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temperature for 2 h. The pale yellow solid was filtered, washed 
with cold CC14, and dried under vacuum to give 0.40 g (82%) of 
product. Recrystallization twice from methanol gave colorless 
crystals: mp 178.0-179.0 ‘C; IR (KBr) 3140 (s, br), 2992 (w), 2940 
(w), 1765 (s), 1680 (s), 1495 (w), 1470 (s), 1450 (s), 1435 (s), 1388 
(m), 1380 (m), 1370 (m), 1338 (w), 1280 (w), 1252 (m), 1232 (m), 
1218 (m), 1200 (w), 1150 (m), 1080 (m), 1070 (w), 1050 (w), 1030 
(w), 1010 (w), 1005 (w), 950 (w), 930 (m), 800 (m), 790 (m), 760 
(s), 725 (m), 700 (s), 688 (m), 648 (m) cm-l; ‘H NMR (MezSO-d6) 
6 1.76 (d, 3 H, J = 7.5 Hz); 3.84 (dd, 2 H ,  J = 4.5 Hz), 4.00 (m, 
2 H), 4.62 (m, 1 H), 5.20 (9, 1 H, J = 7.5), 7.31 (m, 5 H), 10.52 
(s, 1 H); 13C NMR (Me2SO-d6) 17.20, 35.47, 49.45, 49.73, 50.62, 
126.48, 127.32, 128.25, 140.30, 153.40, 153.53 ppm; [ a ] 2 5 ~  -23.0’ 
(c 9.9 Me,SO); maas spectrum calcd for M+ - HBr 323.0264, obsd 
323.0267. 
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Molecular Weight Distribution and Relationship between 
Chemical Composition and Molecular Weight in High-Conversion 
Samples of Copoly(styrene-methyl acrylate) Prepared in Solution 
by Adding Initiator 

Shinya Teramachi,* Akira Hasegawa, Fumiya Sato, and Nobuhiro Takemoto 
Department of Industrial Chemistry, Kogakuin University, 2665-1 Nakano-cho, Hachioji, 
Tokyo 192, Japan. Received April 4 ,  1984 

ABSTRACT: The molecular weight distributions and the relationships between chemical composition and 
molecular weight for the samples of statistical copolymer of styrene and methyl acrylate prepared by radical 
copolymerization in solution were determined by gel permeation chromatography with dual detectors and 
compared with those calculated by using simple copolymerization kinetics (negligible penultimate effects). 
Results obtained both experimentally and theoretically are in good agreement. The agreement between theory 
and experiment confirms the validity of simple copolymerization kinetics when the gel effect is negligible. 

Introduction 
S t a t i s t i c a l  copo lymers  prepared b y  r a d i c a l  co- 

polymerization have distributions with respect to chemical 
composition (CC) and molecular weight. Along with these 
distributions,  the relationship between molecular weight 
and CC is also important for practical uses of copolymers. 
These two distributions and also the relationship between 
CC and molecular weight can be  experimentally de te r -  
m i n e d  and also ca l cu la t ed  b y  us ing  s imple  co- 
polymerization kinetics. Chemical composition distribu- 
t ions  (CCD) of copolymers de t e rmined  experimentally 
were found to be i n  good agreement wi th  those calculated 
b y  using s imple  copolymerization kinetics i n  all  cases.’+ 
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However, molecular weight distribution (MWD)  and also 
the relationship between CC and molecular weight are not  
always in satisfactory agreement  with theoretical  calcula- 
t ions.  

