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1036 West Belden Avenue, Chicago, Illinois 60614-3214, USA 
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Automotive Technical Center 
Sherwin-Williams Co. 
10909 S. Cottage Grove Avenue, Chicago, Illinois 60628, USA 

ABSTRACT 

Copolymerizations of ring-substituted methyl 2-cyano-3-phenyl-2- 
propenoates, RC,H,CH=C(CN)CO,CH, (R = CtH5, CH30, C1, Br, F) 
with styrene (M,) were studied in solution in the presence of a radical 
initiator. Terminal and penultimate kinetic models were applied for best 
prediction of the copolymer composition. The Alfrey-Price Q and e 
parameters calculated for the monomers correlate well with the relative 
reactivity ( l/rl). The relative reactivity showed a tendency to increase 
with increasing Hammett constant 6, cyclic voltammetric reduction po- 
tential, Ep, caIculated atomic charge, and I3C-NMR chemical shift on the 
olefinic a-carbon of the ring-substituted monomers. 
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INTRODUCTION 

KHARAS ET AL. 

Trisubstituted ethylene (TSE) monomers containing substituents larger than 
fluorine exhibit no tendency to undergo vinyl polymerization, apparently due to 
kinetic considerations superimposed on the thermodynamic factor responsible for 
the difficulty with which 1,l- and 1 ,Zdisubstituted ethylenes polymerize [ 11. It was 
early recognized that radical copolymerization provides the most general method of 
overcoming problems encountered in the homopolymerization of TSE monomers. 
This approach has been particularly successful in preparing copolymers from elec- 
trophilic TSE monomers having a double bond substituted with halo, cyano, and 
carbonyl groups [2-81. These electron-poor TSE monomers copolymerize readily 
with monosubstituted electron-rich monomers like styrene [2-51, vinyl acetate [4, 
61, vinyl ethers [4, 71, N-vinyl carbazole [4], and N-vinyl pyrrolidone [8]. 

a-Cyanocinnamates (esters of 2-cyano-3-phenyl-2-propenoic acid) were used 
as model compounds in various studies of monomer reactivity in the copolymeriza- 
tion of electron-poor TSE monomers and electron-rich monosubstituted alkenes [3, 
6-1 13. The effect of the ester groups structure on the relative reactivity of these TSE 
monomers toward the attack of a polystyryl radical was studied and correlated with 
semiempirical parameters such as Hammett's substituent constant [9]. The kinetic 
scheme of the TSE monomers fits to the penultimate model of copolymerization. 
The copolymerization of styrene with methyl 2-cyan0-3-phenyl-Zpropenoate, stud- 
ied first in bulk by Gilath et al. [9], was reexamined in toluene with the increased 
number of experimental points and application of the Kelen-Tiidos linearization 
method (rsT = 0.256 0.062 and reT = 1.251 i 0.255) [lo]. These parameters 
were later refined for an expanded conversion range (3-21 wtVo) [l 11. 

Recently a number of ring substituted methyl 2-cyano-3-phenyl-2-propenoates 
were prepared and characterized [12, 131. The present paper describes the substitu- 
ents effect on the radical copolymerization of these methyl 2-cyano-3-phenyl-2- 
propenoates with styrene (ST). The TSE monomers used in this study are shown in 
Scheme 1: 

RC6H,-C,H=Ca (CN) COZCH3 

where R = p-C2H, (4ECP), p-CH30 (4MOCP), m-CH30 (3MOCP), o-CH30 
(2MOCP), o-C1(2CCP), m-C1(3CCP), p-C1(4CCP), p-Br (4BCP), p-F (4FCP). 

