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Polymerization of Styrene in 
WatwAlcohol-Ionic Surfactant Solutions 

L. M. CAN,* C. H. CHEW,* and S. E. FRIBERG 

Department of Chemistry 
University of Missouri-Rolla 
Rolla, Missouri 65401 

ABSTRACT 

The stability regions of styrene and polystyrene W/O micro- 
emulsions stabilized by sodium dodecyl sulfate with pentanol 
or butyl cellosolve as cosurfactant were determined. The 
polystyrene microemulsions showed considerably smaller 
stability regions than the ones with the monomer. Hence, 
early phase separation (turbidity) was encountered in polym- 
erizing styrene within the microemulsion region. The maxi- 
mally permitted conversion percentage of styrene in the low- 
water region was directly related to the solubility of the polymer 
in the cosurfactant. The high solubility of polystyrene in butyl 
cellosolve gave better stability than the microemulsion containing 
pentanol, showing the microemulsion concept to be useful in 
order to prepare hydrocarbon polymers containing ionic com- 
pounds. 

*Permanent address: Department of Chemistry, National Univer- 
sity of Singapore, Republic of Singapore. 
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740 GAN, CHEW, ANDFRIBERG 

INTROBUC % I O N  

Emulsion polymerizatfon is usually carried out in a macroemul- 

%? e properties of these systems have been well characterized and a 
rich variety of information is available [ 1-31. 

Extension of the field toward systems with smaller particle sizes 
has recently been made and two new types of polymerization systems 
can be recognized. 

Vanderhoff and Ugelsbd [ 4-91 have recently prepared emulsions 
with much smaller particle sizes (E 0.1 to 0.2 pm) by using ionic 
surfactants and a low amount of long-chain fatty alcohols as co- 
surfactants. These emulsions are called "mini-emulsions8's to dis- 
tinguish them from the much larger size "macroemulsions" and the 
very small size ~vmicroemulsions." The latter display a particle 
size of 0.005 to 0.1 p n  and are transparent. 

troduction by Schulman [ 101. They are  esserntially transparent 
oi%/water systems stabilized by a combination of an ionic surfactant 
and a cosurfactant in the form of a medium chain length alcohol. The 
opinion of their "true" nature has varied [ 11-26], but the fact that 
the inverse micellar solution of water and surfactant in the cosurfsc- 
tant may be diluted with hydrocarbon to a W/O microemulsion is 
now well recognized [ 23-26]. These W/O microemulsions are 
thermedynamically stable. 

Polymerization in microemulsion systems has been attempted to 
a limited extent. Microemulsions have been polymerized, and elec- 
tron microscopy photos claimed to reflect their structure before 
polymerization [ 271 ; other results showed polymerization in a methyl 
methacrylate microemulsion to lead to instability [ 281 in spite of the 
fact that the polymer in that case is soluble in the monomer. 

Hence, monomer/polymer solubility is not the complete answer to 
microemulsion stability. Our recent. results [ 291 have shown that 
addition of the polymer also caused drastic changes in stability in 
the nonpolar styrene/polystyrene system with excellent mutual 
solubility of monomer and polymer, It was found that at least two 
factors influenced the stability d a W/O microemulsion containi 
styrene and its polymers, In addition to the entropy effect [ 30-37 
that would be expected, the styrene oligomer beginning with the 
dimer also had an effect on the stability. These results indicate the 
possibilities to form stable W/O microemulsions to be limited, and 
the objectives of the present publication are to establish the connec- 
tion between solubility of an added polymer and the stability of a 
system having been polymerized In situ. The influence of the solu- 
bility of the polymer in the cosurfactant will also be described. 

On the other hand, polymers have been used to stabilize micro- 
emulsions [ 40-441, and the mechanism for such stabilization has 
been discussed by making comparisons with the stabilizing action 
of polymers in macroemulsions [ 451. 

an opaque system with particle size in the range 1 to 10 pm. 

Microemulsions have been extensively studied since their in- 
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POLYMERIZATION OF STYRENE 741 

It appears obvious that microemulsions with polymers present 
manifold scientific problems, and since their stability is  also very 
important industrially, we found an investigation on the influence of 
the presence of a polymeric substance on the solubility regions of a 
monomer microemulsion to be of pronounced interest. 

W e  chose the styrene/polystyrene microemulsion, considering 
the mutual solubility of the two components and the industrial impor- 
tance of the system. The present paper describes the effect of poly- 
styrene on the stability of W/O microemulsions and compares these 
results to those obtained by polymerization of styrene in ionic sur- 
factant-alcohol medium of low water content. 

E X P E R I M E N T A L  

M a t e r i a l s  

Pentanol and ethylene glycol monobutyl ether (butyl cellosolve, 
CIHeOCHaCHzOH)of pure grade were used as received from Fisher 
Scientific Co. Sodium dodecyl sulfate (SDS, CraH25S04Na) supplied 
by BDH was twice recrystallized from absolute ethanol. Water was 
doubly distilled. Styrene from Eastman was used directly for solu- 
bility study at 50°C. For polymerization, the purified styrene was 
distilled at  45"C/10 mmHg. The initiator was azobisisobutyl nitrite 
(AIBN) from Eastman. Polystyrene of an average molecular weight 
of 22,000 was obtained from Aldrich Chemical Co. 