MWD and t h e  relationship be- 
tween  CC and molecular weight i n  several samples  of 
s tyrene  (S)-methyl acrylate (MA) statist ical  copolymer 
prepared  b y  radical copolymerization in bulk were de- 
t e rmined  b y  gel permeat ion  chromatography (GPC)  
equipped with dual detectors, and the  data were compared 
wi th  the theore t ica l  calculations by  using s imple  co- 
polymerization kinetics. Agreement  between the theo- 
retical and experimental  results was satisfactory for low- 
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In our previous 
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Table I ~~. ~ 

10-4~,, 1 0 - 4 ~ ,  M W I K  MA content, 

samvle fr exDtl calcd osm GPC calcdn exptlb p = 0 p = 1 exptlb p = 0 p = 1 anal. calcd 
time, h exptl calcd calcd mol 70 conver- 

sion, wt 

1 0.372 70 57.2 12.1 12.3 12.lC 20.4 24.9 18.7 1.66 2.06 1.55 50.5 49.9 
2 0.594 140 106.0 8.4 11.0 9.58 18.7 20.7 15.5 1.70 2.16 1.62 52.5 51.9 
3 0.727 215 147.1 7.5 10.1 8.07 17.7 18.6 14.0 1.75 2.30 1.73 54.5 53.9 
4 0.784 290 197.7 6.7 8.9 8.03 15.9 18.5 13.8 1.79 2.30 1.72 55.7 55.1 

a p  = 0, 1. bBy GPC. 'This value was adjusted to the data obtained by osmometry. 

conversion samples, whereas for a high-conversion sample, 
the MWD curve had a remarkably longer high molecular 
weight tail  than the theoretical curve and the MA content 
increased wi th  increasing molecular weight i n  opposition 
to the theoretical  prediction. It was suggested that the 
discrepancy between theory  and experiment for the high- 
conversion sample  was a consequence of t h e  gel effect, 
which was neglected i n  the copolymerization calculations. 

In addition, the three-dimensional distribution diagram 
of molecular weight and CC of the same high-conversion 
sample  was determined b y  a combination of prepara t ive  
GPC and thin-layer chromatography.8 It became clear 
from the result that the gel effect does not affect CCD but 
does affect  MWD. 

The purpose of this work is t o  confirm the previous 
conclusions by  comparing theoretical predictions with data 
for samples prepared in solution, i n  which t h e  gel effect  
is negligible. 

Experimental Section 
Materials. The monomers, styrene and methyl acrylate, were 

washed several times with dilute aqueous solution of sodium 
hydroxide, followed by repeated water washing, and then dried 
over calcium chloride. The monomers were distilled under reduced 
nitrogen atmosphere just before use. Benzene was purified by 
washing with sulfuric acid and water several times, drying with 
calcium chloride, and distilling fractionally. Azobis(isobutyro- 
nitrile), AIBN, was purified by recrystallization from methanol 
solution. 

Copolymerization. Copolymerization of S and MA was carried 
out in benzene, a t  60 "C, under nitrogen, using AIBN as initiator. 
For determination of MWD by GPC, we required copolymer 
samples with fairly high molecular weight. To achieve this, small 
amounts of initiator, in comparison with monomers, were used 
in the copolymerizations. To  force the copolymerizations to high 
conversion, we therefore added the initiator during polymerization. 
That is, [SI, = 0.747 m ~ l . d m - ~ ,  [MA], = 1.299 m ~ l - d m - ~ ,  and 
[AIBN], = 9.61 X m ~ l e d m - ~  in the start solution. This total 
monomer concentration corresponds to about 20 vol 7'0. Sample 
1 was obtained by separating a part of the reaction mixture after 
70 h from the start of the copolymerization. The separated 
reaction mixture was poured into methanol. Immediately after 
the separation, an  amount of AIBN was added to the residual 
part of the reaction mixture, and the polymerization continued. 
By repeating the same procedure, we obtained four copolymer 
samples a t  different conversions as shown in Table I. The 
amounts of AIBN added in the course of polymerization were 8.84 
X 
m ~ l e d m - ~  after sample 2. After sample 3, the initiator was not 
added. These amounts of initiator were chosen so that the initiator 
concentration may be almost equal a t  three stages of co- 
polymerization, excepting the last stage (sample 4). 

To purify the copolymer samples, the precipitated samples were 
washed several times with fresh methanol by decantation and 
dried in vacuo. Then, the samples were dissolved in 2-butanone, 
precipitated and washed with methanol, and dried in vacuo a t  
40 "C until they reached constant weights (about 3 days). 

