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The magnetic (nuclear  spin) isotope effect  leads to a red is t r ibut ion  of the isotopes in the products  f rom 
chemica l  radica l  reac t ions .  The eff ic iency of this red is t r ibu t ion  is cha rac t e r i zed  by the quantity [1, 2] 

I dR / I dR* 
a ~  ~ dt / v* dt (1) 

where  v and v* a r e  the r a t e s  of fo rmat ion  of r ad ica l s  ( radical  pai rs)  dif fer ing in isotopic composi t ion,  and 
d R / d t  and d R * / d t  a r e  the r a t e s  of fo rmat ion  (consumption) of the products ,  r e spec t ive ly .  

If the ldnetic r eg i m e  of the reac t ion  sa t i s f i e s  s t eady - s t a t e  conditions, then (dR/dt)/v is s imply  the f rac t ion  
of rad ica l s  (or rad ica l  pai rs)  genera ted  which f o r m  the product  being cons idered .  If the cor responding  f r a c -  
tions a r e  equal,  then a = 1 and no red is t r ibu t ion  of the isotopes at all  takes  place.  The value of a is d e t e r -  
mined pr inc ipal ly  by th ree  f ac to r s ,  v i z . ,  the v i scos i ty  of the solvent  in which the reac t ion  is being ca r r i ed  out, 
the magnitude of the e l e c t r o n - n u c l e a r  hyperf ine  in teract ions  (hfi constants)  in the r ad ica l s ,  and the r a t e  of the 
chemica l  reac t ions  of the rad ica l s .  

In this invest igat ion we have studied the dependence of the eff ic iency in the red is t r ibu t ion  of the magnetic 
isotopes on the v i scos i ty  of the solvent ,  taking the photolysis  of dibenzyl ketone (DBK) as the example .  

E X P E R I M E N T A L  

DBK (2" 10 -2 M) was photolyzed in a the rmos ta t t ed  quar tz  cuvette  by light f r o m  a DRSh-1000 (280 am) Hg 
lamp at 1 • 0.5~ in g l y c e r o l - t e r t - b u t a n o l  mix tu res  (1:4, 2:3, 1:1 and 7:3, respec t ive ly) .  The convers ion  of 
DBK was determined by GLC on a Tsve t -104  ch romatograph  (column 1 m x 3 ram,  s ta t ionary  phase  OV-1 on 
Super Iner ton,  in ternal  s tandard benzophenone).  Isotopic analys is  was conducted mass  s p e c t r o m e t r i c a l l y  by 
the method descr ibed  in [3]. Ana ly t i ca l -g rade  g lycerol  was used without fu r the r  puri f icat ion,  and te r t -bu tanol  
was purified by well-known p rocedures .  The photolytic products  were  separa ted  by th in - l aye r  ch romatography  
and h i g h - p e r f o r m a n c e  liquid column chromatography .  

D I S C U S S I O N  O F  R E S U L T S  

The photochemical  reac t ions  of DBK [4-6] can be r ep re sen ted  by the scheme  

hv  k D 
PhCH2COCH2Ph ~ [PhCH2" 'COCH~Ph] T ~ PhCH~" -}- "COCH2Ph 

~ -co~ ~t ~t l - c~  
"CH2Ph 

/;G' kD" PhCH2CH~Ph < .  [PhCH~..CH2Ph ] ~ 2PhCH2" 

