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The monomer reactivity ratios of styrene-acrylonitrile (SAN) copolymerization in microemulsions, 
evaluated from 13C n.m.r. spectroscopic analysis, were found to be variables which not only vary with the 
feed molar ratio of styrene to acrylonitrile but actually depend on the molar ratio of monomers in the 
microenvironment of the polymerization loci. The copolymerization loci were found to be the 
microemulsion droplets. The calculated compositions of the SAN copolymers based on the monomer 
reactivity ratios that were obtained were in good agreement with the experimental values determined by 
elemental analysis. The glass transition temperatures of the SAN copolymers were found to decrease linearly 
with the increasing mole fraction of styrene in the copolymers. 
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INTRODUCTION 

The homopolymerization of microemulsions1-9 has been 
extensively investigated since 1980. In contrast, little 
attention has been paid to the study of the copolymer- 
ization of microemulsions. In water-in-oil (w/o) micro- 
emulsion copolymerization, Candau et u/.‘~~” showed 
that the reactivity ratios for the copolymerization of both 
of the water-soluble monomers acrylamide (M,) and 
sodium acrylate (M-J in inverse microemulsions were 
close to unity. These values are significantly different 
from those reported in the literature (Y] N 0.95; 
r2 w 0.30) obtained from copolymers prepared in 
solution or in an inverse emulsion. In our recent work 
on the copolymerization of styrene and methyl meth- 
acrylate I2 in ternary oil-in-water (o/w) microemulsions 
it has also been demonstrated that the monomer 
reactivity ratios (ys = 0.74 f 0.09 and YM = 0.38 f 0.04) 
obtained from microemulsion copolymerization were 
different from those obtained from bulk copolymeriza- 
tion (rs = 0.50 and rM = 0.45)13. This difference is 
attributed to the rather high solubility (1.56 wt%) of 
methyl methacrylate (MMA)14 in the aqueous phase. 

In this paper, in order to study the effect of 
monomer solubility on the monomer reactivity ratios, 
a monomer, namely acrylonitrile (AN), with a 
water solubility higher than that of MMA, was 
used to copolymerize with styrene in ternary o/w 

* To whom correspondence should be addressed 

microemulsions. Acrylonitrile can dissolve in amounts 
as high as 7.35 wt%14 in water. 

EXPERIMENTAL 

Materials 

Tetradecyltrimethylammonium bromide (TTAB) pur- 
chased from Tokyo Chemical Industry was recrystallized 
from an ethanol-acetone mixture. Potassium persulfate 
(KPS) (from Fluka) was recrystallized from doubly 
distilled water. Styrene and acrylonitrile (AN) (both 
from Fluka) were purified by vacuum distillation 
(3 mmHg at 20°C). 

Copolymerization 

Microemulsion copolymerizations were carried out at 
60°C using 0.15 mM of KPS. The compositions of the 
microemulsions were 7 wt% mixed monomers (varying 
the feed molar ratio of the styrene and AN monomers), 
9 wt% TTAB and 84 wt% water. The copolymer samples 
at low conversion (below 8%) were precipitated by a 
large quantity of methanol. They were purified by 
repeated washing with methanol and were then vacuum 
dried for 24 h. 

Copolymer characterization 

The compositions of the copolymers were determined 
by elemental analysis, while the monomer reactivity 
ratios were evaluated by 13C n.m.r. spectroscopic 
analysis. The 125 MHz 13C n.m.r. spectra were recorded 
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with a Bruker AMX 500 spectrometer using the 
WALTZ-16 decoupling procedure at 298 K. Sample 
concentrations were ca. 5% (wt/vol) in CDCls solution. 
The spectra were run at a 45” pulse angle, with a 5 s pulse 

Table 1 Compositions of styrene and acrylonitrile (AN) in the feeds 
and copolymers” 