MA contents of the copolymer samples were determined by 
the elemental analysis of carbon and hydrogen. Their number- 
average molecular weights (M,) were determined by using a 
Wescan Model 231 high-speed membrane osmometer (Wescan 
Instruments, Inc.) in toluene a t  25 "C. 

m ~ l e d m - ~  after the separation of sample 1 and 8.80 X 

GPC Measurements. The GPC instrument used in the 
present work is an HLC-802 UR of Toyo Soda Manufacturing 
Co., Ltd. (Tokyo, Japan) equipped with an ultraviolet detector 
(UV) and a high-sensitivity differential refractometer RI-8 (RI). 
Three commercial columns of TSK-GEL, GMH6 (Toyo Soda 
Manufacturing Co., Ltd., 60 cm in length and 0.75 cm in inner 
diameter) packed with a mixture of polystyrene gel particles with 
different porosities, were used. The total number of theoretical 
plates of the column set was 2 X lo4, when determined with 
benzene. 

All measurements were carried out a t  25 "C, flow rate 1.00 
cm3.min-', copolymer concentration ca. 2.0 ~ d m - ~ ,  and injection 
volume 0.5 cm3, The eluent was tetrahydrofuran (THF) purified 
by reflux and distillation over sodium wire under nitrogen at- 
mosphere and then degassed by ultrasonic wave, just before use. 

The so-called universal calibration curve was determined by 
plotting log (M[77]) against elution volume (V,) for monodisperse 
polystyrene samples supplied from Toyo Soda Manufacturing Co., 
Ltd., Pressure Chemical Co., and NBS (U.S.A.). The molecular 
weights (M) were values determined by the suppliers. The limiting 
viscosity index, [ q ] ,  was determined in THF at  25 "C by using 
an Ubbelohde type viscometer which was designed so that the 
kinetic energy correction would be negligible. Using the universal 
calibration curve, we converted V, in the GPC chromatogram of 
the copolymer samples to M [ 7 ]  and then M[7]  was converted to 
M by using the viscosity equation 

[ q ]  = (3.7 x 10-3)W.799 (cm3.g-') (1) 

which was previously obtained for the present copolymer with 
calibration for p~lydispers i ty .~ Equation 1 is independent of 
chemical composition of the copolymer. 

As in the previous work,7 the weight concentration of the 
copolymer, uc, and the weight fraction of MA in the copolymer, 
x, were calculated from the heights of peaks in GPC chromato- 
grams obtained with both UV and RI detectors, by using the 
equations 

(3)  

where ruv and rRI  are UV and RI chromatogram heights a t  the 
same V,, KRs and KUs are peak area response factors for poly- 
styrene for RI and UV detectors with respect to polymer con- 
centration, KRM is the corresponding response factor for poly(MA), 
and AKR = KRS - KRM. These response factors were previously 
determined by using homopolymers, since i t  was confirmed in 
the previous work7 that the response factors of copolymers with 
different compositions are linear with respect to the copolymer 
composition (weight fraction). The value of x was converted to 
mole fraction of MA, FMA. 

The correction for zone spreading was neglected in the present 
work, since the MWD's of these samples were broad and the 
theoretical plate number of the present column set was sufficiently 
high. 

Experimental Results 
In Tab le  I, t h e  values of conversion, reaction t ime, M, 

by  osmometry, M,, calculated from MWD, weight-average 
molecular weight (M,) by GPC, M,/M, by GPC, a n d  av- 
erage MA content  ob ta ined  for all four samples  a re  sum-  
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Figure 1. (A) Experimental results of MWD curves (-) and the 
relationships between MA content and molecular weight (0: 
sample 1; 0: sample 4). (B) Calculated results for the case of 
p = 0 (-: sample 1; ---: sample 4). 