EXPERIMENTAL 

The TSE monomers were prepared according to the general procedure of the 
Knoevenagel condensation by reacting an appropriate ring-substituted benzalde- 
hyde with methyl cyanoacetate, as described in previous work [12, 131. I3C-NMR 
spectra of 4-10'70 CDC1, solutions of the monomers were obtained on a Bruker 
Omega 400WB spectrometer with a 9.4T 89 mm bore magnet, at room temperature. 
Parameters for the carbon spectra were: 6.5 p s  pulse width (- 30°), 3 second pulse 
delay, 16,384 acquisition points, 128 scans, with broadband proton decoupling. The 
13C-NMR analysis of the monomers showed the presence of a single (E>isomer with 
the ester group trans to the phenyl group, which is consistent with the Nh4R data on 
a variety of substituted 2-cyano-3-phenyl-2-propenoates 114, 151. 
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RADICAL COPOLYMERIZATION 629 

The molecular weights of the copolymers were determined relative to polysty- 
rene standards in chloroform solutions with sample concentrations 0.8% (w/v) by 
gel permeation chromatography (GPC) using a Waters Model 510 pump at an 
elution rate of 1.0 mL/min through 500, 1O00, and 10,000 A Phenogel (Pheno- 
menex) columns at 35OC, and a Model 410 refractive index detector. 

The cyclic voltammetric reduction potentials (EJ were measured in CH3CN 
(Reagent grade, Baker) and a nitrogen atmosphere with a CV-SOW voltammetric 
analyzer (Bioanalytical Systems, Inc.). Lithium perchlorate (Aldrich) was used as a 
supporting electrolyte. A saturated calomel electrode served as the reference elec- 
trode in combination with a glassy carbon working electrode and a platinum auxil- 
iary electrode. 

Atomic charge distributions were calculated (AM1) by using HYPERCHEM 
software (AUTODESK Inc.). 

Styrene (ST) (Aldrich) was purified by washing with aqueous sodium hydrox- 
ide , drying and subsequently distilling at reduced pressure. Ethyl acetate (Aldrich) 
was used as received. 2,2’-Azobisisobutyronitrile (AIBN) (Aldrich) was twice re- 
crystallized from ethyl alcohol and then dried under reduced pressure at room 
temperature. Copolymers of the TSE monomers and ST were prepared in 50-mL 
Pyrex screw cap ampules at various ratios of the monomer feed using 0.0045 mol/L 
of AIBN at an overall monomer concentration 2 mol/L in 20 mL of ethyl acetate. 
The copolymerization was conducted at 80°C. After a predetermined time the mix- 
ture was cooled to room temperature and precipitated by the dropwise addition to 
methanol. The crude copolymers were purified by reprecipitation by addition of a 
chloroform solution to an excess of methanol. The composition of the copolymers 
were determined based on the nitrogen content with a precision of 0.1 wt%. Elemen- 
tal analyses were performed by Quantitative Technologies Incorporated (New 
Jersey). 

RESULTS AND DISCUSSION 

An attempted homopolymerization of the TSE monomers in the presence of 
AIBN did not produce any polymer as indicated by the lack of a precipitate in 
methanol. Inability of the monomers to polymerize is associated with steric difficul- 
ties encountered in homopolymerization of 1,l- and 1 ,Zdisubstituted ethylenes [l]. 
This type of steric hindrance would increase the activation energy required for 
addition and slow down the rate of propagation to such an extent as to favor the 
occurrence of a chain transfer or termination instead. Homopolymerization of ST 
under conditions identical to those in the copolymerization experiments yielded 
18.3% of polystyrene, when polymerized for 30 minutes. Copolymerization of the 
ring-substituted methyl 2-cyano-3-phenyl-2-propenoates with ST resulted in forma- 
tion of copolymers with a number-average molecular weight of 3 x lo4 to l x los. 
Copolymer composition curves of the copolymerizations of some methoxy- 
substituted methyl 2-cyano-3-phenyl-2-propenoates are presented in Fig. 1. As can 
be seen in this figure, the curves vary with the position of the methoxy substitutents 
on the benzene ring of the propenoates. Reaction conditions and compositions of 
the resulting copolymers are summarized in Table 1. According to elemental analy- 
sis of the copolymers, a substantial amount of trisubstituted ethylene monomer is 
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630 KHARAS ET AL. 
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FIG, 1. Copolymer composition curves for the copolymerization of styrene (MI) with 
ring-substituted TSE monomers (M2).  

present in the copolymers, which is indicative of relatively high reactivity of the TSE 
monomers toward styrene radical. 

