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Abstract 
To examine the polar effect on spin t rapping with 2,4,6- t r i - tect-buty l -  

1-nitrosobenzene (BNB), propagating radicals from monomers were allowed to 
react with BNB to provide anil ino radicals and nitroxides of which the 
amounts were determined by ESR spectroscopy. The proportion of the 
anil ino radical increased with an increase in the steric congestion and elec- 
tron donating character of the radical. Poly(vinyl ether) radicals exclu- 
sively gave the respective anil ino radicals. Poly(vinyl ester) radicals 
yielded large amounts (>50%) of the anil ino radicals, although the nitroxides 
were the main products (>85%) from the poly(alkyl acrylate) radicals. The 
polymer radicals of methyl methacrylate and ethyl itaconate only yielded the 
anil ino radicals. The polymer radicals from ethyl ~-chloroacry late and 
acry loni t r i le  reacted preferential ly with the respective monomers leading to 
polymer formation, and the ESR spectra of the adducts were not observed. 

Introduct ion 
Radical polymerization has been util ized for the preparation of poly- 

mers from a wide variety of monomers. Because of the highly reactive 
nature and extremely low steady state concentration, the chemical behavior 
of the polymer radicals is often estimated relat ively or indirect ly. Spin 
t rapping involving the conversion of an incipient radical to a relat ively 
stable and ESR detectable adduct has been applied to polymerization sys- 
tems (1). Among the spin t rapping agents, 2 ,4 ,6- t r i - te r t -bu ty l - l -n i t roso-  
benzene (BNB) has been featured by two types of adducts, a nitroxide and 
an anil ino radical, depending on the steric circumstances of the radical 
center (2,3). Hence pf'im- and tect-radicals solely produce the nitroxide 
and anil ino radicals, respectively. The spin t rapping of a sec-alkyl radical, 
which is more and less bulkier than the prim- and tert-radicals, yields the 
two types of adducts. 
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Z,4,6-Tri-tert--butyl-l-nitrosobenzene 

(BNB) 

The spin t rapping with BNB has gained wide recognition in mechanistic 
study in polymer chemistry (4-9). However, this technique is to be used 
with caution because BNB reacts with the various radicals with di f ferent 
rates and because the spin adduct might undergo fu r ther  reaction. We 
have disclosed the peculiarit ies of the steric hindrance of poly(alkyl fuma- 
rate) radicals ar ising from the polymer chain and the ester alkyl groups 
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using BNB (10,11), and severe steric hindrance against propagation and 
termination result ing mainly from the polymer chain have been revealed. 
However, so far  the reactions of BNB with limited types of polymer radicals 
have been studied. 

BNB, which exhibits very low reactivi ty toward electronegative radicals 
(3), could exclusively trap the propagating radical in the polymerization that 
was init iated with an appropriate oxygen centered radical such as the t e r t -  
butoxy radical (t-BuO'). Although carbon-centered radicals with di f ferent 
polar characters can be derived from a variety of monomers as propagating 
radicals, the effect of the polar factor on the composition of the spin 
adduct with BNB has not been discussed except in our previous paper deal- 
ing with spin t rapping of poly(styrene) and poly(p-substi tuted styrene) 
radicals (8). The composition of the spin adduct could suffer not only 
from steric effects but also from the polar effect, because of the polariza- 
tion of the nitrogen-oxygen bond of the nitroso group. 

The present paper is concerned with the t rapping of various propagat- 
ing radicals dur ing polymerizations init iated with d i - te r t -bu ty l  hyponi t r i te 
(DBH), and these experiments appeared to provide information on the scope 
of the spin t rapping with BNB in radical polymerization. 

Experimental part 
BNB and DBH were synthesized as described in the l i terature (12,13). 

Commercially available monomers, vinyl acetate (VAc), vinyl pivalate (VP), 
vinyl benzoate (VB), isobutyl vinyl ether (BVE), ethyl vinyl ether (EVE), 
acry loni t r i le  (AN), methyl methacrylate (MMA), ethyl itaconate (EI), and 
methyl crotonate (MC), were disti l led under reduced pressure before use. 
Phenyl acrylate (PA) and 2,6-dimethylphenyl acrylate (DMPA) were prepared 
by reaction of acryloyl chloride with the respective sodium phenolates. 
Vinylene carbonate (VCa) was synthesized by dehydrochlorination of mono- 
chloroethylene carbonate (14). N-Acryloylpiperidine (NAPi) was prepared 
by reaction of acryloyl chloride with piperidine. Ethyl a-chloroacrytate 
(ECA) was synthesized by dehydrochlorination of ethyl a ,  /3-dichloropropi-  
onate with quinoline. 

