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SYNOPSIS 

The sequence distribution of homogeneous styrene ( S) -acrylic acid ( A )  copolymers, obtained 
by low conversion ( < 10% ) bulk copolymerization, has been studied by 'H- and I3C-NMR. 
The reactivity ratios r, and r, were determined by the Kelen-Tudos method. The sequence 
distributions at the triad level were assigned and verified by Alfrey-Mayo kinetics. The 
sequence distributions of emulsion copolymers formed at different reaction conversions 
were investigated and compared with the results obtained from bulk copolymers. 0 1993 
John Wiley & Sons, Inc. 

INTRODUCTION 

Functional monomers are sometimes used 1-5 to in- 
crease stabilization of latex particles during poly- 
merization and in post-polymerization processes, 
such as residual monomer stripping, formulation, 
storage, shipping, and application. Functional 
monomers are also used to enhance affinity perfor- 
mance such as adhesion improvement. These func- 
tional monomers are generally highly soluble in wa- 
ter. Some of the important questions concerning 
such comonomers are: How do the functional mono- 
mer units in copolymers act as stabilizing agents for 
the polymer particles? How and where are they in- 
corporated into the latex particles? How do they 
contribute to the hydrophilic-hydrophobic balance 
of the surface of the latex particles? 

In order to address these questions, the copoly- 
merization behavior of functional monomers in the 
emulsion system and the structure of copolymer 
containing functional monomers needs to be more 
completely understood. Emulsion copolymerization 
kinetics of some water-soluble functional monomers 
and the partition of these monomers in emulsion 
copolymerization systems have been studied in this 
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laboratory.6-' Experimental studies of the intra- 
molecular microstructure (triad distribution) of bulk 
and emulsion copolymers containing functional 
monomers are presented in this paper. 

Nuclear magnetic resonance ( NMR) spectros- 
copy has been established as a primary technique 
for the microstructure analysis of copolymers?-'3 
The microstructure of homopolymer, that is, end 
groups and tacticity, has been analyzed by NMR.13 
NMR techniques have been widely used to study 
copolymer composition and monomer sequence dis- 
tribution. In the 1960s, Bovey used a statistical 
method to assign the sequence distribution of methyl 
methacrylate-styrene (MMA-S) and MMA-a- 
methylstyrene ( MMA-a-MS ) copolymers from 'H- 
NMR data.14 Ito et al. studied the coisotacticity of 
MMA-S,I5 MMA-a-MS,16 MMA-methyl acrylate 
(MMA-MA) , l7 and vinylidene chloride-vinyl ace- 
tate (VC-VA) l8 copolymers by 'H-NMR. 

In the 1970s and 1980s, I3C-NMR has been used 
to investigate a number of polymer systems with 
generally excellent results. The large chemical shift 
range in 13C-NMR permits the study of more com- 
plex copolymer systems and the elucidation of de- 
tailed structural information."-25 Uebel et al., for 
example, reassigned the sequence distribution of 
MMA-S copolymer and determined the reactivity 
ratios of butylstyrene-MMA cop~lymerizat ion.~~,~~ 
Brar et al. assigned the sequence distribution of 

99 1 



992 WANG AND POEHLEIN 

Table I Monomer Feed and Compsition of S-AA 
Bulk Copolymers* 

Average Mole 
Mole Fraction Conversion Fractions of 

Sample of Styrene in of Reaction Styrene in 
Code Feed (%) Copolymers" 

SA-5 
SA-10 
SA-20 
SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

0.929 
0.863 
0.735 
0.618 
0.509 
0.410 
0.316 
0.148 

1.4 
0.6 
2.4 
2.9 
4.2 
5.0 
5.5 
8.7 

0.856 
0.772 
0.673 
0.638 
0.586 
0.555 
0.520 
0.344 

* Initiator was AIBN a t  1 w t  % of total monomers. 
The numbers are the w t  % of AA in feed. 
Determined by NMR. 

