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SUMMARY 

Copolymerization of methyl a-(chloromethy1)acrylate (MCMA, MI)  as homo- 
polymerizable addition-fragmentation chain transfer (AFCT) agent with styrene (St, 
M2) was investigated. The monomer reactivity ratios were r1 = 0.12 and y2  = 0.18 at 
60" C indicating high alternating tendency. The copolymers bearing the 2- 
carbomethoxy-2-propenyl (CH2=C(C02Me)CH2-) wend  group formed by AFCT 
were submitted for 'H-NMR structural analysis. The M,, of copolymer and 
contribution of AFCT as end forming reactions decreased and increased with 
increasing MCMA content in comonomer, respectively. The propenyl end groups 
bound to the St and MCMA units were separately detected. Furthermore, it was 
concluded that the MCMA-St copolymerization involves not only AFCT but also 
chlorine abstraction by the poly(St) radical. 

INTRODUCTION 

a-(Substituted methy1)acrylic esters functioning as chain transfer agents through the 
addition-fragmentation (AFCT) mechanism have been employed for efficient control 
of molecular weight and wend structure of polymer [l-81. 'H-NMR structural 
analysis of homopolymers of styrene (St) [5,7], methyl methacrylate (MMA) [5.7], 
and methyl acrylate [5], and St-MMA copolymer formed in the presence of methyl a- 
(bromomethy1)acrylate (MBMA) [9] has revealed that 2-carbomethoxy-2-propenyl 
group ( E )  is almost quantitatively introduced because of sufficiently fast addition of 
propagating radical to MBMA followed by fast fragmentation of MBMA radical. 
Minor reactions of AFCT agent would compete with AFCT [10,11]. 
Homopolymerization of MBMA was observed during the oligomer formation of 
common monomers in the presence of a large amount of MBMA [ 121. Furthermore, 
methyl a-(chloromethy1)acrylate (MCMA) [ 131 as well as a-(phenoxymethy1)- [ 141 
and a-(2-carbomethoxyl)acrylates [ 15,161 have been known as polymerizable AFCT 
agents, resulting in introduction of E at the wends less efficiently than MBMA. 
Recently, it has been reported that some of polymer chains bearing Es are as reactive 
as common monomers [ 171. AFCT has drawn attention as an efficient method to 
prepare a radically copolymerizable macromonomer by radical chain polymerization, 
and the E introduction by AFCT in competition with elementary reactions should be 



306 

studied in more detail. I n  this paper, copolymerizations of MCMA with St and 
CH2=CHC6Dj (St-d,) \+ere carried out to shed light on competition of propagation and 
chaiii transfer. The end structures of copolj iner were studied by 'H-NMR 
spectroscopy to reveal the reaction modes of MCMA. 

EXPEK~MENTAL 

MCMA was prepared atid puritied as reported [18]. St was distilled under reduced 
pressure before use. 2.2'-Azobisisobutyronitrile (AIBN) was recr\stallized fi-om 
methanol. St-dj and CDp=CDC6H5 (St-d?) were synthesized by dehydration of 
CH3CH(OH)C6D5 and CD?CD(OH)CsH5, respectively [ 191. Copolymerizations were 
carried out in glass tubes degassed via consecutive freeze-pump-thaw cycles and 
sealed under vacuum. After polymerization, the contents of the tube were poured into 
a large amount of methanol to isolate copolymer. The 'H-NMR resonances of the 
main chain CH and C1H? at 1 .O-2.3 ppin (St unit + MCMA unit), the CIlzCl and OMe 
at2.6-4 2 ppin (MCM4 unit), and phenyl protons (St unit) were chosen for calculation 
of copolymer composition. Compositions of MCMA-St-dS copolymers were 
calculated fioin the intensities of the peaks due to the CHz and CH (MCMA unit St- 
d5 unit) and those due to the CHzCl and OMe (MCMA unit). Assignments of the 
resonances ascribed to the CH: and CH (MCMA unit + St unit) s e r e  confirmed by 
comparison of the 'H-NMR spectrum of MCMA-St-d5 copolymer with that of 
MCMA-St-d; copolymer. Monomer reactivity ratios ( r ,  and r 7 )  mere evaluated by a 
nonlinear least squares procedure [20].  CPC measurements mere carried out using a 
Tosoh 8000 series high-performance liquid chromatograph equipped with TSK-eel 

i- columns for GHC. The molecular weight mas calibrated by po!y(St) standards. H- 
NMR spectra nere recorded on a JEOL JNM-A 400 spectrometer at 400 MHz. 
Deuteriochloroforin and tetramethylsilane were used as solvent and internal standard, 
respectively . 