2PhCH2' -~ PhCH2Ctt~Ph 

Phallic-i- S _~s Products 

In the photodissoeiat ion of DBK a p r i m a r y  t r ip le t  geminal  rad ica l  pa i r  (RP) is fo rmed ,  which e i ther  r e -  
combines  to f o r m  the or iginal  DBK or  is consumed in forming acyl  and benzyl  f r ee  r ad ica l s ,  or  is t r ans fo rmed  
into a s econda ry  geminal  RP of benzyl  r ad i ca l s ,  due to the d issoc ia t ion  of an acyl  radica l .  The benzyl rad ica l s  
do not d i spropor t iona te  but f o r m  dibenzyl (DB) on recombinat ion .  Since the r a t e  constant  for  the decarbonylat ion 
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of acyl rad ica l s  is low (k t -~ 2-108 see -i [5]), in the absence  of ac t ive  rad ica l  s c a v e n g e r s  even in such a low- 
ac t iv i ty  solvent  as g lycero l  the scavenging of these  rad ica i s  can be neglected,  this being m o r e  t rue  for  g e m i -  
nal Ill) [7]. On the other  hand, the scavenging of benzyl rad ica l s  cannot be neglected because  the yield of DB 
lies within the range  45-60%, inc reas ing  to some  extent with the content of te r t -butanol .  The effect ive scaven-  
ging of these  rad ica l s  is ce r t a in ly  connected with a smal l  constant  for  diffusion encounters  (under our  condi-  
tions 2kdi ff -~ 106 l i t e r s / m o l e ,  see) .  

The var ia t ion  in the isotopic composi t ion in DBK and DB is chief ly  assoc ia ted  with the var ia t ion  in the 
isotope content in t h e C O  and CH 2 groups.  It is t he re fo re  meaningful to cons ider  the kinetics of the isotopic 
enr ichment  of six types  of DBK molecules  having the f ragments  

CH~COCH2 (cl) CH~oCOCH2(c2) 

CH2dOCH2 (c3) dH2dOCtt~(c~) (2) 
d~COdH~(c3) dH~5O~rq(~0) 

The a s t e r i s k  signif ies the p r e s ence  of the isotope l~C, andthe concentra t ions  of the cor responding  m o l e -  
cules a r e  indicated in pa ren theses  (molecules  whose CH2COCH 2 f r agmen t  contains I~C will be  caIled magnetic) .  
F r o m  these  six types of molecules  eight types of rad ica l  pa i r s  may be fo rmed (the probabi l i t i es  of the geminal  
recombina t ion  of these  pa i r s  a r e  indicated in parentheses)  

CH2CO"CH2 (pl) 

cg~do"cI-Idp3) 
~g~cd"c~ (~) 
c~o"~g~ (p,) 

CH2CO"CH2 (P2) 
cg~co"dg~ (p,) 
d~i2co"d~ (p0) 

The contr ibution to the total  isotopic composi t ion  of molecules  having two or  th ree  i3c isotopes in the 
f r agmen t s  l is ted can,  of cou r se ,  be neglected in the case  of DBK having a natura l  13C content (-~ 1.1%). How- 
e v e r ,  it is appropr i a t e  to take account  of these  pa i r s  f r o m  the point of view of a kinetic analys is  of the p rob -  
l em and, what is f a r  m o r e  impor tan t ,  it provides  the poss ibi l i ty  of d i scuss ing  the dependence of the isotope 
separa t ion  eff ic iency (c~) on the effect ive hfi constant  in a Ill). 

Since only p r o c e s s e s  in geminal  I l l  ) a r e  impor tan t  for  the kinetics of DBK consumption,  then for  each 
of the six types of molecules  we have 

d c i / d t  : - - v i  (t - -  Pl) (3) 

where  vi = Zci 

P4=(Ps-[-PT)/2;  P5 =P6;  P~ =P8  
6 

: i q)/'O[~ i=l 

i=1 

& (4) 

e being the extinction coeff ic ients  of DBK in the region k >_ 280 nm (we cons ider  that e is independent of the 
isotopic composi t ion  of the molecule);  ~sCs takes account of the shielding due to the fo rmat ion  of s econda ry  
products ;  I is the optical  length; ~ is the quantum yield for  pa i r  fo rmat ion ,  identical  for  all  types  of molecules ;  
I 0 is the spec t r a l  densi ty  of the incident light. 

Using the definition (1) fo r  each type of molecule  we obtain f r o m  (3) 

(Zd-U(Z   d 
ctvi ~--- \ v l  d t  / I k v~ d t  / ~ l - -  p~ 

The subsc r ip t  G signif ies that only geminal  recombina t ion  p r o c e s s e s  a r e  taken into account.  Since the 
Pi values a r e  independent of t ime ,  then Eq. (5) is read i ly  in tegrated and we obtain 

(6) 
ln( t - - /3  = ~ l n ( t - - A )  
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where (i - fl) represents the conversion of nonmagnetic DBK molecules, and (i - fi) represents the conversion 
of magnetic (i. e., containing 13C) DBK molecules. 