M i c r o e m u l s i o n  a n d  S o l u b i l i t y  of P o l y s t y r e n e  

The transparent microemulsion regions were determined by titra- 
tion d Water to a screw-capped test tube containing pentanol, sty- 
rene, and SDS. Vigorous stirring by a Vortex mixer was necessary 
to ensure rapid homogeneity. Microemulsion containing a certain 
amount of polystyrene-styrene could readily be prepared in a similar 
way. The maximum solubilities of polystyrene in the various media 
were obtained by adding polystyrene stepwise to the media until they 
became turbid, All the experiments were carried out at  50°C in a 
water thermostat with a temperature control of *O.l"C. 

P o l y m e r i z a t i o n  

AIBN-initiated polymerizations at 50" C were carried out in a 
series d glass ampules under nitrogen atmosphere. Conversion of 
polymer was determined by precipitating the reaction mixture in a 
large excess of methanol. The sampling process was continued at  
different time intervals until the polymerizing mixture became 
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742 GAN, CHEW, ANDFRIBERG 

turbid. The appearance of turbidity was the indication of the beginning 
of phase separation. 

M o l e c u l a r  W e i g h t  D e t e r m i n a t i o n  

The dried polymer was dissolved in the tetrahydrofuron (THF) in 
0.2 wt%. The molecular weight of polymer was determined by using 
a Waters Model 201 liquid chromatograph with lo3, lo' and lo5 A 
M-styragel columns. Polystyrene standards (0.1 wt% in THF) were 
used for  calibration. The flow rate was kept at 1 mL/min. 

R E S U L T S  AND DISCUSSION 

W / O  M i c r o e m u l s i o n  S o l u b i l i t y  A r e a s  

The solubility regions for the structure-forming components of 
pentanol-aqueous SIX and the microemulsion containing styrene are 
shown in Fig, 1. The representation in Fig. 1 was chosen in order 
to facilitate the experimental determinations. The solubility areas 
were determined with initiation at a line on the SDS/peatand/styrene 
triangle with constant content of styrene but varied the pentanol/SDS 
ratio (Fig. 1). This means that only the water content can be directly 
read from the diagram. The pentanol and SDS readings should be 
multiplied by a factor (1 - x/100) in which x means weight percentage 
of styrene given. The styrene readings should be multiplied by the 
factor x/100. 

The W/O microemulsion regions were a direct continuation of the 
inverse micellar area of the structure-forming components. Maxi- 
mum water solubilization was obtained at a weight ratio of cosurfac- 
tant/surfactant at 3 2  for both inverse micellar solution and the 25% 
styrene-microemulsion. This value is similar to that of 50% p- 
xylene-microemulsion at 30" C, in which the ratio was found to be 
3.5 [ 23, 251. By further increasing the styrene content from 50 to 
758, the maximum water solubility was markedly reduced from 35 to 
lo%, both of which occurred a t  a lower cosurfactant/surfactant ratio 
of 2. A similar shift of the ratio was also observed for the micro- 
emulsions containi 
In such systems [ 23 , no inverse micelles or microemulsions were 
detected at low concentrations of water (< 15%). Instea4 the mole- 
cules of surfactant and water were found to exist only in the form of 
ion pairs or small aggregates in the water-poor region [ 251. 

Pentanol does not mix with a small amount of styrene; the two 
compounds became miscible when the weight ratio of styrene/ 
pentanol reaches 20/80. In other words, styrene can dissolve pen- 
tanol all the way up to a maximum of 400 g pentano1/100 g styrene. 
The styrene molecules may exert similar interactions with the 

benzene-pentanol-aqueous potassium oleate [ 231. 
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POLYMERIZATION OF STYRENE 743 

(lOO-x)% C,OH + x% St 

WATER (100-~)% SDS t X% St 

FIG. 1. Styrene (St)/distilled water W/O microemulsion areas 
stabilized by sodium dodecyl sulfate (SDS) and pentanol (CsOH). 
Instructions to read compositions in the diagram a re  in the text. 
x = 0 (-), 25 (- -), 50 (- *), 75 (**.). 

surfactant/water/cosurfactant complex as benzene [ 253 by replacing 
some of the cosurfactant molecules from the complex. 