0 1 2 3 4 
M x 10-5 

Figure 2. MWD curves and the relationships between MA 
content and molecular weight for sample 1, obtained experi- 
mentally (-, 0) and calculated theoretically in the case of p = 
0 (-.-) and p = 1 (---).  

marized, together with the values calculated theoretically 
in the latter section. 

The MWD's and the relationships between MA content 
and molecular weight obtained by GPC for samples 1 and 
4 are illustrated in Figure 1A. The experimental results 
for samples 2 and 3 are situated between the results for 
samples 1 and 4, in the order of the sample number. In 
Figures 2 and 3, MWD's and MA content-molecular 
weight relationships for samples 1 and 4, respectively, are 
replotted for comparison with theoretical calculations. 

Theoretical Calculations 
In order to compare with the experimental results, 

MWD, M,, M,, and the relationship between MA content 
and molecular weight were calculated theoretically. Al- 
though there are many papers on theoretical calculation 
of copolymerization? which should be consulted, we used 
the simplest model of copolymerization kinetics.'O The 
terminal model (neglecting the penultimate effect) of co- 
polymerization and the chemical-controlled termination 
(neglecting the gel effect) were applied in the calculations. 
The chain transfers to monomers, solvent, and initiator 
were neglected, since the effects of the chain transfers are 
orders of 10-5-104 comparing to the rate of the propagation 

M x 10-5 

Figure 3. MWD curves and the relationships between MA 
content and molecular weight for sample 4, obtained experi- 
mentally (-, 0) and calculated theoretically in the cases of p = 
0 ( - e - )  and p = 1 ( - - - ) ,  

reaction.ll The induction period was neglected for sim- 
plicity, since the reaction components (monomers, solvent, 
initiator) were carefully purified and the sure knowledge 
about the induction period in this system is short. 

The calculations were carried out in the same manner 
as in the previous paper.' Only the outline of the calcu- 
lation is shown as follows. 

The integral CCD of whole copolymer can be calculated 
from the initial monomer composition and the conversion, 
as the relationship between the instantaneous composition 
of copolymer (FJ  and the weight conversion (1  - W /  WO),  
using the equations 

where C is the total mole concentration of monomers, f l  
is the mole fraction of monomer 1 in the monomer mixture, 
Ml and M2 are the molecular weights of monomers 1 and 
2, rl and r2 are the monomer reactivity ratios, the super- 
script zero shows the initial values, a = r2 / (1  - r2), p = r l / ( l  
- r J ,  y = ( 1  - r1 - r 2 ) / ( l  - r l ) ( l  - r2) ,  and d = ( 1  - r 2 ) / ( 2  
- r1 - r2). The whole copolymer was assumed to be a 
mixture of n instantaneous copolymers; that is, the entire 
range of the CCD calculated was divided into n parts 
having equal intervals of CC. The average CC, (FJL, and 
the weight fraction, w,, of the part i were calculated. The 
instantaneous statistical CCD's of the respective parts were 
neglected for simplicity. 

The distributions of polymerization degree, W(P), of the 
respective instantaneous copolymers were calculated by 
the equation 

WL(P) = (1 - P + P P / ~ X , ) ( P / X , ~ )  exp(-P/X,) (7)  

where p is the fraction of the coupling termination and A 
is the number-average polymerization degree of polymer 
radicals. X = P ,  in the case of p = 0 and X = P,/2 in the 
case of p = 1, if P,  is the number-average polymerization 
degree of the dead polymer. The values of P, can be 
calculated by 

( P n ) ,  = {r1(CJLz + 2(C1),(C2IL + r2(C2)r21/((1 - ~ / 2 )  x 
(RI),1/2[€12r12(C,),z + 2@lr2(C1)L(C2)r + t22r22(C2),21'/21 

(8 )  
where (CJ, and (C21, are the monomer concentrations at  
the stage where the copolymer component i is produced, 
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t = (2ktpp/kPp)lf2 and $ = kt12/2(kll/kt2z)1/2, indicating 
tke rate constant of termination reaction between radicals 
with terminal monomeric units p and q by k,, and the rate 
constant of propagation reaction between radical with 
terminal unit p and monomer p by kpp. RI is the rate of 
initiation and is given by 