With respect to the propagation reactions, two mechanisms have been pro- 
posed to explain the strong alternating tendency between electron-donor and elec- 
tron-acceptor monomers. One mechanism states that the transition state of the 
cross-propagation is stabilized by partial electron transfer between the electron- 
acceptor and electron-donor monomers or radicals [ 161. The second mechanism 
suggests that formation of donor-acceptor monomer dyads in the copolymer results 
from homopolymerization of monomer electron donor acceptor complexes [ 171. 
The complexation can lead to radical formation by electron transfer between mono- 
mers [ 181. Both the cross-propagation and complex mechanisms are probably opera- 
tive in copolymerizations which lead to copolymers with a high content of alternat- 
ing structures. It has been shown that the chemical composition of a copolymer, 
both in the crude sense of overall composition and in the more detailed sense of the 
distribution of the units along the chain, is controlled almost completely by the 
nature of the propagation steps. Assuming the reactivity of the propagating chain in 
a copolymerization is dependent on 1) the terminal monomer unit, 2) the penulti- 
mate monomer unit, or 3) a participation of both free monomers and monomer 
complexes, different kinetic models [19-21 J can be applied to compositional data 
for best prediction of the copolymer composition. 

In an attempt to correlate the observed monomer reactivities, two copolymer- 
ization models, the terminal [19] and the penultimate [20], were examined for con- 
sistency with composition data obtained at various monomer feeds. The complex 
model will be considered elsewhere. In the absence of the TSE monomer self- 
propagation (k22 = 0, r2 = 0), Eq. (1) [19] 
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TABLE 1. Copolymerization of ST (M,) with TSE (Mz) 

Nitrogen Mole fraction 
Mole fraction Time, Conversion, content, m, in the 

Experiment MI in the feed minutes wt% wt% copolymer 

4ECP: 
1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 

2CCP: 
25 
26 
27 
28 
29 
30 

3CCP: 
31 
32 
33 
34 
35 
36 

4MOCP: 

3MOCP: 

2MOCP: 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

95 
90 
75 
65 
50 
25 

95 
0.90 
0.75 
0.65 
0.50 
0.25 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

60 
60 
60 
60 
60 

168" 

240 
240 
240 
240 
240 
168" 

30 
30 
30 
30 
30 

168" 

30 
30 
30 
30 
30 

168" 

90 
90 
90 
90 
90 

168" 

75 
75 
75 
75 
75 

168" 

0.87 
0.86 
0.75 
0.68 
0.64 
0.59 

0.94 
0.90 
0.84 
0,78 
0.73 
0.61 

0.87 
0.80 
0.69 
0.65 
0.59 
0.55 

0.91 
0.85 
0.70 
0.70 
0.65 
0.59 

0.86 
0.79 
0.71 
0.67 
0.60 
0.60 

0.84 
0.75 
0.66 
0.62 
0.61 
0.52 

8.28 
8.46 

12.8 
10.7 
11.51 
25.0 

18.9 
15.4 
11.3 
15.1 
12.9 
21.5 

4.84 
4.99 
6.34 
7.88 
7.53 

25.6 

4.32 
4.99 
5.42 
5.55 
5.83 

22.4 

13.9 
16.3 
12.0 
14.4 
17.0 
19.0 

13.1 
10.6 
16.8 
16.7 
11.7 

1.13 
1.73 
2.65 
3.21 
3.50 
3.85 

0.82 
1.17 
1.84 
2.39 
2.81 
3.69 

1.49 
2.25 
3.13 
3.43 
3.84 
4.08 

1.09 
1.73 
2.58 
3.05 
3.43 
3.78 

1.65 
2.24 
2.93 
3.22 
3.72 
3.69 

1.82 
2.53 
3.33 
3.6 
3.86 

18.9 4.18 .~ 

(continued) 
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632 KHARAS ET AL. 