MMA-ethyl methacrylate ( MMA-EMA) , MMA-S, 
MMA-n-butyl methacrylate (MMA-n-BuMA), and 
acrylic acid-MMA ( AA-MMA) copolymers by 13C- 
NMR.2s-31 Tacx et al. investigated solution and 
emulsion copolymers of S-EMA and S-MA and pro- 
posed a microstructure model for high conversion 
cop~lymerization.~*-~~ Recently the monomer se- 
quence distributions of chlorotrifluoroethylene-vinyl 
acetate ( CTFE-VA ) and CTFE-vinyl propionate 

emulsion copolymers were determined.35 The de- 
velopment of two-dimensional NMR spectroscopy 
permits easier assignment of complex copolymer 
spectra peaks.34 

Most copolymer sequence distribution studies 
have involved copolymers of ester monomers with 
other hydrophobic monomers in which the chemical 
shifts of the ester group are very sensitive to the 
microstructure. One question concerning the mono- 
mer system of styrene-acrylic acid (S-AA) is 
whether sequence distribution information can be 
determined in NMR spectra. In this work, 'H- and 
I3C-NMR spectra of S-AA copolymers were exam- 
ined to determine the resonances that are sensitive 
to the copolymer microstructure. The compositions 
of the copolymers were measured by NMR and the 
reactivity ratios calculated. Finally, the triad se- 
quences were assigned by experiments and the Al- 
frey-Mayo (AM) statistics-kinetics model. 

EXPERIMENTAL 

Acrylic acid and styrene ( Aldrich) were distilled at  
reduced pressure under nitrogen. The middle frac- 
tion of the distillate was stored in a refrigerator until 
use. The free-radical initiator AIBN (Kodak) was 
recrystallized once from methanol. Potassium per- 
sulfate (Fair Lawn), sodium dodecyl sulphate 

I l , , , , " , , l " " " " " I " " , ' , , , , ' , , , 1 , , , , ~ " , ' ~ " ' ' , , ' , , ~ ' ' ' ' ( ' ' ' ' ~ ' ~ ~  

14 12 10 8 6 4 2 0 PPM 

'H-NMR spectra of styrene and acrylic acid copolymer, SA-40, (A) DMSO- Figure 1 
D6 and (€3) DMSO-D6-CDC13 solvent mixture at 50°C. 
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Figure 2 
at 90°C. 

I3C-NMR spectra of styrene-acrylic acid copolymer, SA-40, DMSO as solvent 

(BDH, England), and hydroquinone (Fisher) were 
used as received. The water was deionized. 

Bulk copolymerizations were carried out a t  50°C 
in a 250 mL three-neck flask equipped with a reflux 
condenser, a glass stirrer, and nitrogen inlet tube. 
The polymerization recipes are shown in Table I. 
The reaction was started by rapidly heating 50 g of 

monomer mixture and 0.5 g AIBN in an agitated 
reactor under a nitrogen atmosphere. The total con- 
version was determined gravimetrically. The copol- 
ymer was isolated by pouring samples of the reaction 
mixture into a 15-fold excess of iso-octane. The final 
products were dried in air and then at  65°C in a 
vacuum oven for 48 h. 

I 

Y 

c - 
G 
* * 
.r 

Figure 3 I3C-NMR spectra of selected carbon atoms in styrene-acrylic acid copolymer 
at different temperatures. Temperature: 30, 50, 70, and 90°C from bottom to top spectra; 
Solvent: DMSO-DG. 
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Table I1 
by 'H- and 13C-NMR 

Fraction of Styrene in Initial Monomer Feed (f.) and in Bulk Copolymers (Fs) Obtained 