(RI), = 2fekd[IlO exp(-kdt,) (9) 
where k d  is the rate constant of initiator decomposition, 
[II0 is the initial concentration of initiator, and f, is the 
efficiency factor of initiation and is regarded as an ad- 
justable parameter in the present calculation. The reaction 
time, t,, can be estimated by the equations 

t ,  = CAt, (10) 

AtL = -ACJ (Rp), (11) 
1 

where AC, = C, - C,-l and (Rp), is the copolymerization rate 
a t  the monomer composition Cfi), which can be estimated 
from the data of Walling12 and the value of [I], = [II0 
exp(-kdt,). In the present calculation procedure, however, 
the circle of t ,  - [I], - (Rp)[ - At, - t ,  cannot be avoided. 
In order to cut the circle off, t ,  was approximated by t,-l 
in the calculation of [I],. Since the number of parts, n, is 
large, this may be a good approximation. 

(P,), and W,(P) thus calculated were converted to (M,), 
and MWD of the component i, W,(M), respectively. The 
MWD, M,, and M ,  for the whole copolymer were calcu- 
lated from the W,(M) and 0,. The adjustable parameter, 
fe, was determined so that the M ,  thus calculated may be 
equal to the observed value by osmometry. Then, the 
relationship between molecular weight and the average CC 
of the components having a molecular weight of X ,  ( F J X ,  
can be obtained from W,(M), (Fl),, and w,. 

In the actual calculations, the following constants were 
used, indicating MA by 1 and S by 2, respectively: rl  = 
0.18 and r2 = 0.75,13 ktll  = 9.5 X lo6 (dm3.mol-’.s-’), ktZ2 
= 7.2 X lo7, kl l  = 2.09 X lo3, k,, = 1.76 X 102,14 k d  = 9.86 
x $ = 40.’* The values off,  were obtained to be 
0.1148 for the case of p = 0 and 0.4591 for the case of p 
= 1, respectively, by adjusting the calculated M ,  of sample 
1 to the observed value by osmometry, 1.21 X lo5. Since 
the value off ,  was found to be constant irrespective of 
monomer composition in our previous paper,’ the same 
values off ,  were used for the other samples 2-4. As a 
matter of course, the addition of initiator was taken into 
consideration in the course of calculations for samples 2 
and 3. The values of n were determined by dividng the 
entire ranges of CCD of the respective samples by an equal 
interval of CC, 0.237 mol 70. The values of n used in the 
calculations were 20, 46, 81, and 110 for samples 1-4, re- 
spectively. 

The MWD’s and MA content-molecular weight rela- 
tionships of samples 1 and 4 in the case of p = 0 thus 
calculated are shown in Figure 1B for comparison with the 
experimental results in Figure 1A. Although the calculated 
results for samples 2 and 3 are not shown in Figure lB, 
those are also situated between the curves of samples 1 and 
4, in the order of the sample number, in agreement with 
experimental results. In Figures 2 and 3, too, the calcu- 
lated results for samples 1 and 4 in both cases of p = 0 and 
p = 1 are compared with the experimental results, re- 
spectively. The MA content-molecular weight relationship 
for sample 1 in the cases of p = 0 and p = 1 cannot be 
distinguished in Figure 2. 

Discussion 
It can be concluded from Table I and Figures 1-3 that 

M,, M,, M,/M,, MWD, average MA content, and the MA 
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content-molecular weight relationship calculated from 
simple copolymerization kinetics are in satisfactory 
agreement with experimental data for the present exper- 
iments where the gel effect is negligible. In more detail, 
the experimental data are between those calculated ones 
for p = 0 and p = 1, but closer to the data for p = 1. The 
same is true for samples 2 and 3. 