TABLE 1. Continued 

Nitrogen Mole fraction 
Mole fraction Time, Conversion, content, m, in the 

Experiment Ml in the feed minutes wt% wt% copolymer 

4CCP: 
37 
38 
39 
40 
41 
42 

4BCP: 
43 
44 
45 
46 
47 
48 

4FCP: 
49 
50 
51 
52 
53 
54 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

0.95 
0.90 
0.75 
0.65 
0.50 
0.25 

90 
90 
90 
90 
90 

168" 

1 20 
120 
120 
I20 
120 
168" 

480 
480 
480 
480 
480 
168" 

10.1 
8.6 

13.9 
11.1 
14.3 
20.7 

12.1 
12.7 
15.6 
13.9 
16.0 
21.1 

10.8 
9.1 

12.7 
14.0 
12.3 
24.6 

1.63 
2.16 
3.17 
3.44 
3.88 
4.05 

1.53 
2.02 
2.69 
3.17 
3.37 
3.71 

1.28 
1.89 
2.86 
3.29 
3.61 
3.96 

0.86 
0.80 
0.68 
0.64 
0.57 
0.54 

0.86 
0.80 
0.71 
0.63 
0.59 
0.52 

0.90 
0.84 
0.73 
0.68 
0.63 
0.59 

'Hours. 

m1/m2 = Ml(rlMl + M#M,(M, + rzM2) (1) 
(m, and m2 are mole fractions of ST and a TSE monomer units in the copolymer, 
respectively; Ml and M2 are the concentrations of ST and TSE in the monomer feed, 
respectively) yields 

(2) 
where Y denotes the ratio of the mole fractions of the two monomers in the copoly- 
mer (m,/mz), X i s  the ratio of the two monomers in the feed (MJMz), and the 
copolymerization parameter rl = kll/kl2. 

An application of the terminal model to the compositional data for ST- 
3MOCP copolymerization (Table 1) is presented in Fig. 2. The model does not 
predict well the copolymer composition, particularly at high ST content in the 
monomer feed. Similar deviations were observed for all ST-TSE copolymerizations. 
Deviations from the terminal model of the copolymerization of alkyl 2-cyano-3- 
phenyl-2-propenoates with styrene were attributed to the influence of penultimate 
units [9]. The copolymer composition equation of the penultimate model proposed 
by Merz et al. [20] was applied to the copolymerization of ST and the TSE mono- 
mers with r2 = r; = 0 (r2 = k222/k221, r; = klz2/klzl) in the form of 

Y - 1 = rlX 
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6 

5 

- 4  

E" 
Ei- 

* 2  

. 3  

I1 

1 

0 
0 5 10 15 20 

X = M / M *  

FIG. 2. Analysis of the copolymer compositional data (MI = ST, M2 = 3MOCP) in 
terms of the terminal and penultimate models. 

Y - 1 = riX(1 + rJ)/(l + r ; X )  (3) 

The values for rl (k,11/k112) and r ;  ( r ;  = k211/k2,2), determined by the penultimate 
model, are summarized in Table 2. The monomer reactivity ratios were calculated 
by using nonlinear curve fitting based on the Marquardt-Levenberg algorithm. A 

TABLE 2. Copolymerization Parameters in the Radical Copolymerization 
of Ring-Substituted Methyl 2-Cyano-3-phenyl-2-propenoates (M,) with 
Styrene (Ml) 

TSE r1' 

2MOCP 
3MOCP 
4MOCP 
4ECP 
2CCP 
3CCP 
4CCP 
4BCP 
4FCP 
UCP" 

0.44 f 0.02 1.82 f 0.46 4.14 0.22 2.90 2.27 
0.28 f 0.01 0.64 * 0.06 2.29 0.28 3.10 3.57 
1.27 f 0.11 2.19 f 0.74 1.72 0.13 2.47 0.79 
0.52 f 0.02 1.02 f 0.21 1.96 0.20 2.82 1.92 
0.21 f 0.01 1.83 f 0.36 8.71 0.32 3.22 4.76 
0.15 f 0.02 0.62 f 0.13 4.13 0.38 3.36 6.67 
0.35 f 0.11 0.41 * 0.11 1.17 0.25 3.00 2.86 
0.26 f 0.04 1.07 f 0.11 4.12 0.29 3.13 3.85 
0.41 f 0.01 1.10 f 0.17 2.68 0.23 2.94 2.43 
0.26 f 0.26 1.25 * 0.26 4.80 0.29 3.13 4.36 