Let r I be the probability that a carbon nucleus in the CO position in the DBK molecule is magnetic (13C), 

and r 2 be the corresponding probability for the CH 2 position. Then the conceatrations c i can be expressed 
through the overall concentration c 

c~ = aic (7a) 

w h e r e  a i is  the  p r o b a b i l i t y  of  a p a r t i c u l a r  one of  the  i s o t o p i c  c o n f i g u r a t i o n s  fo r  the  CH2COCH 2 f r a g m e n t  l i s t e d  
above  b e i n g  in the  DBK m o l e c u l e  

al = (i ~ h ) ( t  - -  r~) ~ a 4 = 2 (i  - -  r2)r~rl (7b) 
a~---- 2 ( l - - h ) ( t - - r ~ ) r  2 a 5 = ( t - - r l )  r2 ~ 

a~ = (1 - -  r2) 2 rl  a~ = hr2 2 

U s i n g  the  e x p r e s s i o n s  (7) we ob ta in  a connec t ion  be tw e e n  the  e x p e r i m e n t a l l y  m e a s u r e d  c o n v e r s i o n  

6 6 

and the  c o n v e r s i o n  wi th  r e s p e c t  to a g iven  type  of i so top i c  m o l e c u l e s  (1 - fi) 

t - -  ]i = (t - - / e )  a~la~o (8) 

w h e r e  ai0 r e l a t e  to  the  i n i t i a l  s t a t e  (ai0 = a i  f o r  fi = 0). 

Subsequen t l y  we a s s u m e  in the  c a l c u l a t i o n s  tha t  in the  i n i t i a l  s t a t e  r l  = r 2 = r0, i . e . ,  the  i n i t i a l  con ten t  
of the  i s o t o p e  is  the  s a m e  fo r  any  p o s i t i o n  in the  DBK m o l e c u l e ,  whi le  fo r  the  pheny l  r i n g s  i t  does  not v a r y  
d u r i n g  p h o t o l y s i s .  

T h e  changes  in the  i s o t o p i c  c o m p o s i t i o n  in the  DB m o l e c u l e s  a r e  a s s o c i a t e d  e x c l u s i v e l y  wi th  a change  in 
the  13C con ten t  in the  CH 2 g r o u p s .  DB is  f o r m e d  on r e c o m b i n a t i o n  of s e c o n d a r y  R P  and in d i f fus ion  p a i r s .  The  
c o n t r i b u t i o n  of the  d i f fu s ion  R P  to the  e f f i c i e n c y  of  r e d i s t r i b u t i o n  of  the  i s o t o p e s  can  be  n e g l e c t e d  [2]. We can  
show tha t  in th i s  c a s e  the  c o m p e t i t i o n  b e t w e e n  the  s c a v e n g i n g  of b e n z y l  r a d i c a l s  l i b e r a t e d  into the  bu lk  and 
t h e i r  r e c o m b i n a t i o n  does  not l ead  to  an add i t i ona l  r e d i s t r i b u t i o n  of the  i s o t o p e s .  Based  on the  s c h e m e  f o r  the  
p h o t o c h e m i c a l  r e a c t i o n s  of DBK we can  w r i t e  to  a s t e a d y - s t a t e  a p p r o x i m a t i o n  

( dCH2/dt)~ ~ A ~R 

( dCH2/dt)R ~ B~R* 

(dCH 2 /d t )  R and (riCH 2 /d t )  R b e i n g  the  r a t e s  of a c c u m u l a t i o n  of  the  CH 2 and CH 2 g roups  in the  DB m o l e c u l e s  a s  
a r e s u l t  of the  r e c o m b i n a t i o n  of r a n d o m  RP;  A and B a r e  the  r a t e s  of f o r m a t i o n  of the  m a g n e t i c  and n o n m a g n e -  
t i c  f r e e  b e n z y l  r a d i c a l s ;  q9 R and ~ a r e  the  f r a c t i o n s  of r e c o m b i n i n g  r a d i c a l s ,  and 1 - ~R and 1 - q ~  a r e  the  
f r a c t i o n s  of s c a v e n g e d  r a d i c a l s .  H e r e  

T h e n  

a n - ~  A dt B -tit ~ 

We note  tha t  th i s  r e s u l t  is  va l id  only  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s .  