RESULTS AND DISCLJSSION 

MCMA-St and ,WCh4A-St-dc copohvners 

The copolymerization of MCMA (M,) and St or St-d, (M?) was carried out in benzene 
at 60 "C: ri = 0.12 and r2 = 0.18 for MCMA (MI)-St (MJ, and Q, = 1.13 and el = 
1.20. The r ,  and r2 values for MCMA (MI)-St-Q (M2) copolymerization were 0.13 
and 0.27, respectixely. The results of the copolymerizations are shown in Table I .  
Actually, nuclear deuteration ol' St did not affect copolymer composition. The 
copolqinerizations of St and St-d, gave similar conversions and M,,s at the respective 
comonomer compositions. The 'Id,, decreased with increasing MCMA content in  
coinonomer in accordance u ith the ArCT function o f  MGMA. 

,Ytmctiircs oj copob mer end 

The olefinic protons of E exhibited much weaker resonances than the characteristic 
resonances due to the monomeric units. Expanded 'H-NMR spectra at 5.0-6.5 ppm 
are shown in  Figure I .  The E content in copolymer ([MCMA unit]i[.Erl) was obtained 
using the intensity ratio of the resonances of the OMe and the unsaturated methylene 
protons [ 131. However, some of the resonances due to E s e r e  hidden by the very 
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Table I Copol~rnerizatrons ofMChl4  (MI)  nrth St and Tt-d, 
______ ~~ 

C opol! rnzi urth St C opolqmer \i ith St-J, 
_________ 

W G ) /  

(n jc 

comonomer 
((3) \rn(u)b [St-d,] 

(molo/o) Pt' lfn(G) (inol(h) ('I' (molo/o) 

1 0 7 71 7 38100 7 5 0  47000 337600 0 14 
30 3 58 I 52200 61 7 48000 185700 0 2 6  
50 1 57 2 181'10 5 4 0  41000 89400 0 4 9  
70 5 4 6 2  27500 448  22500 34200 0 6 6  
90 6 32 5 9200 33 6 9600 18000 0 53 

I00 4 0 140Qd 
[M,J  + [\ iz j  = 3 0 moi L .  L A ~ B ~ ] =  5 nimo~ i Calcuiattzd iiorn G Z  content cieierminect 

b> 'H-UMR specctioscop\ 
pie\suic oimolllctci (\f , ,(V)).  and Lfj,(V)/\f,,(N) ~ 1 05 fioin rcf 13 

Efficient) of the E introduction \ I ,  detzrmined b) bdpor 

I I L - i  

6.5 6.0 5.5 5.0 
8 (PPm) 

Figure 1. Expanded 'N-?"\/IK spectra of E bound to MCiCIA-5t copoi>meis containing 26 3 
(A). 32 5 (R), and 39 3 moloo (C) of St unit. and R/TC\44-\t-d, copolJmers containing 33 6 
(13). 44 8 (C). 54 0 (F). and 61 7 rnol'o (6) of St-d, units 
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Table 2. Intensities of ihe indi\idual resonances at 5 0-6.4 ppm 

[St] or [St-d,] Relatihe intensit> ("0) loo x r-lllL 
i n  copolJmer I I1 I l l  IV I/([ + lI)b 

("6) 
(mo'o/o) (5 0-5 3 ppm) ( 5  7-5 8 ppm) ( 5  9-6 1 ppmi (6 1-6 3 ppm) to') 

26 3b 14 43 2 41 25 12 
32.5b 23 37 4 36 38 19 
33 bC 23 37 3 37 38 20 
39 3b 25 35 6 34 32 19 
44 gc 32 28 9 31 53 24 
54 0' 33 25 19 23 57 14 
61 7' 35 18 31 16 66 4 

Content of St-CI relatne to (St-E+MC\/IA-E- 
a Spectral intensities oi I-IV relatire to (summation or I-W intensities) 
St-E) relative to (St-ErMCMh-E+St-Cl) 
St-CI) [st unit] in copoI)nier [ ~ t - d ~ ]  unit] i n  copollmer 