ESR spectra were recorded on a JEOL ME 3X spectrometer with 100 KHz 
field modulation at X-band, and a quartz tube of 3 mm outer diameter was 
used. Computer simulation for  the ESR spectra was performed using a 
program based on the procedure or iginal ly reported by Stone and Maki (15). 
The hyperf ine coupling constant (a) was determined within an accuracy of + 
0.01 mT. The magnetic f ield and g value were calibrated with MnZ+/MnO. - 

Results and Discussion 
Poly(vinyl ester) radical 

The polymerizations of VAc, VP, and VB were init iated with DBH at 40~ 
in coexistence with BNB, and the spin adducts of the respective polymer 
radicals were detected. The spectrum of the adduct of the poly(VAc) 
radical shows the presence of the anil ino radical of which the g value is 
less than that of the nitroxide as shown in Fig. 1. The spin t rapping of 
the polymer radicals of the other vinyl esters also resulted in similar spec- 
tra. Computer simulation based on the parameters and the composition of 
the adduct in Table 1 can reproduce the spectra. 

t ~ u  t ~ u  
�9 ? '  

--CH2CH" + BNB --> ~~CH2CH-ON Bu-t + ~ ~ C H 2 C H - N ~ B u - t  

or , - -  &o 7 
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Anilino radical Nitroxide 
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Terabe and Konaka (2,3) have  revea led  t he  a H of  t he  an i l i no  rad ica ls  
as la rge  as t he  a _ H" However ,  t he  a H va lues  of  t he  an i l i no  rad ica ls  
f rom the  po ly(v in~ l~-~ster )  rad ica ls  a re  est imated to  be smal ler  than  t h e  
a m-H as t abu la ted  in Table 1, and t he  an i l i no  radical  a p p a r e n t l y  a f f o rds  
n i ne - l i ne  spec t ra .  The a H va lues  f o r  t he  n i t r ox i des  a re  in t he  range  of  
those  repo r t ed  (2,3) and are  smal ler  than  t he  a - -H "  The con ten t  o t  t he  
an i l i no  radical  was est imated to  be at  least 50% ~l~pending on t h e  s t r u c t u r e  
of t he  acyl  g roup  as l is ted in Table 2. 

The resu l t s  of t h e  sp in t r ap  of  t he  p o l y ( v i n y l  es ter )  rad ica ls  in Table 
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Fig. 1. ESR spec t rum of t he  sp in  adduc t  of  poly(VAc) rad ica l .  A, o b -  
se rved  spec t rum;  B, compu te r  s imulat ion of  t h e  spec t rum of t he  n i t rox ide ;  C, 
compu te r  s imula t ion  of t h e  spec t rum of  t he  an i l i no  radical  

Table 1. Spin adduc ts  formed by add i t i on  of  p ropaga t i ng  rad ica ls  f rom 
v i n y l  es te r  and v i n y l  e t h e r  to BNB in benzene at  40~ [DBH] = 0.01 rnol/L 
and [BNB] -- 0.05 mol /L  

N i t o r o x i d e  A n i l i n o  r a d i c a l  
Monomer 

[M] g a N a H a m-H g a N 
(mol /L)  va lue  (mT) (mT) (mT) va lue  (mT) 

a H a m -  H 
(mT) (mT) 

VP 4.16 2.0059 1.29 1.84 0,04 
VB 3.61 2.0061 1.24 1.67 0,09 
VAc , 5.43 2.0058 1.34 1.81 0.08 
VAc a) - 1.278 1.683 

• +0.007 
VAc b) - 1.227 7.578 0.07 
VCa 3.93 2.0062 1.30 1.73 0.06 
BVE 3.82 - - 

2,0031 1,06 0,04 0,22 
2,0034 1,07 0,08 0.21 
2.0032 1.17 0.07 0.23 

1.032 0.065 0.194 
2.0039 1.03 0.06 0.19 
2.0044 1.05 0.04 0.19 

a) Ref. 4) .  b) Ref. 6) .  
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2 are not in agreement  wi th  the  aspects genera l ly  accepted concern ing  the  
a lky l  radicals.  I f  the  composit ion of the  spin adduc t  f rom BNB is governed 
solely by s ter ic  fac tors ,  all these radicals should mainly p roduce the  n i t r o x -  
ide as well as the  po ly (ac ry l i c  ester)  radicals shown later .  The e lect ron 
donat ing po ly (v iny l  ester)  radicals tha t  are sec- rad ica ls  ind icate the  p r e f e r -  
ence of la rge amounts of the  ani l ino radical .  