F o r  the  r e c o m b i n a t i o n  of s e c o n d a r y  g e m i n a l  R P  in which  a dd i t i ona l  r e d i s t r i b u t i o n  of i s o t o p e s  is  p o s s i b l e  

we can  w r i t e  

(dCHJdt)a '  ~ 2v l 'p l '  -1- v2' p , '  

( d C H J d t ) d  v2' P~' -t- 8 Ps - -  2v ' ' 

w h e r e  (dCH2/dt )  G, and (dCH2/dt )  G, a r e  the  r a t e s  of  a c c u m u l a t i o n  of the  CH 2 and CH 2 g r o u p s  in the  DB m o l e -  
c u l e s  due to  r e c o m b i n a t i o n  of the  s e c o n d a r ~  g e m i n a l  HP;  v 1' , v2' ,  and v~' a r e  r e s p e c t i v e l y  the  r a t e s  of f o r m a -  
t i on  of [CH 2- CH2], [CH2"" CH2], and [CH2"" CH2], t h e s e  b e i n g  s e c o n d a r y  g e m i n a l  p a i r s ;  P l ' ,  P2', and I~' a r e  the  
p r o b a b i l i t i e s  of t h e i r  r e c o m b i n a t i o n .  T h e n ,  n e g l e c t i n g  the c o n t r i b u t i o n  f r o m  the  v2'P2' t e r m  to  (dCH2/dt)  G and 

* / 
of 2v3'P3' to  (dCH 2 dt) G,  i . e . ,  w i t h ' a n  a c c u r a c y  to  10 -2, we ob t a in  
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'TABLE 1. Va lues  of a G i  f o r  the  P h o t o l y s i s  of  D i b e n z y l  Ketone* 

t -BriCK : CzKs (OH) ~ aG, :h 0,0I c~G8 __ 0,02 C~G~ __+ 0, 03 O~G~ :i: 0,02 aG~ +_ 0,0~ 

I 4 t,07 t,t3 t,22 t,t4 1,32 
2 5 1,09 t,t9 t,31 t,t9 t,47 
t I 1,08 t,24 t,37 i,t8 t,53 
7 : 3 t,07 t,t7 t,27 t,t5 t,38 

* The  va lue s  of ~ G i  a r e  ob ta ined  by  a v e r a g i n g  t h r e e  to  fou r  m e a -  
s u r e m e n t s  f o r  d i f f e r e n t  c o n v e r s i o n s .  

T h e  s e c o n d a r y  g e m i n a l  p a i r s  r e t a i n  the  m u l t i p l e t  n a t u r e  of  the  p r i m a r y  p a i r s ,  P2' > Pi ' ;  c o n s e q u e n t l y ,  a G '  < 1 
( for  p r o d u c t s  b e i n g  r e f o r m e d  th i s  s i g n i f i e s  e n r i c h m e n t ) .  

