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One of the new methods of detect ion and identif icat ion by the ESR method of sho r t - l i ved  in te rmedia te  
f ree  r ad ica l s  a r i s ing  in homolyt ic  convers ions  of organic  compounds is the t rapping of the i r  n i t roso  c o m -  
pounds [1, 2]. 
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The n i t roxyls  f o rm ed  in many  ca se s  a re  s table  and a re  accumulated in solution to the concent ra t ions  n e c e s -  
s a r y  for  the i r  r eg i s t e r ing  by the ESR method.  K R l = C(CH3)3, then the obse rved  s p e c t r u m  is due chiefly 
to the in te rac t ion  of the unpai red  e lec t ron  with the nucleus of the ni t rogen a tom and the magnet ic  nuclei  of 
the f r agmen t  R. T h e r e f o r e  an analys is  of the hyperf ine  s t ruc tu re  (HFS) frequent ly  p e r m i t s  a suff ic ient ly  
unambiguous identif icat ion of R even in the p r e s e n c e  of s e v e r a l  types of unstable f r ee  rad ica l s  in the s y s -  
tem,  all  the m o r e  in that the f ac to r s  influencing the p a r a m e t e r s  of the ESR s p e c t r a  of n i t roxyl  r ad ica l s  
a re  known [3]. 
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Fig. 1. ESR spec t r a :  a) of f r ee  rad ica l s  fo rmed  in the 
photolysis  of (CHs)3NO in CH 2 =CHP(O)(OCH3)2; b) sup-  
p l e m e n t a r y  spl i t t ings of the l ines of the rad ica l  (II). 
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T A B L E  1. P a r a m e t e r s  of the ESR Spec t ra*  Ob-  
s e r v e d  in the P h o t o l y s i s  of MNP in o~-Alkenyl- 
phosphona tes  CH 2 = C - P X  2 
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(II) 
(III) 
(IV) 
(ii) 

(iii) 
(iv) 
(IH) 

60,0 
53,4 
42,3 
60,0 
53,0 
42,0 
54,8 

2,7 
2,7 
i,5 
2,7 
2,7 

*In all cases the triplet of the radical (I) is registered. 
~'The g-factor of all the phosphorus-containing radicals 2,0061 

0.0001, a N = 14.3 ~ 0.10e. 

T h e r e  is i n fo rma t ion  that  the ESR method has  
been  used to identify as  n i t roxy l s  the r ad i ca l s  tha t  
c a r r y  the cha in  in the r ad i ca l  i s o m e r i z a t i o n  of vinyl  

X 2 
J 

m o n o m e r s  CH 2 = C  (M), inhibited by 2 - m e t h y l -  

X 1 

2 - n i t r o s o p r o p a n e  (CHs)sCNO (MNP) [4, 5]. F o r  the 
g e n e r a t i o n  of such  r a d i c a l s  t he re  is no need  to use  
the t h e r m a l  d e c o m p o s i t i o n  of spec i a l  in i t i a to r s  of the 
type of f e r r o x i d e s  o r  a z o b i s i s o b u t y r o n i t r i l e  (AIBN), 
as  was  done in the s tudies  ment ioned .  The p r o c e s s  
can  be ini t ia ted at low t e m p e r a t u r e s  by the r a d i c a l s  
that  a r e  f o r m e d  in the pho to lys i s  of MNP [6]. 

h v  

(CHs)3 CNO ~ (CHs)sC" + NO" 

Thus ,  a f t e r  i r r a d i a t i o n  even  f o r  s e v e r a l  s e c -  
onds of a so lu t ion  of MNP (10 -3 M) in me thy l  a c r y l a t e  

with weak dif fuse  dayl igh t  o r  with an incandescen t  l amp at ,-~20 ~ an in tense  ESR s ignal  of the s a m e  r a d i c a l  
as  in the case  of  in i t ia t ion of t h e r m a l  d e c o m p o s i t i o n  by AIBN is r e c o r d e d  [5]. Such a method p r o v e d  to be 
m o s t  su i tab le  f o r  the g e n e r a t i o n  of n i t roxy l  r a d i c a l s  with an a -phosphona lky l  g roup  at the n i t rogen  a tom 
f r o m  d e r i v a t i v e s  of  v iny lphosphonic  ac id .  The  t h e r m a l  d e c o m p o s i t i o n  of A]BN at 60 ~ g ives  a complex  
s p e c t r u m ,  ev iden t ly  be longing  to the d e c o m p o s i t i o n  p r o d u c t s  of  the o r ig ina l ly  f o r m e d  n i t roxy l ;  the s a m e  
s p e c t r a  a r e  r e c o r d e d  a f t e r  hea t ing  at 60 ~ of s a m p l e s  i r r a d i a t e d  at ~ 20 ~ and hea t ing  to 60 ~ of n o n i r r a d i a t e d  
s a m p l e s  that do not conta in  AIBN. 