Contcnt of(St-CI+ 

intense resonances due to the phenyl group \+lien the copolq iner contained more than 
40 mol% of St. To overcome this problem, St-d5 was copolymerized with MCMA. 
The h4,,,s calculated from [MCMA unit]l[E'l with consideration of copolymer 
composition ( Ml1(N)) are considerably gredter than the ,V,,Y measured by GPC ( WI,(G )) 

as summarized in Table 1 .  M,,(G)'Mll(N) indicating the efficiency of the end group 
introduction decreased 'M ith increasing MCMA content i n  comonomer because of the 
AFCT fimction of MCMA. rhe [MCMA unit]l[EJ value for the poly(MCMA) was 
33.2 corresponding to Mn(N) = 4600 close to M,,(V) = 4400 because of almost 
quantitative introduction of E [13]. Uruallq, k(,(N} tends to be slightly higher than 
A/,,(G) uhen 4/,, was controlled by AFCT [5,10,17]. Difference between hfJN) and 
LLfn.if,(G) can be explained by contributions of bimolecular termination, and addition of 
poly(St) radical to E followed by coupling with the polymer radical and/or addition to 
Sr 1151. In the case of  the MCMA-St copolqnierization. polq(MCMA) radical would 
rapidly add to St to diminish the AFCT contribution. 
The resonances in Figure 1 can be grouped as I-IV. and the intensities of I-IV relative 
to the total of the intensities of I-IV are summarized in Table 2. The olef-inic protons 
of E bound to poly(St) (5.08 and 5.92 ppm) and poIy(MCMA) (5.74 and 6.27 ppm) 
chains exhibit different chemical shifts depending on the CIF- or trans-tl with respect 
to the C02Me group [13,21]. Figure 2 shows a linear relationship between the 
chemical shifts of the cis- and trans-Hs in monomers, polymers or oligomers given by 
a generalired structure 1 .  ,4 pair of resonances assigned to the C I S -  and tmns-H can be 
prcdicted among the resonances at 5.0-6 5 ppm, if the resonance of either C I S -  or 
trans-H is assigned. Apparently. an increase in electronegativity of XI xould result in 
lower magnetic field shifts of the resonances ascribed to the olefinic proton5 

H (trans) 

H (cis) 
X-CH2-C=C< 2 

C02Me 

The resonances due to E appear as two sets o f  two lines depending on the adjacent 
monomeric unit in the spectra of MMA-MCMA copolymer [I31 and the St-MMA 
copolyrner obtained in  the presence of MBMA [9]. However, I-IV apparently consist 
of some additional resonances which relative intensities seem to be depend on 
copolymer composition. It was suggested that the chemical shifts of the resonances 
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I ! I ! 

5.0 5.2 5.4 5.6 5.8 6.0 6.2 
6 offrutt~-H (ppm) 

Figure 2. Linear relationship betveen chemical shifts OECZS- and tmm-Hs of 1 Y - C(’vle),Ph 
(1)/21I, polj(5i)  (2)[9], poh(M4lA) ( 3 ) [ 5 ] .  C(Mc)3C022/(e (4)[21]. Me (j)[22J. pol)(meth>I 
~-~2,-l-ciicarboinctl~~~\but~l]acr!late) (6)[231. poI>(M4) ( 7 ) [ 5 ] .  1-1 (8). po1qlmeth)l a- 

jcthpl)acrqlate] (9)[ 151. CH,CO,Me (lo)[]  51. CH(CO,S/le)CH 
02hle)2(  12)(24] C(CQ2Xle)l (13)\25]. polq(hlCrvl4) (14)[131. 

[24]. OEl (16)127]. C)CH21-’h (17)[9J. OPh (IS)[ 141, Rr (19)[51 

mste I--_ 6h C02Me Ph CO,Me 

MCMA 
+ -cH~-CH-CH~-C-CH~CI - mCH2-CH-CH2-C=CH2 (2) + CI. 