The spin t r ap  of the  poly(VAc) radical has a l ready been car r ied  out  in 
the  s tudy  of reg iose tec t i v i t y  of in i t ia t ion  wi th  benzoyl peroxide.  Unl ike 
our  resul ts ,  Lane and Tabner  (6) found tha t  n i t rox ide  was the  sole p roduc t  
at h igher  and lower concent ra t ions  of BNB and VAc compared to the  concen-  
t ra t i ons  in the  present  s tudy  by fac to rs  of at least 4 and 5, respect ive ly .  
Under these condi t ions,  however,  the  radical  cons is t ing  of one VAc un i t  w i th  
a /3 -benzoy loxy  g roup  could be t rapped  p re fe ren t i a l l y ,  and the  e lec t ronega-  
t i ve  / 3 - subs t i t uen t  al lowed to produce the  n i t rox ide .  

Po ly (v iny l  e ther )  radica ls  
The spin t r a p p i n g  of the  radicals f rom v iny l  e thers  y ie lded almost 

solely the ani l ino radical ,  which was inconsis tent  wi th  the  expectat ions 
based on the  s t r u c t u r e  of the  radical center .  As Fig. 2 shows, BVE/DBH/ 
BNB system gave the  n ine- l ine  spect rum which can be expla ined by sp l i t t i ng  
wi th one n i t rogen and two of the  meta-hydrogens of the  ani l ino radical .  
The ESR parameters  used fo r  s imulat ion are summarized in Table 1. Sp l i t -  
t i ng  by the  a - h y d r o g e n  of the  po ly (v iny l  e ther )  moiety is not apparen t  in 
the  spect rum.  All the  a H values of the  ani l ino radicals were also found to 
be smal ler than the  co r respond ing  a m-H" The spec t ra  of the  adduc ts  f rom 
the  po ly (v iny l  e ther )  radicals were recorded at a lower ampl i tude than the  
adduc t  f rom the po ty (v iny l  ester)  radicals,  and a fast  react ion wi th BNB is 
expected. The adduc t  was not produced by heat ing the  v iny l  e the r  and 
BNB in the absence of DBH. BNB could p rov ide  a sens i t i ve  means of de -  
tec t ing  these radicals;  the  size of the  e the r  a lky l  g roup does not re f lec t  the  
p ropor t i on  of the  ani l ino radical .  

t - B u  

N-CH2CH" + BNB --> ~~CH2CH-ON B u - t  Anilino radical 
I I 

OR OR / ~  
t - B u  

The e lect ron donat ing subs t i t uen t  of the  radical  appears  to fac i l i ta te  
a t tack on the n i t rogen of BNB because of the  more e lec t ronega t i ve  charac te r  
of the  oxygen. As a resul t ,  separat ion of the  s te r ic  c rowd ing  ef fect  f rom 
the polar  ef fect  on the  composit ion of the  adduc t  becomes obscure.  The 
polymer radical  f rom s t y rene  of which the  e value is -0.8 has been shown 
to y ie ld a spin adduc t  cons is t ing  of 30% of the  ani l ino radical at low con-  

Fig. 2. ESR spect rum of the  spin 
adduct  of poly(BVE) radical  
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vers ions (4). The h igher  contents  of the  ani l ino radical in the  adduc ts  of 
the  po ly (v iny l  ester)  and po ly (v iny l  e ther )  radicals appear  to be ascr ibab le  
to e lect ron donat ing  charac te r  of these radicals.  

Poly(acrylic ester) and related radicals 
The e lect ron accept ing poty(acry la te)  radicals mainly y ie lded n i t rox ide .  