On the ESR s p e c t r a  o b s e r v e d  in the pho to lys i s  of  MNP in d imethy lv iny lphosphona te  (Fig.  1) it is e v i -  
dent  that  in addi t ion  to d i - t e r t - b u t y l n i t r o x y l  (1), f o r m e d  in the c a s e  of  addit ion of a t e r t - b u t y l  r a d i c a l  to the 
ini t ial  n i t r o s o  compound  {triplet with a N = 15.6 Oe and g = 2.0060), a s e r i e s  of n i t roxy l s  a r e  r eco rded ,  the 
s c h e m e  of  f o r m a t i o n  of which is g iven  fo r  the example  of d ime thy lv iny lphosphona te .  
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An ana lys i s  of the o b s e r v e d  ESR s p e c t r u m  shows that  at l eas t  t h r ee  types  of phomphorus -con ta in ing  
f r ee  r a d i c a l s  a r e  f o r m e d .  The HFS of  the ESR s p e c t r a  of  each  of these  r a d i c a l s  c o n s i s t s  of s ix  bas i c  l ines  
of  equal  in tens i ty ,  due to the i n t e r ac t i on  of  the unpa i red  e l e c t r o n  with the nuc leus  of the phospho rus  a tom 
mp (I = 1 / 2 )  with cons tan t  a P which, depending on the type of r ad i ca l , l i e s  within the range  40-60  Oe,* and 

*Such a l a r g e  doublet  sp l i t t ing  is absen t  in the s t r u c t u r a l l y  ana logous  r a d i c a l s  f o r m e d  in the s a m e  way f r o m  m e t -  
h y l a c r y l a t e  [5]; the va lues  of  a N and a H in them and in p h o s p h o r u s - c o n t a i n i n g  r ad i ca l s ,  on the o the r  hand, a r e  c l o s e .  
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TABLE 2. Dependence of the 
Relative Content (~c of Total) 
of Phosphorus-Containing 
Radicals f rom CH 2 = C H - P ( O )  
-(OCH3) 2 on the Concentrat ion 
of MNP 

M[MNP] �9 10~} 

10 
t0 
5 
2,5 
t,0 

Radical wkh a t: 

60,0 53,& 

~100 ~0 
90 
80 t3 
75 17 
72 14 

Oe 

42,3 

0 
2 
7 
8 

14 

the radical  with a P = 5 3 . 4 0 e .  

with the nucleus of the ni trogen atom 14N (I = 1) with a N = 1 4 . 3 0 e ,  
/ 

coinciding with the value of a N for  ni t roxyls  of the type t-C 4HgNCQ- 
/ 
O" 

[1, 2] (Table 1). The fur ther  splitting of each of the six lines into a 
doublet is evidently due to the proton bonded to carbon in the c~-posi- 
tion to the nitrogen atom. 

The values of a H cited in Table 1 are  charac te r i s t i c  of a proton 
/ 

in the f ragment  t-C4HgNC-H [1-5]. In the case  of a radica l  with a P 

I \  
O" 

= 6 0 . 0 0 e  (X = OCH 3, Y = H), fur ther  splitting of the indicated doublet 
into at least  10 lines with constant  a ~ 0.37 Oe also appears ;  supple- 
menta ry  splittings with a low constant of the HFS are  also noted for 

Although the ass ignment  of this smal l  splitting cannot yet be considered 
r igorous,  i t s e e m s  probable to us that it is associated with the interaction of the unpaired e lectron with 
the magnet ical ly  nonequivalent protons of the ter t -butyl  group at the nitrogen atom on account, for ex-  
ample, of the d i rec t  overlapping in definite conformations of the s -o rb i t a l s  of these protons with the orbitals 
of the phosphoryl  group, which is more  voluminous than the carbonyl  and nitroxyl radicals ,  r ecorded  in the 
polymer iza t ion  of methyiacryla te  [5]. 