Sample 
Code 

'H-NMR I3C-NMR 

Fs-3 Fs-4 

SA-5 
SA-10 
SA-20 
SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

0.929 
0.863 
0.735 
0.618 
0.509 
0.410 
0.316 
0.148 

0.5312 
0.5384 
0.4629 
0.3342 

0.8473 
0.7686 
0.6865 
0.6598 
0.5797 
0.5483 
0.5311 
0.3331 

0.8651 
0.7647 
0.6568 
0.6254 
0.5715 
0.5401 
0.4973 
0.3479 

0.7832 
0.6742 
0.6378 
0.6080 
0.5780 
0.5329 
0.3515 

The emulsion polymers were prepared in a 1-L 
stirred reactor. Monomer mixture (200 g) was pre- 
emulsified by addition to the soap solution (4.3 g 
SDS in 300 mL water) and heated to 50°C. Subse- 
quently, the initiator solution (1 g KzSz08 in 40 mL 
water) was injected into the reactor. The reaction 
was stopped by mixing the samples into a hydro- 
quinone solution (0.1 g hydroquinone in 2 mL water) 
and chilling with dry ice. 

The measurement of NMR spectra of S-AA co- 
polymers was complicated because of the difficulties 
in dissolving the samples. Copolymers with high AA 
content cannot be dissolved in CDC13. If the styrene 

content is high, the copolymer cannot be dissolved 
by DMSO-D6. Hence the NMR spectra were re- 
corded using DMSO-DG or CDC13-DMSO-D6 solvent 
mixtures. 'H-NMR spectra were obtained using a 
Varian XL-400 spectrometer operating at 400 MHz 
at 50°C. The recording conditions for 'H-NMR 
were: sample concentration 1% (g/mL) , spectral 
width 4798.5 Hz, acquisition time 1.67 s, pulse delay 
5 s, and number of scans 16. The 13C-NMR spectra 
were obtained with the same spectrometer at 100 
MHz at 90°C. The conditions for 13C-NMR mea- 
surements were: sample concentration 10% (g/mL), 
spectral width 20000 Hz, acquisition time 0.4 s, flip 
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Figure 4 Kelen-Tudos plot for low-conversion bulk S-AA copolymer. 
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angle 45O, pulse delay 1.6 s, and number of scans 
512. DMSO was used as the locking agent for all 
NMR spectra. 

RESULTS AND DISCUSSION 

'H- and 13C-NMR Spectra of S-AA Copolymer 

Figure 1 shows a typical 400 MHz 'H-NMR spectra 
of low-conversion S-AA bulk copolymer dissolved 
in DMSO-D6 and in DMSO-D6-CDC13 at  50°C. The 
chemical shift of different protons respectively are: 
1-2 PPM for all methine protons and the methlene 
proton of the styrene units in the copolymer chain; 
2.3 PPM for the methlene proton of the acrylic acid 

n 0 
.) 
0 - 
c, 
I 

A 

' I \  

n 0 
c- 
N 

n 
c 

unit in the copolymer chain; 3.3 PPM for water in 
DMSO-Ds, 5.2-6.4 PPM multipeaks for the end 
groups of the copolymer chains that may be double 
bonds and isobutylnitrile; 6.4-7.4 PPM for aromatic 
protons; and 12.1 for the proton of the carboxyl 
group on the copolymer chain. 

The resonance behavior of the carboxyl proton 
is heavily affected by the solvent used. A clear single 
resonance peak appears in the 'H-NMR spectra if 
DMSO-D6 is used and the baseline is straight. This 
sharp peak disappears, however, when a DMSO-DG- 
CDCl3 solvent mixture is used. Such behavior may 
result from dissociation of the carboxyl proton ion 
(or carboxylate ion pair) or from the formation of 
hydrogen bonds with the chlorides in chloroform. 
As mentioned above, S-AA copolymer having more 

c n 

SA-80  

\L SA-40 

Figure 5 
SAS, (B ) AAS, (C)  AAA, (D) AAA. 

Expanded 13C-NMR spectra of carboxyl carbon on S-AA copolymer. Peak: ( A )  
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than 60% styrene units cannot be dissolved in 
DMSO. Hence, samples like SA-20 did not show all 
proton resonance peaks. 

Figure 1 clearly shows that the 'H-NMR spec- 
trum of S-AA copolymer is very different from that 
of (methyl) acrylate copolymers that have sequence 
sensitive peaks caused by the ester  group^.'^,^^ 'H- 
NMR of S-AA copolymer does not provide the in- 
formation needed for determination of the sequence 
distribution. 