Conversion 
System .fL ” ~_ ~~ .__...fk\l”_ ~__!I?! ~~ _FAN” (%L 

SAN10 0.90 0.10 0.87 0.13 2.13 
SAN25 0.75 0.25 0.80 0.20 2.04 
SAN50 0.50 0.50 0.69 0.30 2.30 
SAN60 0.40 0.60 0.67 0.33 7.57 
SAN75 0.25 0.75 0.63 0.37 6.54 
SAN90 0.10 0.90 0.53 0.47 7.82 

” Microemulsion compositions: 9 wt% TTAB. 84 wt% water, 7 wt% of 
mixed styrene and AN with various molar ratios and 0.15 mM KPS. 
Polymerization temperature = 60 ‘C 
h Mole fraction of styrcnc in the feed 
” Mole fraction of AN in the feed 
” Mole fraction of styrene in the copolymer 
’ Mole fraction of AN in the copolymer 

‘21 
I \ \ 

I 
I \ \ \ \ I 

Figure 1 Fineman-Ross (a) and Kelen-Tudos (b) plots for the SAN 
system; the solid lines represent experimental values, while the dashed 
lines are calculated values based on rs = 0.34 and rAN = 0.06 

recycle time, to ensure that all of the carbon-l 3 nuclei 
had completely relaxed. Spectra were obtained by 
accumulating for 5OOOG3000 scans. 

The glass transition temperatures (Tg)s of the 
copolymers were measured by using a PerkinElmer 
DSC-4 Differential Scanning Calorimeter with a heating 
rate of 20°C mini’. The initial onset of the slope of the 
differential scanning calorimetry (d.s.c.) curve was taken 
as the rg. 

RESULTS AND DISCUSSION 

Composition of SAN copolymers 
The compositions of the styreneeacrylonitrile (SAN) 

copolymers determined by elemental analysis are shown 
in Tuhle 1, together with the compositions of styrene and 
AN in the feeds. According to the FinemanRoss” and 
Kelen~Tudos’6 graphical methods, linear plots should 
be obtained based on the composition data. However, as 
shown in Figure I, both the FinemanRoss and Kelen-- 
Tudos plots are curves rather than straight lines. The 
experimental curves are totally different from the 
theoretical plots (dashed lines) which were evaluated 
using the monomer reactivity ratios (r, = 0.34 and 
I”AN = 0.06) obtained by bulk polymerization’7.‘8. This 
deviation is much more serious than that found in the 
styrene-MMA systems’*. The high solubility of the AN 
monomer in the aqueous phase could cause this marked 
deviation. The solubility of the AN monomer in water 
(7.35 wt%) is much higher than that of the MMA 
monomer (1.56 wt%)t4. A substantial difference between 
the monomer molar ratios in the microenvironment of 
the polymerization loci and the feed ratios is expected for 
the styreneeacrylonitrile microemulsion system. As a 
result, the monomer reactivity ratios for styrene and AN 
in microemulsions could not be deduced from either the 
Fineman-Ross or the KelenTudos plots because no 
linear relationship can be established. 

Monomer reactivity ratios and microstructures of SAN 
copolymers,from t3C n.m.r. spectroscopic analysis 

A 13C n.m.r. spectrum of a SAN copolymer is 
presented in Figure 2. The aromatic Cl region 
(chemical shift, S = 146.8-138.7 ppm) and nitrile 
carbon region (S = 122.55118.0) were used for analysis. 
Expanded aromatic Cl regions and nitrile carbon 
regions of the studied SAN copolymers are shown in 
Figure 3. The assignments of the resonances of the 
AN- and styrene-centred triads are as follows: SSS 

--CH,-CH- 

I 
AN CEN 

J LJ’ 
1 ““‘I’ I”’ I i / 1 

120 100 80 60 40 20 0 

6 (epm) 

Figure 2 “C n.m.r. spectrum of a SAN50 copolymer in CDCI, at 
298 K 
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Table 2 Calculated and observed fractions of styrene- and acrylonitrile (AN)-centred triads in SAN copolymers 

Styrene-centred triads AN-centred triads 

System Fsss &A FASA FAAA FAAS &AS Type" 

