s t u d i e d  in de t a i l .  

DISCUSSION 

A n g u l a r  d e p e n d e n c e  of  t he  m o d u l a t i o n  f r e q u e n c y  
i n d i c a t e s  t ha t  t he  e f f e c t  is  r e l a t e d  to an a n i s o t r o p i c  

*The system allowed us to record modulation with 

T m -> 0.07 #sec. 

hyperfine interaction with the c~ proton in CH(COOH) 2. 

The following spin Hamiltonian (h = 1) describes this 

Fig. 5. TheoreticM form 

of the ESR spectrum of 

CH(COOH) 2. 

interaction and the interaction with the external field: 

in wh ich  A, B, and C a r e  the  c o n s t a n t s  of the  h y p e r -  

f ine  i n t e r a c t i o n  in MHz and v s and v I a r e  the  L a r m o r  
f r e q u e n c i e s  of e l e c t r o n  and p r o t o n  in  t he  f i e l d  H0llZ. 
The  e i g e n v a l u e s  of  t h i s  s p i n  H a m i l t o n i a n  a r e  

Vs Ys E1 = -~- + R; E~ = - -  -~- + RI; 

~s ~s E~ = ~ -  - -  t?; E~ ~ R,, (2) 

in wh ich  

1 B2 /? = -4- ~ (2w + A) ~ + + C~; 

1 
/?1 = T V (2v; - A) 2 + B 2 + C ~. 

The  s y s t e m  t h e n  has  f o u r  p o s s i b l e  t r a n s i t i o n s ,  which  
should  h a v e  the  f o l l o w i n g  f r e q u e n c i e s :  

Vl = E~ - -  E4 = vs + (R + R0; 

v2 = E1 - -  E3 = v~ + (R - -  R1); 

% = E~ - -  E~ = vs - -  (R - -  R,); 

v~ = E~ - -  E3 = v~ - -  (R + R1). (3) 

The  ESR s p e c t r u m  of CH(COOH)2 is  t h e r e f o r e  a s y m -  

m e t r i c a l  q u a d r u p I e t  h a v i n g  an o u t e r  doub l e t  of  s p l i t -  
t ing 2(R + R 1) and an i n n e r  one of s p l i t t i n g  2(R - R1). 

~rt i s  found [6] tha t  t h e s e  two d o u b l e t s  n e v e r  c h a n g e  
p l a c e s ,  t he  i n t e n s i t y  of the  o u t e r  one  b e i n g  g r e a t e r  
than  tha t  of the  i n n e r  one  a t  3 c m .  F i g u r e  5 shows  the  
t h e o r e t i c a l  f o r m  of  the  s p e c t r u m ; . t h e  a c t u a l  s p e c t r u m  
is  c o m p l i c a t e d  by the  l i ne s  f r o m  CH2COOH. 

b 

Fig .  4. S p i n e c h o  fo r  qo = 0 at 0 of:  a) 30 ~ b) 75 ~ c) 90 ~ 
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It has been shown [2, 7] that the following formula 
describes the spin-echo decay without allowance for 

3 0 ~  YZ plane.  ~0=90 ~ 
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Fig. 6. Splitting 2RI and modulation frequency Vm 
as functions of 0: ~ values from ESR spectrum 
[6], �9 theoretical 2R1 [6], Q Vm from spin echo. 

relaxation processes when the interaction is governed 
by (1), provided that a11 resonant transitions in the 
spin system are excited: 

I v~ (B ~" + C ~) 
V(2T) = V(O) l 64R2R~ • 

X 12 - -  2cos 4~R'~ - -  2cos 4ua~1~ q- 

+ cos 4= (R + R~) �9 + cos 4~ (R - -  R~) ~1/ I 

J 

in which V(0) is the signal amplitude without allowance 

for the interaction with the nucleus. 
The ESR spectrum shows that 2(R + RI), 2R, and 

2(R - RI) are always -> 29 MHz, while 2R I ranges from 

0 to 29 ~vIHz. 

It was not practicable to measure v m > 15 MHz, 
so we may assume that the sole observed frequency 

was 2R I. Figure 6 shows theoretical [6] 2R I as func- 
tions of angle in the YZ and XZ planes, as well as the 

observed behavior of ~m in these planes. The curves 

differ only within the error of measurement (~=2 MHz) 

for the ESR hyperfine interaction constants. 

Figure 6 shows that 2R I = 0 for H011Z; in fact, there 

was a range of ~i ~ near H011Z in which the period of 

the modulation became greater than the relaxation 

time. The observations in the XZ plane extend over a 

greater angular range than those in the YZ plane, 

where 2R1 increases more rapidly. 

The high line width and the interfering lines Mlow 

2R i to be deduced from the ESR spectrum only in a 

very restricted range of angles, whereas spin echo 

allows 2R I to be measured when this is much less than 

the line width. 
The results thus confirm the interpretation [2, 7] of 

spin-echo modulation effects as due to anisotropic hy- 

perfine interaction. Spin echo allows one to measure 

small splittings in ESR spectra. 

We are indebted to G. M. Zhidomirov, K. M. 
Salikhov, and A. I. Burshtein for discussions, and to 

V. E. Khmelinskii and N[. D. Shchirov for assistance 

with the experiments. 
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