In conformi ty  wi th  the  p red ic t ions  based on s ter ic  congest ion,  the  spec t ra  
of the  spin adduc t  of the  poty (acry la te)  radicals have been shown to consist  
of the  n i t rox ide  and small amounts of the  ani l ino radical  (10) as summarized 
in Table 2. As can be seen from Fig. 3, the  2,6-d imethy l  subs t i t u t i on  d id  
not a f fect  the  composi t ion of the  spin adduc t  sugges t ing  s imi lar  s ter ic  
c i rcumstances fo r  poly(PA) and poly(DMPA) radicals.  This is a reasonable 
t rend ,  because the  size of the  es ter  a lky l  g roup  did not a f fect  the  re la t i ve  

Table 2. Composit ion of the  spin adduct ,  and e and Q values of monomers 

Type of  

rad ica l  

A n i l i n o  
rad ica l  
(mol-% 

Monomer a) 

e Q 

BVE sec  100 -1.77 0.023 
St sec  30 ~; -0.80 1.00 
VP sec  70 -0.75 0.037 
VCa sec  65 -0.65 0.007 
VB sec  50 -0.55 0.061 
VAc sec  55 -0.20 0.026 
NAPi sec  65 -0 17 c) 0.28 c) 
MMA t e r t  I00 0.40 0.74 

Type of  A n i l i n o  
rad ica l  

rad ica l  (mol-%) 

Monomer a) 

e Q 

iPA sec  5 d) 0.45 e) 0.48 e) 
PA sec  0 0.50 f )  0.96 f )  
tBA sec  10 d) - - 
EA sec  15 d) 0.66 e) 0.93 e) 
EI t e c t  100 0.67 g) 0.52 g) 
DMPA sec  0 0.90 f )  0.70 f )  
MC sec  0 

a) Ref. 16 o therw ise  noted, b) Ref. 8). c) Ref. 18. d) Ref. 10. 
e) Ref. 17. f) Ref. 19. g) Ref. 20. 

A 

_J 

B 

J 
Fig. 3. ESR spec t ra  of the  spin adduc ts  of poly(PA) radical  (A) and 
poly(DMPA) radical (B) 
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r e a c t i v i t y  of  t he  a c r y l a t e  in copo lymer i za t i on  (17). 

t -Bu 

--CH21CH" + BNB --> --CH2CH-.ON Bu-t 

COOR ~OOR /---- 
t - B u  

Anilino radical 

0 o 

I 
+ --CH2?H-N 

COOR 

t-Bu 

O B u - t  

t - B u  

Nitroxide 

Al though  t he  fo rmat ion  of a la rge  amount  of  t he  an i l i no  rad ica l ,  65%, 
f rom the  poly(NAPi)  radical  can be i n t e r p r e t e d  by t he  e l e c t r o n - d o n a t i n g  
cha rac te r  of  t h i s  radical  as expected f rom a nega t i ve  e va lue  (18), a s t rong  
t e n d e n c y  to  re ta in  t he  c o p l a n a r i t y  of  t he  carboxamide g roup  is t h o u g h t  to  
s te r i ca l l y  p r e f e r  t he  an i l i no  radical  fo rmat ion .  Ne i ther  an i l i no  rad ica ls  nor  
n i t r ox ides  were detec ted d u r i n g  AN po lymer i za t ion  in t h e  p resence of  BNB; 
t he  ex t reme ly  low r e a c t i v i t y  of  t he  poly(AN) radical  t owa rd  BNB in re la t ion  
to t he  po lar  e f fec t  should  be noted.  

P o l y ( s u b s t i t u t e d  a c r y l a t e )  rad ica ls  
The spin adduc t  f rom the  poly(MMA) radical  was obse rved  as a n ine -  

l ine spec t rum wh ich  is a t yp i ca l  s p l i t t i n g  pa t te rn  of a t r i p l e t  of  a t r i p l e t  
ass igned to  t he  an i l i no  radical  (9). The po ly (E I )  rad ica ls  also p roduced  
sole ly  t he  an i l i no  radical  as shown in Table 3. All t hese  a re  te r t~carbon 
radica ls ,  and t he  s te r i c  f ac to rs  caused t h e  fo rmat ion  of  t h e  an i t ino  rad ica l .  

The e va lue  of ECA is t he  la rges t  pos i t i ve  va lues  among t h e  monomers 
examined.  Poty(ECA) was p roduced  be fo re  t he  d i sappearance  of BNB and 
exp l i c i t l y  showed t h a t  t he  po lymer  radical  p r e f e r s  to  a t tack  t he  monomer 
r a t h e r  than  BNB. Because t he  ~ - c h l o r o - s u b s t i t u e n t  is smal ler  in size than  

Table 3. Spin adduc t  formed by add i t i on  of  po lymer  radical  to  BNB in 
benzene at  40~ [DBH] = 0.01 mol /L  and [BNB] = 0.05 mo l /L  

[M] 
Monomer 

(mo l /k )  