"Cited from Ref. LO. 
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634 KHARAS ET AL. 

nonlinear regression curve calculated for the 3MOCP-ST copolymerization data is 
presented in Fig. 2. Further, the values for r;/rl which express the degree of the 
effect of the penultimate unit are given, thus showing the presence of this effect for 
all TSE monomers studied. The ratios r ; / rI  for various esters of 2-cyano-3-phenyl- 
2-propenoic acid were found in the range 1.93-4.23 [9]. 

The Alfrey-Price Qz and e, values [22] (Table 2) were calculated according to 

ri = Q d Q 2  ~ X P {  -ei(-e, - eJ)  (4) 

with Q, a measure of the resonance stability of a monomer in copolymerization, 
and e, a polar factor. The r1 values were obtained from the copolymerization of 
the various TSE monomers with ST (Table 2) and from the copolymerization of 
ring-unsubstituted methyl 2-cyano-3-phenyl-2-propenoate (UCP) with acrylonitrile, 
using the values Q1 = 1.0 and el = -0.8 for styrene and Q, = 0.6 and el = 1.2 
for acrylonitrile (the value of r, = 21 was used for the TSE monomers. This as- 
sumption is based on the determination of rl = 21 f 1 for the pair acrylonitrile- 
UCP [9]). The resonance and polar parameters, Q, and e,, are of the same magni- 
tude for the ring-substituted TSE monomers. Similar Q, and e, values were found in 
the case of 1,Zdisubstituted ethylenes, diethyl fumarate (Q = 0.25, e = 2.26), and 
fumaronitrile (Q = 0.29, e = 2.73) [23]. The TSE monomers have comparable Q 
values and higher e values than alkyl cinnamates (C,H,CH=CHCOOR, Q = 0.18- 
0.28, e = 0.56) [24] and ring-substituted trans-cinnamonitriles (RC6H,CH= 
CHCN, Q = 0.06-0.7, e = -0.52-1.35) 1251. 

In general, the reactivity of a monomer in a copolymerization reaction de- 
pends on: 1) the polarity of the double bond, 2) the stability of the free radical 
formed by addition of a growing chain to the monomer, and 3) steric hindrance in 
the transition state [l]. ST has a high electron-availability at the double bond as 
measured by its e-value of -0.80 and relatively high resonance factor Q = 1. The 
benzyl radical is highly stabilized by resonance with the phenyl ring. The addition 
of a growing chain end to styrene should not be affected by the presence of the 
bulky phenyl group, because the normal direction of attack on the styrene monomer 
is toward the 0-carbon, to which only two hydrogen atoms are attached. The signifi- 
cant conclusion from the early copolymerization studies is that l/r, and the ten- 
dency toward alternation of monomer units in the copolymer both increase as the 
difference in polarity between two monomers increases [lJ. For the ring-substituted 
TSE monomers a good correlation of relative reactivity with both Q, and e2 was 
observed (Fig. 3). One can see that the TSE relative reactivity increases faster with 
the polar parameter e than with the resonance parameter Q. 