T h u s ,  the  r e c o m b i n a t i o n  of s e c o n d a r y  g e m i n a l  p a i r s  should  l ead  to an a d d i t i o n a l  r e d i s t r i b u t i o n  of  the  i s o -  
t opes  in the  d i r e c t i o n  of  an e n r i c h m e n t  of 13C in DB. H o w e v e r ,  t h e r e  a r e  a n u m b e r  of r e a s o n s  why th i s  a d d i -  
t i ona l  r e d i s t r i b u t i o n  m a y  not  a f f ec t  the 13C con ten t  e f f e c t i v e l y  in  the CH 2 g r o u p s  in DB. F i r s t ,  on ly  s o m e  of the p r i -  
m a r y  R P  a r e  c o n v e r t e d  into s e c o n d a r y  RP;  s e c o n d ,  not  a l l  the  r a d i c a l s  l i b e r a t e d  into  the  bu lk  a r e  s c a v e n g e d  
and t h e i r  r e c o m b i n a t i o n  c o m p e n s a t e s  the  change  in the  13C con ten t  in the  DB m o l e c u l e s  f o r m e d  in the  g e m i n a l  
p a i r s .  (In the  a b s e n c e  of s c a v e n g i n g ,  w h e r e  ks = 0, th i s  c o m p e n s a t i o n  is  t o t a l . )  T h i r d ,  and th i s  is  mos t  i m -  
p o r t a n t  in ou r  v iew,  the  i n i t i a l  sp in  s t a t e  of the  s e c o n d a r y  R P  cannot  be c o n s i d e r e d  a s  a p u r e l y  t r i p l e t  s t a t e .  
In f ac t ,  the  r a t e  c o n s t a n t  fo r  the  s i n g l e t - t r i p t e t  t r a n s i t i o n s  in the  R P  kST is  p r o p o r t i o n a l  to the  e f f ec t ive  hfi  
c o n s t a n t  A e f  f. F o r  p r i m a r y  R P  kST ~- 5.108 see  -1, and kt - 2.108 sec  -1. T h i s  m e a n s  tha t  a t  the  m o m e n t  a 
p r i m a r y  g e m i n a l  p a i r  is  c o n v e r t e d  to a s e c o n d a r y  p a i r  it  m a y  a l t e r  i t s  m u l t i p l e t  n a t u r e  o r  l o s e  the  sp in  c o r -  
r e l a t i o n  in g e n e r a l .  T h e s e  c o n s i d e r a t i o n s  l ead  to the  c o n c l u s i o n  tha t  i s o t o p e s  a r e  a l s o  not r e d i s t r i b u t e d  in 
s e c o n d a r y  g e m i n a l  p a i r s .  

E x p e r i m e n t  c o n f i r m s  th is  c o n c l u s i o n .  In f ac t ,  i f  the  r e d i s t r i b u t i o n  w e r e  e f f e c t i v e ,  then  fo r  v e r y  h igh  
c o n v e r s i o n s  of  DBK, w h e r e  the  c o n t r i b u t i o n  of the  CH 2 g r o u p s  in DBK to the  to ta l  i s o t o p i c  c o m p o s i t i o n  of the  
CH 2 g r o u p s  in DB and DBK can be n e g l e c t e d ,  d i b e n z y l  should  be e n r i c h e d .  H o w e v e r ,  even  fo r  96% c o n v e r s i o n  
of DBK in the  t e r t - - b u t a n o l - g l y e e r o l  (1:1~ s y s t e m ,  DB is  d e p l e t e d  in 13C in the  CH 2 g r o u p  c o m p a r e d  with  the  
i n i t i a l  13C con ten t  in the  CH 2 g r o u p  of DBK, th i s  d e p l e t i o n  be ing  0.2%. 

T h u s ,  i t  can  be  s t a t e d  tha t  sac i s  r e d i s t r i b u t e d  among  the  CH 2 g roups  in DB and DBK in p r i m a r y  g e m i n a l  
p a i r s ,  and s i n c e  the  f o r m a t i o n  of DB does  not l ead  to  a dd i t i ona l  r e d i s t r i b u t i o n  of the  i s o t o p e s ,  the  t o t a l  i s o -  
top ic  c o m p o s i t i o n  of  the  CH 2 g r o u p s  in DB and Dt3K should  r e m a i n  unchanged .  Hence  fo l lows the  i s o t o p i c  b a l -  
ance  equa t ion  

-/ i 

where r2'/(l - r2') is the 13C content in the DB molecules, and the asterisk indicates summation with respect 

to those types of DBK molecules which contain 13C in a CH 2 group of the CH2COCH 2 fragment. 