SAN10 0.57 0.37 0.06 

0.73 0.22 0.04 

SAN25 0.25 0.50 0.25 

0.55 0.38 0.07 

SAN50 0.06 0.38 0.56 

0.27 0.56 0.16 

SAN60 0.03 0.30 0.67 

0.25 0.53 0.22 

SAN75 0.01 0.18 0.81 

0.18 0.49 0.33 

SAN90 0.00 0.07 0.93 

0.13 0.24 0.63 

0.00 0.01 0.99 Calculated 

0.00 0.01 0.99 Observed 

0.00 0.04 0.96 Calculated 

0.00 0.01 0.99 Observed 

0.00 0.11 0.89 Calculated 

0.00 0.03 0.97 Observed 

0.01 0.15 0.84 Calculated 

0.00 0.04 0.96 Observed 

0.02 0.26 0.72 Calculated 

0.00 0.05 0.95 Observed 

0.12 0.46 0.42 Calculated 

0.00 0.31 0.69 Observed 

‘The calculated fractions obtained for the triads were based on the monomer reactivity ratios obtained by bulk copolymerization, i.e. IS = 0.34, and 
rAN = 0.06 

5 (/>/>II>) 8 ,,‘p”‘l 

B A 

Figure 3 Expanded 13C n.m.r. spectra of SAN copolymers: (A) nitrile 
carbon regions; (B) aromatic Cl regions 

(6 = 146%143.7ppm), SSA or ASS (15 = 143.7- 
141.2 ppm), ASA (S = 141.2-138.7ppm), SAS 
(6 = 122.55120.8ppm), SAA or AAS (6 = 120.8- 
119.2ppm) and AAA (S = 119.2-llS.Oppm). These 
assignments are based on those reported by Schaefer”, 
Arita et al.*’ and Hill et al.*‘. 

The triads distributions determined from Figure 3 are 
summarized in Table 2. Theoretical predictions of the 

styrene- and AN-centred triads which were calculated 
based on the monomer reactivity ratios obtained by bulk 
polymerization (rs = 0.34 and TAN = 0.06)‘7.18 and the 
Alfrey-Mayo model** are also included in Table 2 for 
comparison. It can be seen that the experimental results 
are totally different from the predicted values. For 
instance, the experimental values of all the Fsss 
parameters are much higher than the respective 
calculated ones. This implies that the molar ratios of 
the styrene and AN present in the polymerization loci of 
the o/w microemulsion systems are higher than the 
corresponding feed ratios. Therefore the monomer 
reactivity ratios obtained from bulk or homogeneous 
copolymerizations cannot be applied to the copolymer- 
ization of styrene and AN in o/w microemulsions. 

The monomer reactivity ratios can be evaluated from 
the 13C n.m.r. spectra of the SAN copolymers by using 
the triad distribution data as follows23: 

where 

P(S/A) = 
FSAS + &AA/~ 

FAAA + FAAS + &AS 

FASA + FSSA/~ 

P'AP) = Fsss + FSSA + FASA (1) 

and fAN and fs are the feed ratios of AN and styrene, 
respectively. 

The monomer reactivity ratios of rs and TAN for 
microemulsion copolymerization are related to those 
found for bulk or solution cogolymerizations, r’s (0.34) 
and &N (0.06)17,18, as follows : 

'3 ='"&A; rAN =&N/ksA 

f 's/f !4N = ksA(fs/fm) (2) 
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Table 3 The monomer reactivity ratios (rs and rAN) evaluated from Table 4 
13C n.m.r. spectroscopic data for the copolymerization of styrene and 

The distribution coefficients of styrene-AN (ksA) evaluated 
from the monomer reactivity ratios of styrene and acrylonitrile in 

acrylonitrile in microemulsions microemulsion copolymerization 

System J~IJAN YS TAN System ks,,$ (Styrene) 

SAN10 1.79 
SAN25 2.76 
SAN50 3.70 
SAN60 4.70 
SAN7S 6.58 
SAN90 8.77 

ksA (AN) 

1.54 
2.61 
3.62 
4.39 
6.54 

ksA (Average 

I .67 
2.68 
3.66 
4.55 
6.56 
8.77 

SAN10 9.00 0.61 0.039 
SAN25 3.00 0.94 0.023 
SAN50 1.00 1.26 0.017 
SAN60 0.67 1.60 0.014 
SAN75 0.33 2.24 0.009 
SAN90 0.1 I 2.98 -0 

Figure 4 The variations of rs and rAN with the feed molar ratios of 
styrene to AN (.fs/fAd 

where fs/fAN is the molar ratio of styrene/AN in the feed, 
while ksA andfk/j”aN are, respectively, the distribution 
coefficient and the molar ratio of styrene/AN in the 
polymerization loci. 