Linear-free-energy relationships such as the Hammett equation, log,,( U r , )  
= pa  [25], have been used to correlate copolymerization behavior with structure, 
particularly for a series of monomers which are similar in structure. The Hammett 
substituent constant u is a quantitative measure of that substituent’s total electron- 
donating or electron-withdrawing effect by both resonance and induction. Electron- 
withdrawing and electron-donating substituents have positive and negative sigma 
constants, respectively (Table 3). The reaction constant p is a measure of the sensi- 
tivity of the reaction to the electronic effects of the various substituent groups. 
Substituents in the ortho position are not considered due to complication by steric 
effects 1261. The reactivity of the TSE monomers is correlated to the Hammett 
constants u of the substituents, and the value of logl&l/r,) has a tendency to increase 
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0 1 2 3 4 5 6 7 

Relative reactivity, 1 /r, 

FIG. 3. The correlation between Q and e values of the TSE monomers and relative 
reactivity, 1 / r , .  

with increasing u of the ring substituents (Fig. 4). Such a relationship between 
10g,~(l/r,) and the u values observed demonstrates that the steric contribution to the 
copolymerization reactivity is nearly the same for each TSE monomer studied, and 
hence the difference of the copolymerizability of the propenoates seems to depend 
on the polarity of the substituents. A linear regression analysis gives 

TABLE 3. Relative Reactivity, Hammett Constants, Charge Distribution, 
and "C-NMR Shifts of the Double Bond Carbons, and Reduction Potentials 
of the TSE Monomers 

Charge Charge I3C,, 13 C,, 
Log,, 

TSE 1 / r ,  U onC, onCp ppm ppm Ep, V 

3MOCP 0.55 0.12 -0.073 0.027 104.1 153.4 -1.32 
4MOCP -0.10 -0.27 -0.096 0.039 99.7 154.9 -1.44 
4ECP 0.28 -0.15 -0.087 0.032 100.9 155.0 -1.39 
3CCP 0.82 0.37 -0.073 0.021 104.1 153.4 -1.16 
4CCP 0.46 0.23 -0.075 0.023 102.8 153.5 -1.26 
4BCP 0.59 0.23 -0.067 0.021 103.0 153.6 -1.27 
4FCP 0.39 0.15 -0.074 0.030 102.0 153.0 -1.28 
UCP 0.64 0.00 -0.080 0.027 102.8 155.0 -1.30 
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+96.0 -1.16 

0.0 

F 
0.0 -0.2 -0.4 -0.6 -0.8 -1 .0  -1.2 - 1  4 

PotentiaI/V 

FIG. 4. Cyclic voltammogram of methyl 2-cyano-3-(3-chlorophenyl)-2-propenoate. 

log,,(l/rJ = 1 . 1 ~  + 0.36 

The correlation coefficient is 0.7. A positive value of p = 1.1 indicates that l/r, 
increases by electron-withdrawing substituents. The p value was reported to be 0.51, 
0.83, 0.83, and 0.48 for the attack of ring-substituted styrenes [16], a-substituted 
acrylates 1271, a-substituted acrylonitrile [27], and p-substituted cinnamonitriles 
[25], respectively. 

It was noted that the polarographic half-wave potential of reduction of some 
vinyl and diene monomers was related to the Alfrey-Price parameters Q and e 
1281. The cyclic voltammetric reduction potentials of a number of electron-poor 
trisubstituted and tetrasubstituted ethylenes were correlated with Hammett substitu- 
ent constants [29]. The Ep values, which are a measure of AGO or AGS between the 
olefin and the olefin anion-radical, constitute a parameter related to the propaga- 
tion reactions in the copolymerization of electron-poor and electron-rich olefins. A 
typical cyclic voltammogram of a ring-substituted TSE monomer (3CCP) is pre- 
sented in Fig. 4. Relative reactivity of the phenyl-substituted TSE monomers upon 
copolymerization was correlated with their cyclic voltammetric reduction potentials 
Ep (Table 3, Fig. 5). The reduction potentials plot well against relative reactivity. 
Most likely, an electron transfer occurs in the reactions of the electron-accepting 
TSE monomers with styrene as evidenced by the parallel increasing order of the 
relative reactivities with increasing reduction potentials (increasing ease of one elec- 
tron reduction). 