Figure 2 is an example of the 100 MHz 13C-NMR 
spectrum of S-AA bulk copolymer in DMSO-D6 at 
90°C. The resonance peak at 44 PPM is produced 
by the methlene carbon of the acrylic acid unit in 
the copolymer chain. All other carbons in the co- 
polymer chain in the 36-42 PPM range were over- 
lapped by DMSO. The C2-C5 carbons of phenyl have 
peaks at  125-130 PPM, the C, carbon of phenyl at 
143-144.5 PPM (tripeaks) , and the carboxyl carbon 
at 175-177.5 PPM (tripeaks). Two tripeaks caused 
by carboxyl carbon and Cl in phenyl may contain 
the information on the monomer sequence distri- 
bution. This will be discussed later. 

The smaller peaks are the most interesting part 
of Figure 2. Higher concentration samples (> 10% ) 
were used in order to facilitate quantitative analysis. 
However, the noise in the spectra increases with the 
concentration because the samples cannot be easily 
dissolved and they have high viscosity. Higher tem- 
peratures were tested in order to reduce the affect 
of noise. The results are shown in Figure 3. The 
density of sample peaks is enhanced by increasing 
the temperature. Molecular motion increases allow- 
ing individual chain segments to partially average 
the effect of local magnetic fields. When this occurs, 
the linewidth narrows and a more well-defined spec- 
tra results.36 As indicated in the experimental sec- 
tion, I3C-NMR spectra were recorded at  90°C. 

Composition of S-AA Copolymers and Reactivity 
Ratio of Monomers 

'H-NMR is a valuable method for the quantitative 
analysis of copolymer composition. The resonance 
peak areas of copolymer chain and side groups are 
usually preferred for composition determinations. 
In this work, results from 'H- and I3C-NMR were 
obtained and compared. Table I lists the initial 
monomer mole fraction, the final conversions of the 
bulk copolymerization reactions, and average com- 
positions of the copolymers (mole fraction of sty- 
rene) as determined by 'H- and 13C-NMR. The 
composition results calculated by different methods 
are listed in Table 11, in which the composition 

numbers are obtained according to the following 
equations: 

where Fs is the mole fraction of styrene in the co- 
polymers, and the subscript number in F s . ~  rep- 

SSA ASA 

44.5 144.0 143.5 143.0 

Figure 6 
phenyl on S-AA copolymers. 

Expanded 13C-NMR spectra of C1 carbon of 
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resents the quantitative analysis methods; Aph , 
ACOOH, and ACHCH~ are the 'H-NMR resonance 
peak areas of protons on phenyl, -COOH, and 
-CRH-CH2- ( R  = COOH or phenyl), re- 
spectively; Aph.1, Aph.2+, and Acoo are the 13C-NMR 
resonance peak areas of the first carbon, the other 
five carbons on phenyl, and the carbon on - COOH, 
respectively. 

The data in Table I1 show that the styrene frac- 
tions of S-AA copolymers measured by different 
methods are approximately equal. However, careful 
analysis shows that the F s . ~  and Fs.4 results are rel- 
atively higher than those from Fs-l and FsM3. One 
reason for this FS.' result is because the proton res- 
onance peak of CH(CO0H) is overlapped by 
DMSO, in which the overlapped part is calculated 
into the DMSO peak area. The peak area differences 
between COO and C2-C5 obtained with Fs-3 method 
is too large. The more accurate results were obtained 
from Fs.2 and Fs-4 and these values were used for 
calculation of the monomer reactivity ratios. 