Table 3 summarizes the calculated values of rs and 
TAN. These values are not constant but vary with the 
molar ratio of,fs/f&, as shown in Figure 4. It can be seen 
that rs decreases, while YAN increases, with the increasing 
feed molar ratio fs/fAN. The continuous decrease of rs 
and increase of YAN are due to the variation of the 
distribution coefficient of styreneeAN (ksA) at different 
feed molar ratios. Based on these different monomer 
reactivity ratios, values of ksA were calculated using 
equation (2) and the results are summarized in Tuble 4, 
together with their average values. 

Using the average values of kSA, the molar ratios of 
styrene to AN in the polymerization loci (fk/faN) were 
calculated and these are summarized in Table 5. These 
ratios are indeed much higher than the feed molar ratios 
(fs/fAN), due to a much higher solubility of AN 
(7.35wt%) than that of styrene (0.031 wt%) in the 
aqueous phase. This implies that the copolymerization 
loci are the microemulsion droplets. 

The amounts of AN in the polymerization loci 
(microemulsion droplets) and the aqueous phase were 
also calculated with the assumption that an insignificant 
amount of the added styrene was dissolved in the 
aqueous phase. As shown in Table 5, the calculated 
concentration of AN in the aqueous phase increases 
from 0.28 to 5.58 wt% when the charged concentration 
of AN increases from 0.70 to 6.30wt%. It can also be 

v I 

/ 

/ 

I 
0.2 , 
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Figure 5 Monomer-copolymer composition curve for SAN copoly- 
mers: fs, mole fraction of styrene; Fs, mole fraction of styrene in 
copolymer. The solid curve represents calculated values based on 
monomer reactivity ratios deduced from “C n.m.r. spectroscopic 
data, the dashed curve represents calculated values based on rs = 0.34 
and TAN = 0.06, while the squares are experimental results obtained 
from elemental analysis: the dotted line represents ideal random 
copolymerization 

seen that the ratio of the feed AN dissolving in the 
aqueous phase to the charged AN increases from 0.4 
to 0.89. This means the solubility of AN increases with 
the increasing feed concentration of AN. Hence, it is the 
variation of the partitioning of AN in the microemul- 
sion droplets and in the aqueous phase that causes the 
monomer reactivity ratios to change as functions of 
the feed AN. 

In order to further confirm the reliability of the 
monomer reactivity ratios evaluated from 13C n.m.r. 
spectroscopy, copolymer compositions were calculated 
based on these monomer reactivity ratios and the results 
are compared with those obtained from elemental 
analysis (Table 6). The calculated copolymer composi- 
tions based on the monomer reactivity ratios (rs = 0.34, 
rAN = 0.06) obtained from bulk copolymerization are 
also included for comparison. It can be clearly seen that 
the experimental results obtained from elemental 
analysis are very similar to those values calculated 
using the monomer reactivity ratios obtained by spectro- 
scopy, but not those calculated using the ratios obtained 
from bulk polymerization. This also confirms the 
assertion that the monomer reactivity ratios for the 
copolymerization of styrene and AN in o/w microemul- 
sions are not constant. 