Similarly, the relative reactivity can be correlated with molecular orbital prop- 
erties of the TSE monomers, such as charge distribution on the olefinic carbons 
(Table 3, Fig. 6). The atomic charges were calculated at the planar optimized geome- 
tries (AMl). The relative reactivity, log,, Ur, ,  correlates well with the charges on 
both olefinic carbons, C, and C,. A linear regression analysis gives 
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u" 

J -0.02 - 
e. 
0 

E 
0 
Q 
2 5 -0.06- 

-0.10 - 

637 

I I I I 

0 

-1 

-2 
-0.25 0.00 0.25 0.50 0.75 1 .w 

~ g , , l / r ,  

FIG. 5. Plot of relative reactivity, log,, l/r,, against the Hammett constants u and the 
cyclic voltammetric reduction potentials Ep of the TSE monomers. 

O'" 0.02 

-0.25 0.00 0.25 0.50 0.75 1 .oo 
Log,, 1 rl 

FIG. 6. Plot of relative reactivity, log,, l/r,, against the calculated charges on olefinic 
carbons of the TSE monomers. 
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log,, l/r, = -0.09 + 0.03 x (charge on C,) 

log,,, l/r, = 0.04 + 0.02 x (charge on C,) 
and 

The correlation coefficients are 0.67 and 0.81, respectively. These equations provide 
a means to estimate relative reactivity of the phenyl-substituted TSE from MO 
calculations and illustrates that polar properties of the monomers correlate with 
their reactivity. 

Studies of linear-free-energy relationships suggest the use of NMR chemical 
shifts, especially "C values, as a semiempirical measure of substituent effects in the 
styrene series [30]. Calculation of Alfrey-Price Q-e values from I3C-NMR data was 
attempted for a number of vinyl monomers [3 11. For the TSE-ST copolymerizations 
the relative reactivity correlates well (the correlation coefficient is 0.88) to the 

C-NMR chemical shift of the olefinic a-carbon [=C(CN)CO,CH,] of the mono- 
mers, rather than &carbon (ArCH=) (Table 3), as shown in Fig. 7. Based on the 
correlation of the relative reactivity and the chemical shift of the a-carbon, it was 
suggested that the attack of ST propagating radicals occurs at the site of the olefinic 
a-carbon of cinnamonitriles (=CH-CN) [25]. The influence of the substitution on 
the stability of TSE free radical is not obvious, since apparently the attack of a 
styrene-ended radical on both sides of the TSE monomer is possible. Thus, Boberly 
demonstrated that both head-to-tail and head-to-head structures of styrene-methyl 
2-cyano-3-phenyl-2-propenoate dyads exist in the copolymer [ 101. NMR microstruc- 
ture analysis suggested that styrene-ended radical attacks 2-phenyl-l , 1 -dicyanoeth- 

13 

105 

104 

103 

C .- 102 
V" 
2 
cg 

101 

100 

99 

0 

0 

156 

155 

E 

154 .- 
E? 

u" 
C 

2 
f-Q 

153 

152 
-0.25 0.00 0.25 0.50 0.75 1 .OO 

Log,ol/r, 

FIG. 7. Dependence of relative reactivity, log,, Ur, ,  on I3C NMR chemical shift of 
olefinic carbons of the TSE monomers. 
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ene about 60% at a-carbon [=C(CN),J and 40% at &carbon (ArCH=) [32]. More 
detailed information on the microstructure of the TSE-ST copolymers is necessary 
to confirm that addition occurs at either end of the ring-substituted TSE monomer. 

CONCLUSIONS 

Radical copolymerization of the ring-substituted methyl 2-cyano-3-phenyl-2- 
propenoates with styrene in broad ranges of comonomer ratios produces copoly- 
mers with various compositions of monomer units. Deviations from the terminal 
model of the copolymerization of the trisubstituted ethylene monomers are attrib- 
uted to the influence of penultimate units. The penultimate kinetic model predicts 
well the copolymer composition. the Alfrey-Price Q and e parameters calcualted 
for the monomers correlate with the relative reactivity ( l / r J .  The relative reactivity 
showed a tendency to increase with increasing Hammett constant 0, cyclic voltam- 
metric reduction potential, Ep, calculated atomic charge, and I3C-NMR chemical 
shift on the olefinic a-carbon of the ring-substituted monomers. 
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