The rat ios  of the concentrat ions of all the recordable  nitroxyls,  es t imated according to the intensity 
of the lines in the ESR spectra ,  do not change e i ther  during the p rocess  of i r radia t ion or af ter  it has ceased 
(for severa l  hours) and depend only on the concentrat ion of MNP, and moreover ,  in such a way that when it 
dec reases  (within the investigated range of concentrations) the fract ion of the radical  with the smal les t  a P 
inc reases .  The f ract ion of the radical  with an intermediate  value of a P passes  through a maximum, while 
that with a high value of aP dec reases  (Table 2). Since the polymer  chains generated when the inhibitor 
concentrat ion is lowered have a longer time to grow. this result  means that the difference in v t) is related 
to the number  of monomer  units added to the initiating radical  and is an inverse function of this number,  
which also gives a basis for the ass ignment  of phosphorus-containing radicals  according to degrees  of 
polymeriza t ion (II)-(IV), cited in Table 1. A s imi la r  phenomenon was observed in [4] in the polymerizat ion 
of s tyrene  inhibi tedbyMNP;however ,  in this case only two types of radicals  were recorded .  Evidently in 
the case of phosphorus-containing radicals ,  the limitation of the spec t ra l  cha rac te r i s t i c s  occurs  at longer 
chain lengths. 

In the se r ies  of radicals  (I)-(IV). a cer ta in  increase  in the width of the basic lines is also observed.  
The lat ter  finding may be associated both with the difference in the contributions of the unresolved HFS 
f rom the per iphera l  magnetic nuclei to the width of these lines and (which seems more probable) with the 
change in the time of correlation of the ]~rownian motion. 

The radicals formed in the photolysis of MNP in various a-alkenyl-phosphonates have very close 
constants of the HFS, which permits them to be assigned to the types (II)-(IV), just as was done in Table I. 
The photolysis of MNP in dimethylvinylphosphonate in the presence of air is accompanied by the appearance 
of a supplementary spectrum of six lines of equal intensity. The parameters of this spectrum (g = 2.0061, 
a P = I0.00e, a N = 13.00e), correspond to the parameters of the nitroxyl radical with a phosphorus-ni- 
trogen bond in (V) described in the literature [7]. The appearance of this radical may be explained by a 
scheme including the successive formation of a peroxide radical, its addition to IVINP, 7-splitting of the 
peroxide aminoxyl formed, and, finally, fi-splitting of the hydroxy radical, leading to the apperance of a 
phosphone radical in the system, the addition of which to MNP gives the observed stable nitroxyl with N-P 
bond: 

"CHP(O)(OCHs)~ ~ ~ CHP(O)(0CH.~)~ IvlNP ~CHP(0)(0CH3)s 
I I -" O--0" O--O--N~--R 

q 
o" 

-.-, O~N R -~ ~CH(O)(OCHa)~ --~ ~ CH + 15(0CH3)~ lvlN_____P RNP(O)(OCH3)~ (V) R=C(CHB)3 
I ~i i! t 
O" 0 0 O" 
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TABLE 3. 
F rozen  (77~ Solutions of Radica ls  

P a r a m e t e r s  of the ESR Spect ra  of Liquid (298~ and 

rermor of hyperfine interaction with 
g-Tensor :he nitrogen nucleus 

Padica 1 I ~N 
g, -bO,OOOG g'L"bO' OO)61gis~ B~]" B~ Ais oN Ap 

2,0040 
2,0037 
2,0029 

2,0076 t 2,0060 
2,0089 2,0061 
2,0076 2,006t 

9,5 [ --4,8 
9,5 --4,8 

tl,5 --5,8 

15,6 
10,0 
t4,3 

t~,0 
6o 

(I) 
(V) 
(II) 

20 Oe 7~ ~00e 

Fig. 2. ESR spectra 
of f rozen  solut ions of 
r ad ica l s :  a) (II); b) (V) 
at 77~ 

~ ,  b Any of these s tages  is one of the a l te rnat ive  pathways of convers ion  of 
the cor responding  rad ica l s .  At the na tura l  content of oxygen in the solution, 
the accumulat ion of the r ad ica l  with a N - P  bond occurs  m o r e  rapidly  than 

t h a t  of the rad ica l s  obse rved  in the absence  of oxygen. However ,  a f t e r  r e a c h -  
ing a m a x i m u m  the content of the phosphoneni troxyl  (V) drops  and becomes  
less  than the concent ra t ion  of the basic  r ad ica l s  (I)-(IV). 