The reactivity ratios of monomer can be deter- 
mined from the feed and low-conversion copolymer 
compositions by the well-known Kelen-Tudos plot 
methods.32237 The corresponding Kelen-Tudos plot 

for S-AA copolymerization system is shown on Fig- 
ure 4. The reactivity ratios were calculated from the 
slope and intercept according to the recommended 
expression: 37 

where 

where f a ,  f , ,  Fa, and F,, respectively, represent the 
mole fraction of acrylic acid and styrene in the initial 
monomer feed and in the low-conversion bulk co- 
polymers. The calculated reactivity ratios of r, 
(acrylic acid) and r, (styrene) were 0.13 and 0.38, 
respectively, reported in the literature to be ra = 0.15, 
r, = 0.25?8 The differences may be caused by dif- 
ferent determination methods. 

Table I11 Calculated Triads with r, = 0.13, r, = 0.38, and a = 0.36 

Triad Fraction Centered by Acrylic Acid 

Sample 
Code fa Fa PAA FAAA FAAS FSAS 

SA-5 
SA-10 

SA-30 
SA-40 
SA-50 
SA-60 

SA-20 

SA-80 

0.071 
0.138 
0.265 
0.382 
0.491 
0.591 
0.684 
0.853 

0.153 0.167 0.000 
0.235 0.297 0.000 
0.343 0.487 0.002 
0.375 0.620 0.006 
0.429 0.717 0.012 
0.462 0.792 0.025 
0.537 0.851 0.048 
0.667 0.938 0.184 

Triad Fraction Centered by Styrene 

0.019 
0.040 
0.086 
0.138 
0.198 
0.266 
0.343 
0.490 

~~ ~ 

0.981 
0.960 
0.912 
0.857 
0.790 
0.709 
0.609 
0.326 

Sample 
Code f, 

SA-5 

SA-20 
SA-10 

SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

0.929 
0.862 
0.735 
0.618 
0.509 
0.409 
0.316 
0.147 

0.847 
0.765 
0.657 
0.625 
0.572 
0.538 
0.463 
0.333 

0.990 
0.980 
0.955 
0.925 
0.889 
0.842 
0.780 
0.571 

0.694 
0.494 
0.263 
0.145 
0.080 
0.043 
0.022 
0.004 

0.278 
0.418 
0.500 
0.471 
0.406 
0.330 
0.254 
0.116 

0.028 
0.088 
0.237 
0.384 
0.514 
0.627 
0.724 
0.880 
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Sequence Distribution of the Bulk Copolymer 

Figure 5 and Figure 6 show the expanded I3C-NMR 
spectra of the carboxyl carbon and the C, carbon of 
phenyl in the copolymer, respectively. The split res- 
onance peaks for one kind of carbon make it possible 
to investigate the monomer sequence distribution. 
The triads were assigned as shown in Figures 5 and 
6. Assuming that the AM mode133.34 is valid for these 
copolymer systems and that the assignments in Fig- 
ures 5 and 6 are correct, the fraction of triads mea- 
sured should be in agreement with those calculated 
from the AM statistics-kinetics model. According 
to Bovey's treatment, l4 the AA centered and S cen- 
tered triads can be given by the following set of 
equations: 