Figure 5 illustrates the monomercopolymer composi- 
tion curves of styrene-AN copolymerization. This shows 
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Table 5 The calculated values of the molar ratio of styrene to AN in the polymerization loci (fk/faN) and the amount of AN dissolved in the 
aqueous phase, based on the values of k,, given in Table 4 

AN (As.) 
AN dissolved in aqueous phase AN charged 

System fS IfAN f ‘slfL.4 fj9N fAN -f!AN (WC/,) (wt%) AN (charged) 

SAN10 9.00 14.98 0.06 0.04 0.28 0.70 0.40 

SAN25 3.00 8.04 0.09 0.16 1.10 1.75 0.63 

SAN50 1.00 3.65 0.14 0.36 2.55 3.50 0.73 

SAN60 0.67 3.03 0.13 0.47 3.28 4.20 0.78 

SAN75 0.33 2.16 0.11 0.64 4.46 5.27 0.85 

SAN90 0.11 0.98 0.10 0.80 5.58 6.30 0.89 

Table 6 Comparison between copolymer compositions obtained from elemental analysis and values calculated from n.m.r. spectroscopy and bulk 
copolymerization data 

System 

Elemental analysis data Calculated data’ Calculated datab 

Fs FAN FSIFAN Fs FAN &/FAN Fs FAN &/FAN 

SAN10 0.87 0.13 6.75 0.87 0.13 6.50 0.80 0.20 4.06 

SAN25 0.80 0.20 4.02 0.79 0.21 3.78 0.66 0.34 1.98 

SAN50 0.69 0.30 2.26 0.68 0.31 2.22 0.56 0.47 1.26 

SAN60 0.67 0.33 2.04 0.67 0.33 2.03 0.53 0.47 1.13 

SAN75 0.63 0.37 1.67 0.63 0.37 1.69 0.48 0.52 0.94 

SAN90 0.53 0.47 1.13 0.53 0.47 1.12 0.40 0.60 0.67 

a Based on monomer reactivity ratios, obtained from microemulsion copolymerization, evaluated from 
b Based on monomer reactivity ratios obtained from bulk copolymerization”~t8 

13C n.m.r. spectroscopic data 

Table 7 Reactivity ratios of styrene-acrylonitrile copolymerization 
involving different polymerization methods 

Table 8 Copolymerization parameters of styrene-acrylonitrile 
copolymers 

Polymerization 
method 

Bulk 
Bulk 
Bulk 
Solution 
Solution 
Solution 
Microemulsion 

Reactivity ratios 

3 rAN 

0.34 0.06 
0.331 i 0.2770.42 0.053 f 0.0440.07 
0.41 0.04 
0.34 0.13 
0.46 0.07 
0.43 0.03 

(0.61-2.98)” (0.009-0.039)” 

Ref. 

17,18 
21 
20 
25 
26 
26 
This work 

’ Varies with the feed molar ratios of styrene/acrylonitrile 

excellent agreement between the experimental results 
(squares) and the calculated results for microemulsion 
copolymerization (solid line). However, the calculated 
results based on the monomer reactivity ratios obtained 
from bulk copolymerization data (dashed line) differ 
substantially. The azeotrope composition shifts 
from 0.58 for bulk copolymerization to 0.82 for 
microemulsion copolymerization of styrene-AN, as 
indicated in Figure 5 by the respective intersections of 
the dotted line (ideal random copolymerization) with the 
dashed and solid lines. 

The monomer reactivity ratios for styrene-AN 
copolymerization obtained from different methods of 
copolymerization are summarized in Table 7. The 
reactivity ratios for bulk and solution copolymeriza- 
tions are quite similar. On the other hand, due to the 
prominent partitioning effect of the AN monomer in the 
microemulsions (discussed above), the monomer 

System Fss &A FAA Ns NA K R 

SAN10 0.74 0.26 0.00 6.46 1.00 1.17 26.33 
SAN25 0.59 0.41 0.00 3.81 1.00 1.28 40.82 
SAN50 0.39 0.61 0.01 2.25 1.02 1.43 60.97 
SAN60 0.35 0.65 0.01 2.07 1.02 1.47 64.72 
SAN75 0.27 0.72 0.01 1.74 1.03 1.55 72.46 
SAN90 0.13 0.79 0.07 1.33 1.18 1.60 79.47 

reactivity ratios vary with the feed molar ratio in 
microemulsion copolymerization. This clearly shows 
that the copolymerization loci (microenvironment) for 
styrene and AN in microemulsions are different from 
those in bulk and solution copolymerizations. 