In the lower molecular weight region of Figures 2 and 
3, the experimental curves are lower than the theoretical 
curves calculated for p = 1. However, the experimental 
curves may be underestimated in the lower molecular 
weight region, since MWD was determined by GPC using 
the universal calibration method. The viscosity equation 
such as eq 3 becomes unreliable; that  is, the exponent in 
the equation may become smaller, if the molecular weight 
is too low. This may also be the reason for the higher 
values of M ,  obtained by GPC than those by osmometry 
in Table I. 

The gel effect becomes often noticeable at a conversion 
of about 30% in bulk polymerization,16 while in the present 
experiments, polymer concentrations were less than 16%. 
Thus, it may be concluded that simple copolymerization 
kinetics satisfactorily describe the copolymerization of 
styrene and methyl acrylate when the gel effect is negli- 
gible. 

As was reported in the previous paper,j it is probable 
that the discrepancy between theory and experiments 
concerning MWD and the MA content-molecular weight 
relationship of high-conversion samples prepared in bulk 
was due to the neglect of the gel effect. 

Finally, we would like to mention that the calculated 
values of M ,  are always somewhat higher than the mea- 
sured values by osmometry and the reaction times used 
in the course of the calculations are always shorter than 
the actual ones. This disagreement may be improved if 
a rate constant of initiator decomposition, kd, a little 
smaller than the value used in the present calculations is 
used. 

Acknowledgment. We gratefully acknowledge the 
helpful comments made by Professor Mitsuru Nagasawa 
of Nagoya University in carrying out the present work. 

References and Notes 
(1) Inagaki, H.; Matsuda, H.; Kamiyama, F. Macromolecules 1968, 

1, 520. 
(2) Teramachi, S.; Kato, Y. Macromolecules 1971, 4 ,  54. 
(3) Walchili. J.: Mivamoto. T.: Inaaaki. H. Bull. Inst. Chem. Res., 

Kyoto Uniu. 1978, 56, 80. 
14) Teramachi, S.: Hasegawa, A.; Hasegawa, S.; Ishibe, T. Polym. - . .  

J .  1981, 13; 3i9. 
(5) Teramachi, S.; Hasegawa, A.; Yoshida, S. Polym. J .  1982, 14, 

161. 
(6) Teramachi, S.; Hasegawa, A,; Uchiyama, N. J .  Polym. Sci., 

Polym. Let t .  Ed. 1984, 22, 71. 
(7) Teramachi, S.; Hasegawa, A.; Akatsuka, M.; Yamashita, A,; 

Takemoto, N. Macromolecules 1978, 11, 1206. 
(8) Teramachi, S.; Hasegawa, A,; Yoshida, S. Macromolecules 

1983, 16, 542. 
(9) For example, see: Ray, W. H., J .  Macromol. Sci., Reu. Ma- 

cromol. Chem. 1972, C8, l. 
(10) Odian, G. “Principles of Polymerization”, 2nd ed.; Wiley-In- 

terscience: New York, 1981. 
(11) Young, L. J. “Polymer Handbook”, 2nd ed.; Brandrup, J., Im- 

mergut, E. H., Eds.; Wiley: New York, 1975; p 11-57, 
(12) Walling, C. J .  Am. Chem. SOC. 1949, 71, 1930. 
(13) Lewis, F. M.; Walling, C.; Cummings, W.; Briggs, Er.; Mayo, 

F. R. J .  Am. Chem. SOC. 1948, 70, 1519. 
(14) Matheson, M. S.; Auer, E. E.; Bevilacqua, E. B.; Hart, E. J. J .  

Am. Chem. Soc. 1951, 73, 1700. 
(15) van Hook, J. P.; Tobolsky, T. V. J .  Am. Chem. SOC. 1958,80, 

779. 
(16) For example: Cardenas, J. N.; O’Driscoll, K. F. J .  Polym. Sei., 

Polym. Chem. Ed.  1976,14, 883; 1977, 15, 1883. Johnson, M.; 
Karmo, T. S.; Smith, R. R. Eur. Polym. J .  1977, 24. 409. 