N i t r o x i d e  A n i l i n o  r a d i c a l  

g a N a H am-H g a N a H  a m -  H 
va lue  (mT) (mT) (mT) va lue  (mT) (mT) (mT) 

PA 3.63 2.0065 1.35 2.29 a )  _ _ _ 
DMPA 3.87 2.0062 1.31 2.06 a )  . . . .  
NAP1 4.12 2.0061 1.34 1.70 a )  2.0038 1.09 01& ~ 0.18 
MMA 4.70 - - - 2.0047 Q.96 0.20 
HMA b) . . . .  1.002 0.198 - 

 0002  00005 
.MAC) 2.00394 0.959 0.0189 
EId,  3 , 4 7 -  - - - 2.0042 1.01 - 0.19 
MC! 3.61 2.0068 1.39 1.65 0.08 . . . .  
MC e) 3.61 2.0068 1.39 2.19 0,07 . . . .  
St h) 4.16 2.0060 1.39 1.86 0.06 2.0040 1.10 0.19 0.19 
St f )  - 2.0059 1.373 1.837 2.0036 1.089 0.170 - 

+0.0002 +0.004 • • • •  
St g) - 5.0063 7.373 1.73 0.076 2.0039 1.050 0.172 0.172 

a) Too small to  be de te rm ined  d e f i n i t e l y ,  b) Ref. 4. c) Spin adduc t  of 
po lymer  deg rada t i on  in ref .  9. d) Spin adduc t  of  t h e  radical  genera ted  
by h y d r o g e n  abs t rac t i on  f rom the  /3 -me thy l  g roup ,  e) Spin adduc t  of  t h e  
radical  p roduced  by add i t i on  of  t he  t ec t - bu toxy  radical  to  t he  c a r b o n -  
carbon doub le  bond.  f)  Ref. 8. g) Ref. 6. 
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lOG 
L .! 

Fig. 4. ESR spectrum of the 
adduct of radicais generated by 
reactions of tert-butoxy radical 
with MC 

the methyl group as estimated by steric subst i tuent  constants, Es (21), 
-0.97 and -1.24, respectively, the e lect ron-wi thdrawing character-of  the 
chlor ine appears to slow the reaction of the poly(ECA) radical with BNB. 
Fast propagation of ECA (22) is also favorable for  polymer formation in the 
presence of BNB. 

When MC and BNB were heated in the presence of DBH, the complicated 
spectrum shown in Fig. 4 was observed. Based on the simulation, th is 
spectrum is assignable to two types of the nitroxides. Both the subs t i tu t -  
ed allyl radical generated by hydrogen abstract ion from the /3-methyl 
group and the radical formed by addit ion of the t-BuO" radical to the 
carbon-carbon double bond were t rapped with BNB. The amounts of the 
anil ino radicals from the prim-and s~c-radicals was too small to be deter -  
mined. These f ind ings are consistent with the detection of the two types 
of radicals dur ing the reaction of MC with the methyl radical using the ftow 
technique as reported by Izumi and Ranby (23). 

~H3 ~H3 

CH=CH + t-BuO* - ->  t-BuO-CH-CH" + | 

COOCH 3 C00CH 3 C00CH 3 

t-Bu 

t-BuO-CH-CH* + BNB--> t-BuOCH-CH--N Bu-t 
l J 
COOCH3 C00CH3 t-Bu 

t-Bu 
o .  

cooc~ a HaCOOC 
t-Bu 

Nitroxide 

Nitroxide 
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Concl usion 
BNB was used to trap various polymer radicals. The radicals from the 

vinyl ethers almost exclusively produced the anil ino radical regardless of 
the ether alkyl group. The spin t rapping of the poly(vinyl  ester) radicals 
yielded the anil ino radical as the main product. These f indings expl ici t ly 
indicate that the anil ino radical is the main product from the polymer radi-  
cal with an electron-donating substi tuent and that the size of the ether 
alkyl and acyl groups actually does not affect the composition of the spin 
adduct. 

Poly(acrylic ester) and poly(MMA) radicals produced the nitroxide and 
anil ine radicals as thei r  main products, respectively, in agreement with the 
discrimination between the sec-and tert-carbon radicals. Attempts of trap 
the poly(AN) and poly(ECA) radicals, which were derived from the most 
electrophil ic monomers among the monomers employed, failed because of fast 
propagation and slow reaction of these polymer radicals with BNB. The 
peculiar steric effects observed in the dialkyl fumarate polymerization 
(10,11) were confirmed to be estimated appropriately without the influence 
of the polar effects of the substituents. 
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