Number-average sequence length, block character and run 
number 

Table 8 shows the diad distributions (Fss, FsA and 
FAA) which were calculated using the diad-triad 
relationship** and the number-average sequence lengths 
(Ns and NJ which were evaluated from the triad 
distributions22. It can be seen that sample SAN10 has 
the highest Fss due to the highest concentration of 
styrene used. However, for sample SAN90, FAA is very 
low (0.07) due to the partitioning effect of AN and the 
low TAN. However, its alternating diad (FsA) is the 
highest. The Ns value which gives the styrene monomer 
units in a styrene segment decreases from 6.5 to 1.3, while 
the NA value shows that there is about one AN monomer 
unit in each AN segment for the copolymers. In addition, 
the block character23 (K) and run number23 (R) were 
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Table 9 Glass transition temperature (T,) values for the SAN 
copolymers 

System 
Tg” Tgh 
(K) (K) 

SAN10 367.65 367.26 
SAN25 369.92 369.44 
SAN50 372.81 372.52 
SAN60 373.26 373.55 
SAN75 375.35 374.75 
SAN90 378.67 378.12 

” Experimental values 
* Values calculated from Barton equation” 

300, I 

Figure 6 The plot of [Tg ~ (FssTg,ss + &T&I VS. FSA for SAN 
copolymers: the line is a linear least-squares fit 

calculated and are also included in Table 8. The values of 
K show that the SAN copolymer shifts towards a more 
alternating nature as the feed molar ratio of styrene to 
AN decreases. The value of R, which gives the number of 
segments per hundred monomer units, increases con- 
tinuously from 26 to 79 as the AN concentration 
increases from samples SAN10 to SAN90. 

Glass transition temperature 
The measured Tp values for the SAN copolymers are 

listed in Table 9. These values decrease linearly with the 
increase in Fs. The Tg of polyacrylonitrile (Tg,& and 
polystyrene ( T,,ss) were evaluated from the intercepts of 
Tg vs. Fs at Fs = 0 and Fs = 1, respectively, to give 
the following results: Tg,*~ = 395.34K and T,,ss = 
363.35K. Barton*’ has suggested that the TE is affected 
by the sequential distribution of monomeric units 
of a linear copolymer, and is given by the following 
equation: 

i-s = FssT,.ss + FAAT~,AA +FsAT~,sA (3) 

where Tg,SA is the Tp of the styrene-AN diad sequence. 
The plot of Ts - (Fss Ts,ss + FAA Tg,~~) VS. FSA, 

shown in Figure 6, yields a straight line. The value of 
377.85 K (Tg,& obtained from the slope of the line was 
used to predict the Tp values of the SAN copolymers that 
were studied, according to the Barton equation. Table 9 
shows that the experimental and calculated Tg values are 
in good agreement. 

CONCLUSIONS 

The monomer reactivity ratios of the monomer pairs 
copolymerized in o/w microemulsions are not necessarily 
constant but depend on the actual molar ratio of the 
monomers in the microenvironment of the polymeriza- 
tion loci. The molar ratio of the monomers present is 
governed by the different solubilities of the monomers in 
the aqueous phase. The deviations from linear Fineman- 
Ross and Kelen-Tudos plots observed for the micro- 
emulsion copolymerization of styrene and acrylonitrile 
are due to the high solubility of acrylonitrile in the 
aqueous phase. 

The molar ratios of styrene to acrylonitrile in the 
microenvironment of the polymerization loci are always 
higher than the initial feed ratios, implying that the 
copolymerization predominantly proceeds in the micro- 
emulsion droplets. The solubility of acrylonitrile in the 
aqueous phase varies with the feed molar ratios. This 
variation of the partitioning of acrylonitrile in the 
microemulsion droplets and in the aqueous phase 
causes the monomer reactivity ratios of the styrenee 
acrylonitrile copolymerization in microemulsions to 
depend strongly on the feed molar ratio of the 
monomers. 
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