To de t e rmine  the m e c h a n i s m  of the dis t r ibut ion of spin density,  we were  
in te res ted  in studying the t e m p e r a t u r e  dependence of the HFS constants  and 
invest igat ing the ESR s p e c t r a  of f rozen  solut ions.  Measu remen t s  within the 
in te rva l  f r o m  - 4 5  to +45 ~ show that the constant  of the HFS f r o m  the phos -  
phorus nucleus in liquid solutions (the m o n o m e r  se rved  as the solvent) is 
p r ac t i ca l l y  unchanged. In f rozen  solut ions (77~ anisot ropic  s p e c t r a  a re  
obse rved  (Fig. 2 and Table  3), like those obse rved  p rev ious ly  for  ni t roxyl  
rad ica l s  that do not contain phosphorus  [8]. The hyperf ine in terac t ion  with 

the ~P nucleus is p rac t i ca l ly  i so t ropic .  This  may  be evidence that the spin densi ty  on the phosphorus  a tom 
is bas ica l ly  of an s - c h a r a c t e r .  The p a r a m e t e r  of the hybr idizat ion of xN = C p / C  s (see Table  3) re f lec t s  
the ra t io  of the spin dens i t ies  on the p-  and s - o r b i t a l s  of the n i t rogen a tom and is calculated f r o m  the data / 
of the anisot ropic  and i so t rop ic  s p e c t r a  by the wel l -known method of [9]. The inc rease  in its value in the 
s e r i e s  of r ad ica l s  (I), (V), and (II) may  be evidence of a change in the valence angles at the n i t rogen a tom.  

Thus, the HFS f r o m  the 3ip nucleus in the radica l  (II) is p rac t i ca l ly  i so t ropic ;  the m e c h a n i s m  of the 
t r a n s f e r  of spin densi ty  to this nucleus evidently cannot include any signif icant  contr ibut ion of the effect  of 
p - d  conjugation. Likewise,  the deloc~lizat ion of the unpai red  e lec t ron  f r o m  the ni t roxyl  cen te r  to the 
vacant  s - o r b i t a l s  of the phosphorus  a tom also cannot make any apprec iab le  contribution, s ince aP  in the 
rad ica l  (V) with a d i r ec t  bond of the phosphorus  a tom to the cen te r  is s ignif icant ly  less  than aP in the r ad i -  
cals  (II)-(IV), where  phosphorus  is a f l -subst i tuent .  The contr ibution of the spin po la r iza t ion  a lso  probably  
is not g rea t ,  s ince the values  of a H and a P for  both magnet ic  nuclei, connected to the s a m e  carbon atom, 
in the rad ica l s  (II)-(IV) do not exhibit  any c l e a r  co r r e l a t i on  (see Table  1). This  is indicated by the c l o s e -  
ness  of the constants  a H in the rad ica l s  (II) and (III) and in the analogous rad ica l s  with a carbonyl  group 
instead of the phosphoryl  group [5]. 

It might  be thought that in te rac t ion  of the unpai red  e lec t ron  with the cr-bond of C - P  is accompl ished  
by means  of hyperconjugat ion,  and a definite role  may  also  be played by spin polar iza t ion  of the c~-electrons 
of the C - P  bond, as occurs  in the rad ica l  CH2CH2PEt 2 [10]. This  hypothesis  is suppor ted  p r i m a r i l y  by 
the la rge  i so t rop ic  constant  a P.  

Although usual ly  the m e c h a n i s m  of hyperconjugat ion  leads to a predominant  or ienta t ion of the C - P  
bond in a posi t ion in which m a x i m u m  over lapping between it and the rad ica l  cen te r  is r ea l i zed  [11], and the 
t e m p e r a t u r e  change affects  the value of a P [12], in our case  no t e m p e r a t u r e  dependence of the HFS con-  
s tants  is obse rved .  Pos s ib ly  the voluminous subst i tuents  at the phosphorus  c rea t e  s t e r i e  h indrances  p r e -  
venting any apprec iab le  change in the conformat iona l  s ta te  of the rad ica l s  (II)-(IV) within the invest igated 
t e m p e r a t u r e  in terval .  If  the bas ic  contr ibution to the appearance  of spin densi ty  on the phosphorus  is made 
by hyperconjugat ion,  then the change in aP  in the s e r i e s  of rad ica l s  (II)-(IV) means  an influence of the num-  
be r  of m o n o m e r  units added on the conformat ion  of the ni t roxyl .  

C ONC L U S  I O N S  

1. In the photolysis  of 2 - m e t h y l - 2 - n i t r o s o p r o p a n e  in e s t e r s  of o~-alkenylphosphonic acids,  n i t roxyl  
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radicals are formed with a phosphonealkyl group at the nitrogen atom on account of the addition of radical 
chain ca r r i e r s  to the nitroso compound during the radical polymerization of the phosphonates. 

2. The constants of hyperfine interaction with the 3tp nucleus in the ESR spectra  of the nitroxyls 
studied depend on the degree of polymerization of the radical to be trapped. The mechanism of this inter- 
action is not associated to any appreciable degree with p -d  overlapping and may include as the principal 
element the hyperconjugation of the orbital of the unpaired electron with the P - C  bond. 
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