I I 

MCMA 
vCH2-yHCl (3) + CH -C-CHz* (4) 

2- I 
Ph CO*Me 

Scheme 1 

comisting of I-IV are primarily governed by the adjacent monomeric unit to E and the 
penultiniatr unit also affect to a smaller extent. 
Rased on Figure 2. 1 and 111 are assigned to the tmm- and cu-ti o f 2  arising from 
AFCT as in Scheme 1. The intensit) of 1 increased with increasing St unit content to 
a certain extent The intensity of I decremed bq a further increase in  the St content in 
copolqmer and became alinost the same with that of 111 at high St-di unit contents. 
Although singlets were considered to be involved in I ,  no resonaiiceF paired mith the 
singlets i n  I were not detected in 111. One of the possible origins of the singlets of I 
would be the benzq lic protons of 3 which m a y  be formed bq chlorine abstraction from 
MCMA as in Schen-te 1.  The resonance due to the CICH2 of 5 would not be involved 
i n  Figure 1.  Addition of 4 to St would result in 6 (Scheme 2) to show a pair of 
resonances in conformity with the linear relationship in Figure 2. Hobever. 
resonances due to 2 and 6 might not be observed separately because of the non-polar 
nature of polq(St) chain. 1 he content of (St-CI + k - E )  which was calculated from the 
intensity ratio of I to (I + 11) i s  approximately equal to the St content in copolymer 
was, and the St-CI content was given by ( I  IIf) in Table 2. Alternatively, MCMA 
might be feasible lo hydrogen abstraction by poly(St) radical to form 7 vhich might 
add to St and MCMA to give 8 and 9. The a-end structure involving 8 should exhibit 
the resonance due to the cu-olefinic proton at lower magnetic fields than 6.4 ppm 
according to Figure 2 because of the presence of the ClCH group. No resonance was 
detected at the chemical shift range to exclude the hydrogen abstraction from MCMA. 
Chlorine or hydrogen abstraction from the CHzCl in the copolymer can be ruled out 
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St CI*  ----+ CI-CH2-CHw (5) 

Ph 
St 4 ----Q CH - -C-CHZ-CH~-CHW(~)  = E-CH2-Stn  

Ph 
=- I 

CQzMe 

MCMA 
-St*  -----+- -St-# + CHz=C-CHCI* (7) 

C02Me 

St CH -C-CHCI-St-”- (8 )  
/ . /A 2-1 

7 CQ2Me 

h CH2=Y-CHCI-MCMAcU?JIP (9) 

Scheme 2 

because of no allylic stabilization o f  the radical formed. 111 is ascribed to the cir-H of 
E bourid to St  unit (%-El involving at least two cignals occurring to the significant 
change in intensity in Figure 1 .  and the component o f  the same intensity uith 111 
would be involved in 1 as the resonances assigned to the tmm-I-i of St-E. St-E with 
the MCMA penultimate unit (MCMA-St-E) i s  expected to exhibit the resonances of 
the CIS-  and trut7s-H at slightly greater chemical shifts than those of St-E hearing the 
St penultimate unit (St-St-E) because of weaker electron withdrawing character of St 
unit than MCMA unit. 
11 and IV  are unambiguously assigned to the tmi7.7-  and cis-Eis of E bound to MCMA 
unit (MCMA-E), respectively, formed as 10 in  Scheme 3, and I 1  and I V  \how the 
same intensity at each copolymer composition (Table 2). Polar factors of MCMA and 
chlorine atom would suppress forniatjons of 1 1  arid 12. The CHzCl group of 11 and 
12 could not be detected by IH-NMR spectroscopy because of the presence of the 
stronger resonances due to the CH2CI and OMe of the repeating units. I I  ai  

would also involve the resonances ascribed to E o f  13 arising from addition 
MCMA. The resonances due to 13 with the St penultiiiiate unit might overla 
those due to 10 with the same penultimate unit. The resonances due to 13 with the 
MCMA penultirnate unit would appear at slightly higher magnetic field than those due 
to 10 with the MCMA penultimate unit in 11 and IV  because the E bound to the a- 

CH2CI * CH2CI 

--)- VI .CH~-C-CH~-C-CH~CI  + -CH2-k- 
~ o ~ M ~  k o 2 M e  

CH2CI 
I 

MCMA -CH2-CCI (11) + CH2=Y-CH2* (4) 

C02Me C O ~ M e  

L -“-MCMA * 

CHzCI 
~ C M A  

Cia - C I - C H Z - ~ W  (12) 
C02Me 

CH2CI 
MCMA 

4 - CH -C-CH2-CH2-k.w (13) = E - C H 2 - M C M A ~  
I 

C02Me 
2- ! 