Using Eqs. (8) and (7b) we obtain 

i i i 

= [ro - -  (l - - /e )  r ~ ] / [ l  - -  r o  - -  (1 - - /e )  (t - -  r~)l 

Hence  

r 0 = r2'/e ~- (1 - -  re) r2 (10) 

T h u s ,  the  s c h e m e  fo r  c a l c u l a t i o n s  of a G i  a p p e a r s  to  be a s  fo l lows .  The  e x p e r i m e n t a l l y  d e t e r m i n e d  
va lue  of d = 13C/12C is  connec t ed  with  the  a v e r a g e  ~3C con ten t  in the  m o l e c u l e  < r >  by  the  r e l a t i o n s h i p  

<r> = 6/(I + 5) (11) 

1789 



Since the 13C content in the phenyl r ings  of the molecules  does not v a r y  during photolys is ,  then for  the DB 
molecules  the condition 

14 <r>D B ~ 12r 0 ~- 2r~' (12) 

is satisfied. From the experimentally measured values of r 0 and <r>DB we obtain the value of r2'. For DBK 
molecules the isotopic balance is satisfied by the condition 

tS<r)DBK = t2r 0 + 2r~ + rl 

where  < r>DB K is measured  exper imenta l ly .  Now we find the value of 1 - fi f r o m  Eq. (7b) and (8) and the ex-  
pe r imen ta l ly  measured  convers ion  1 - re,  and then the values of e G i  f r o m  Eq. (6) (Table 1). 

Although a theore t ica l  analys is  of aGi  will be given in a subsequent  paper ,  two conclusions should be 
drawn here:  

1) The effect ive hfi constants  in the RP cons idered  va ry  in the sequeneeA6ef f>  A4e ff > A3eff > Ase ff > 
A2e ft. It is seen f r o m  the table  that values of eGi  a lso  va ry  in p r e c i s e l y  the s ame  sequence.  Thus ,  the f i r s t  
conclusion f rom the theore t ica l  analysis  in [1, 2], v i z . ,  that the eff ic iency of isotope separa t ion  is h igher ,  the 
g r e a t e r  the d i f ference  between the effect ive e l e c t r o n - n u c l e a r  in te rac t ions  in magnetic  and nonmagnet ic  RP,  
has been conf i rmed exper imenta l ly .  

2. The v i scos i ty  of the solvent  d e c r e a s e s  monotonical ly  with an inc rease  in t e r t -bu tano l  content, but the 
values of ~Gi  pass  through a m ax i m um  for  all  pa i r s .  Thus ,  the second postula te  of the theory ,  v i z . ,  that op- 
t imal  values of the v iscos i ty  of a medium exis t  where  the isotope sepa ra t ion  is most  eff icient ,  has been con-  
f i rmed exper imentaUy.  

C ONC LU S I O N  S 

1. The var ia t ions  in the 13C content in moieeuIes  of dibenzyl ketone (DBK) on photolysis  and in molecules  
of dibenzyl (a photolytic product  of DBK) have been measu red .  

2. The eff iciency of isotope separa t ion  is h igher ,  the g r e a t e r  the d i f fe rence  between the effect ive e l ec -  
t r o n - n u c l e a r  interact ions in magnet ic  and nonmagnetic  RP.  Isotope sepa ra t ion  takes  place  m o s t  eff ic ient ly  
at a specif ic  opt imal  v i scos i ty  of the solvent  in which the reac t ion  is being c a r r i e d  out. 

i. 

2. 
3. 
4. 
5. 
6. 
7. 

LITERATURE CITED 

A. L. Buchachenko, V. F. T a r a s o v ,  and V. I. Ma l ' t s ev ,  Zh. Fiz.  Kh im. ,  55, 1649 (1981). 
V. F. T a r a s o v ,  Zh. Fiz.  Kh i m . ,  5__44, 2438 (1981). 
F,. M. Gal imov,  The Geochemis t ry  of Stable Carbon I so topes  [in Russian] ,  Nedra ,  Moscow (1968). 
P. S. Engel,  J .  Am. Chem. Soc . ,  9_22, 6074 {1970). 
W. K. Robbins and R. M. Eas tman ,  J .  Am. Chem. Soc . ,  9_22, 6076 (1970). 
W. K. Robbins and R. M. Eas tman ,  J .  Am. Chem. Soc . ,  9__22, 6077 {1970). 
R. N. Noyes,  J .  Am. Chem. Soc . ,  7_7_7, 2042 {1955). 

1790 