Table IV Acrylic Acid Centered Triad 
Distribution of S-AA Bulk Copolymers 

Sample 
Code 

SA-5 
SA-10 
SA-20 
SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

SA-5 
SA-10 
SA-20 
SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

S A-5 
SA-10 
SA-20 
SA-30 
SA-40 
SA-50 
SA-60 
SA-80 

Fraction of Triads 

Measured by 
I3C-NMR Theory 

FSAS 

1.000 
0.939 
0.927 
0.860 
0.768 
0.668 
0.569 
0.270 

FAAS 

0.000 
0.061 
0.073 
0.135 
0.207 
0.269 
0.337 
0.450 

FAAA 

0.000 
0.000 
0.000 
0.005 
0.024 
0.063 
0.094 
0.280 

0.981 
0.960 
0.912 
0.867 
0.790 
0.709 
0.609 
0.326 

0.019 
0.040 
0.086 
0.138 
0.198 
0.266 
0.343 
0.490 

0.000 
0.000 
0.002 
0.006 
0.012 
0.025 
0.048 
0.184 

Table V 
S-AA Bulk Copolymers 

Styrene Centered Triads Distribution of 

Fraction of Triads 

Sample Measured by 
Code 13C-NMR Theory 

SA-5 
SA-10 
SA-20 
SA-30 

SA-50 
SA-60 

SA-40 

SA-80 

SA-5 
SA-10 
SA-20 
SA-30 

SA-50 

SA-80 

SA-40 

SA-60 

SA-5 
SA-10 

SA-30 

SA-50 

SA-20 

SA-40 

SA-60 
SA-80 

FASA 

0.014 
0.022 
0.220 
0.346 
0.456 
0.555 
0.619 
0.755 

FSSA 

0.264 
0.450 
0.498 
0.471 
0.435 
0.383 
0.284 
0.192 

FSSS 

0.731 
0.530 
0.279 
0.183 
0.109 
0.081 
0.078 
0.054 

0.028 
0.088 
0.238 
0.384 
0.514 
0.627 
0.724 
0.880 

0.278 
0.418 
0.500 
0.471 
0.406 
0.329 
0.254 
0.116 

0.694 
0.494 
0.263 
0.145 
0.080 
0.043 
0.022 
0.004 

w h e r e p ~ ~  = r a f a / ( l  - f a  + r a f a ) ,  PSS = r s f s / ( l  - f s  

+ r s f s )  and P A A  (or Pss) is the probability that 
acrylic acid (or styrene) will add to a growing chain 
ending in acrylic acid (or styrene), f a  and f .  are the 
mole fractions of acrylic acid and styrene in the feed, 
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F- , FAAS, and FsAs represent the AA centered triad 
fractions; Fsss, FssA, and FAsA are the S centered 
triad fractions. The calculated results of triads with 
r, = 0.13, r, = 0.38, and a = 0.36 are listed in Table 
111. The experimental results of normalized triad 
fractions are compared with theoretical results in 
Tables IV and V. The experimental results for AA 
centered triads are almost the same as those deter- 
mined from statistics. The values measured for S 
centered triads are aIso in very good agreement with 
the calculated results even though the tripeak of C ,  

resonance is not split completely. These results in- 
dicate the assignments in Figures 5 and 6 are correct. 

Figure 5 shows that the resonance peaks of car- 
boxyl carbon not only exhibit three main peaks, but 
also every peak splits into other tripeaks. This be- 
comes clearer for the SA-80 copolymer and the SA- 
100 homopolymer. The further resonance phenom- 
enon may be caused by the different configuration 
of copolymer segments (coisotacticity ) .17J8 Unfor- 
tunately, these splits are too small to analyze quan- 
titatively. 

Table VI 
Conversions and for the Corresponding Bulk Copolymers (SA-B-n) at Low Conversion 

Triad Distributions of Emulsion Copolymers (SA-E-n) and Their Composition at Different 

Sample Conversion 
Code (%I 

Fraction of 
Styrene in 
Polymer 

(%I 

Triad Fractions Centered by Styrene 

Fsss FSSA FASA 

SA-E-40 

SA-B-40 
SA-E-30 

SA-B-30 
SA-E-20 

SA-B-20 

5 
7 

11 
50 
4 

12 
18 
25 
65 
3 
6 

17 
52 
78 

2 

0.748 
0.713 
0.732 
0.710 
0.527 
0.758 
0.774 
0.786 
0.781 
0.625 
0.763 
0.800 
0.806 
0.813 
0.657 

0.625 0.348 0.026 
0.582 0.373 0.045 
0.521 0.366 0.113 
0.472 0.408 0.120 
0.109 0.435 0.456 
0.655 0.339 0.006 
0.646 0.342 0.012 
0.642 0.335 0.023 
0.624 0.360 0.016 
0.183 0.471 0.345 
0.668 0.316 0.016 
0.633 0.294 0.028 
0.718 0.271 0.011 
0.715 0.260 0.025 
0.282 0.498 0.220 