C02Me 

Schzinc 3 
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Table 3. Effects of St content in copol!mer on  spectral intensit) of individual resonances 
aiid assignment 01 I-IV 

Increase in [St] 

in coi)oi\mera 
Notation 6 (ppni)  'uo Assignment 

.. - __I_ I_ - . .  - _- 
I 5 10 lnciease 2 - St-St-E-tiani 

I 5 18 3 
1 5 25 Increase 2 -MCM 4-St-E-tmns 
I1 5 60 Increase 10 -Ct-MCMA-E-trans 

1 5 15 3 . St-SKId 
C - M C  MA-St-Cld 

I1 5 69 D e c r e a s e 13 -MCMA-T\/IC"VIA-Cl l : -E-t~ans~ 
I1 5 72 Decrease 10 -RICSIA-MC "IA-E-fi.al?\ 
I11 5 93 Iiici ease 2 -St-St-E-c 1 %  

I11 6 00 lncreasc 2 -bfCMA-St-E-cir 
IV 6 20 increase 10 -St-R.1CMA-E-c1 r 
I\ 6 22 Decrease 13 -MCMA-MCT\/IA-Cl I Z - E - C ~  
I v 6 27 Decieasz 10 -MCMA-MCMA-E-C L A  

__ 

.~ 

Change in intensit! relatne to the total ofthe resonances in 5 0-6 4 ppm ftructuiz5 in 
Sclierna 1-3 ' Dependence of spectrdl intenkit)  on copolymei compoiition e.rhilmed 
maxirnuni. 4ee kiguie 1 aiid P&le 2 d R e n r > l  protori I orined b> initiation \+ i t l i  4 

carbon oE MCMA in 10 and the P-carbon in 13. Table 3 summarizes the relevant 
assignments of the individual resonmces to the end structures consisting of two 
monomer units and E or CI In this table. "Increase" and "Decrease" denote changes 
111 spectral intensity of the resonances as shown in Figure 1 

MCMA -St and ,4!CzM4 -MAli%A c o p o l ~ m m  

Whq the penultimate unit affects the chemical shifts of the protons of E bound to 
MCMA-St copolymer unlikely to E bound to MCMA-MMA copolymer. One of the 
possibilities could be more significant difference between the effects of MCMA and 
St units as adjacent and penultimate units on the chemical shifts of the olefinic protons 
of E in comparison M ith that between the effects of MCMA and MMA units as can be 
predicted froin l- igure 2. '1'wo types of chain transfer. AFCT and chlorine abstraction 
froin MCMA by poly(St) radical, were found to be involved resulting in four groups 
of lines and one group of lines at 5.0-6.5 ppni. Ho-ever, the copolymerization of 
MCMA-MMA (rMCLI-\ = 0.56, rhlb14 = 1.53) in \  olved on14 one type of chain transfer, 
AFCT [13]. Resonances such as those due to MMA-CHZ-E suggesting chlorine 
abstraction by poly(MMA) radical were not founded in the 'H-NMR spectra of the 
copolymers. It %as deduced froin the monomer reactivity ratios that faster 
homopropagation of MMA than that of St reduces the contribution of chlorine 
abstraction from MCMA and that electron accepting character o f  poly(MMA) radical 
unlikelq to electron donating character of poly(St) radical suppresses chlorine 
abstraction. Thus, all the factors relating to MMA and poly(MIC1A) radical tend to 
suppress chlorine abstraction in the MCMA-MMA copolymerization. 

The copolymerizations of MCMA (MI)-St (MZ) ( r l  = 0.12 and r2= 0.18) and MCMA 
(Mi)-St-d5 (M2) ( r ,  = 0.13 and P? = 0.27) exhibited a highly alternating tendency in 
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contrast to the MCMA-MMA Copolymerization 11 31. The MCMA-MMA 
copolymeriration yields the copolqmers bearing E. and the olefinic protons of E 
bound to MCMA and MMA units show two sets of t n o  line spectra. Houever. the 
chemical shies o f  the unsaturated methylene protons of E bound to the MCMA-St 
c ~ p o l y i ~ e r  mere affected bq not on14 the m- or franr-position5 with respect to thc 
C02Me group but also the nionoiner units including the MChlA penultimate unit 
bound to E. MCMA could not be a perfect AFCT agent in copolymerization with St 
because of fast addition o f  poly(MCMA'l radical to St as observed as high alternating 
tendency. Furtherinore. the copolymerization of MCMA with St &as found to involve 
AFCT and chlorine abstraction from MCMA by poly(St) radical. The contribution of 
the chlorine abstraction depended on corrionomer composition: less than 59.0 of the 
total of the wend groups at more than 70 inolo/o of St or St-dj in comonomer or more 
than 60 mol% of St or S td5  unit in copolymer. 
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