Triad Fractions Centered by Acrylic Acid 

FAAA F A A S  FSAS 

SA-E-40 5 0.748 0.064 0.206 0.730 
7 0.713 0.066 0.180 0.754 

11 0.732 0.051 0.173 0.776 
50 0.710 0.055 0.181 0.764 

SA-B-40 4 0.572 0.024 0.207 0.768 
SA-E-30 12  0.758 0.000 0.072 0.928 

18 0.774 0.000 0.067 0.933 
25 0.786 0.000 0.072 0.928 
65 0.781 0.043 0.045 0.912 

SA-B-30 3 0.625 0.005 0.135 0.860 
SA-E-20 6 0.763 0.017 0.121 0.863 

17 0.800 0.046 0.130 0.824 
52 0.806 0.000 0.130 0.870 
78 0.813 0.000 0.135 0.865 

SA-B-20 2 0.657 0.000 0.073 0.927 
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Sequence Distribution of Emulsion Copolymer 

Table VI lists the triad fractions and composition 
of three emulsion copolymers at different conver- 
sions and of the corresponding bulk copolymers a t  
low conversion. The data in Table VI show that Fsss 
decreases and F A S A  increases as conversion increases. 
This fact becomes clearer when the acrylic acid con- 
tent is higher (SA-E-30 or -40). The change of all 
triads and of composition with conversion is not 
great at conversions less than 80%. With the emul- 
sion copolymers, FSSS is much smaller and F A S A  

much higher than the corresponding FSSS and F A s A  

values for bulk copolymers. Hence more styrene ho- 
mopolymer is formed in emulsion S-AA copolymer- 
ization. The overall concentration of acrylic acid 
becomes higher as the conversion increases. The 
reactivity ratio measured by bulk copolymer cannot 
be used to predict the intramolecular structure in 
the complex emulsion copolymerization system. 
Table VI also shows that the AA-centered triad 
fractions of emulsion copolymers are similar to those 
of bulk copolymers. 

Polymerization in emulsion systems takes place 
mainly in the micelles or in the polymer particles 
where the hydrophobic monomers are primarily lo- 
~ated.~’  The oligomer radicals, which can precipitate 
or be captured by micelles or polymer particles, are 
produced in the water phase when water-soluble 
initiators are employed and these oligomers may 
grow significantly in the water phase when hydro- 
philic monomers are used.40 Thus for the hydro- 
philic/ hydrophobic system of this study one would 
expect that in the first stage of copolymerization, 
large radical oligomers formed in the water would 
be comprised mainly of water-soluble monomers. If 
this were true, the F A A A  values of emulsion copoly- 
mers should be much higher than those of the bulk 
copolymers. In fact, the experimental results do not 
agree with this supposition even when high acrylic 
acid concentrations are used in the feed. In this case, 
if the conversion is not too high (significant styrene 
exists), the radical oligomers may grow to a definite 
size (the radical oligomer size is greater than 2-3 
but not too large) and enter the micelles or polymer 
particles to continue propagation. Because of the 
high content of hydrophobic monomer, styrene, in 
the micelles and polymer particles, more homopol- 
ymer (large Fsss) will be produced. These data in- 
dicate that the major loci of polymerization remain 
in the micelles and/or particles even with high AA 
concentration. Much more work is needed to un- 
derstand the details of the reactions in the water 
phase and their impact on copolymer characteristics. 

CONCLUSIONS 

The sequence distribution of styrene-acrylic acid 
copolymers can be measured by 13C-NMR of the 
carboxyl carbon and the C1 carbon of phenyl in S- 
AA copolymers. Low-conversion copolymer com- 
position data obtained by NMR at  different initial 
monomer radios were used with the Kelen-Todos 
plot method to determine the reactivity ratios of r, 
= 0.13 and r, = 0.38. The resonance peaks split by 
triads were assigned and confirmed by comparing 
experimental triad values with those calculated from 
the Alfrey-Mayo statistics-kinetics model. The triad 
distribution of S-AA emulsion copolymers were 
measured in an effort to obtain more information 
about emulsion copolymerization mechanisms when 
hydrophilic / hydrophobic monomers are used. 
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