S o l u b i l i t y  of P o l y s t y r e n e  

The solubility parameters have been found to be useful guides 
in the selection of solvents for polymers 46-48]. The total solubility 
parameter (60) has been related to the components of dispersion force 
(6d), polar force (6 ), and hydrogen bonding (gh) in the form of 
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744 GAN, CHEW, ANDFRIBERG 

TABLE I. The Solubility Parameters (cal/cms 

'h 6 
6 O  'd P 

Compounds 

Butyl cellosolve 9.5 

10.25 7.76 3.1 5.9 

Pentanol 10.61 7.81 2.2 6.8 

Styrene 9.30 9.07 0.5 2.0 

Polys tyrene 8.6-9.7 

2 2 6 0 2  = 6 + 6 a c 6 [45]. In general, a good solvent for a given 
polymer has a :solubility parameter value close to that of the polymer, 
The solubility parameters for styrene, polystyrene, and the alcohols 
used are listed in Table 1 from two sources for reference [ 47, 481 

Styrene itself is a very good solvent for polystyrene. It was found 
that 180 g styrene could dissolve up to 310 g polystyrene of 22,008 
molecular weight. On the other hand, pentanol was a very poor 
solvent for polystyrene, with the solubility limited to small fractions 
of a percent, while butyl cellosolve dissolved only about 1 g poly- 
styrene at  50°C. 

When alcohol was mixed with styrene in different weight ratios, the 
solubility of polystyrene was markedly enhanced, as depicted in Fig. 2, 
However, a significant solubility of polystyrene could only be observed 
when the styrene content had reached to 50 and 20% in the respective 
pentanol and butyl cellosolve systems. Beyond that, the solubility 
curves for polystyrene increased rapidly and quite linearly with an 
increase of styrene content. Since this solubility has an important 
bearing on the results of the polymerization studies, two examples 
will be given in order to illustrate the importance of the difference 
between the two curves. 
E a line, EM, is drawn at 45% alcohol, the initial 55% styrene 

will be linearly replaced by polystyrene along that line. The limiting 
solubility of polystyrene will occur at the respective intercepts of a 
and b. At Intercept a, phase separation will be encountered when 
7% polystyrene is present among 48% styrene and 45% pentanol. This 
is equivalent to 12% styrene being polymerized in a system contain- 
ing 55% styrene and 45% pentanol. Similarly, a maximum of 59% 
styrene conversion is compatible with the compositions at Intercept b 
of the butyl cellosolve system. 

For a line with an initial 75% styrene and 25% alcohol, along NP, 
the maximum conversion of polystyrene in the pentanol system will 
show a pronounced increase from 12 to 46.7%, corresponding to 
Intercept c. The maximum conversion of polystyrene in the butyl 
cellosolve system, on the other hand, is only moderately increased 
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POLYMERIZATION OF STYRENE 

COSU RFACTANT 

'945 

FIG. 2. Replacing pentanol with butyl cellosolve as a cosurfactant 
gives improved solubility of polystyrene (n = 22,000). 

W 

from 59 to 66.6% at Intercept d. This information will be used in the 
polymerization study (vide infra). 

As W/O microemulsions with high water content were unstable 
with polystyrene, the investigation was extended to the water-poor 
region. This region may consist of ion pairs of the surfactant mole- 
cules in the organic medium [ 251. Figure 3 shows the solubility 
regions with and without 10% polystyrene in the media containing 75% 
styrene, aqueous SDS, and either pentanol or butyl cellosolve. As 
can be seen from Fig. 3, the water content in the solubility regions 
was reduced to less than half in the presence of 10% polystyrene. 

The minimum amount of water required was about the same for 
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7 46 GAN, CHEW, ANDFRIBERG 

25% PENTANOL + x 25% BUTYL CELLOSOLVE + x 

FIG. 3. Solubility areas for styrene and its polystyrene solution. 
x = 75% styrene (-) and 673% styrene + '7.5% polystyrene (cross- 
hatched areas). 

all samples at a given concentration of SDS. It was calculated that 
about five molecules of water were needed for each molecule of SDS, 
irrespective of the presence of different alcohols and polystyrene. 
Furthermore, a similar molecular ratio of water/SDS prevailed 
along the minimum water boundary as the amount of SDS was in- 
creased. 

The maximum solubility of polystyrene was determined along this 
minimum water boundary, OP, as shown in Fig. 4. The absissa, OP, 
denotes the compositions of this boundary, which a r e  represented by 
the triangle phase diagram. The maximum solubility of polystyrene 
is expressed in terms of total styrene units. It is equivalent to % 
conversion in a polymerization system. 
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POLYMERIZATION OF STYRENE 7 47 

0 1 2 3 4 5 

25% 
75% 

\ / 
\ / 
\ 
\ 

\ 

FIG. 4. The presence of water and ionic surfactant caused a 
reduction of the solubility of the polymer. 

Notation 

HzO 0.5 1 1.5 2 2.5 3 

SDS 0 2.4 4.8 7.3 9.7 12.1 

&OH 24.9 22.3 19.8 17.2 14.7 12.1 

St 74.6 74.2 73.9 73.5 73.2 72.8 

With the addition of 0.5% water to 74.6% styrene and 24.9% alcohol, 
the maximum solubility of polystyrene was reduced from 46.7 to 41% 
in pentanol system and from 66.6 to 58% in butyl cellosolve system. 
This clearly demonstrates the effect of water on the solubility of 
polystyrene in the styrene-alcohol mixture. 

bility of polystyrene to diminish more rapidly along the minimum 
The combining effect of water and SDS caused the maximum solu- 

SDS 
St 
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748 GAN, CHEW, ANDFRIBERG 

water boundary, OP, of Fig. 4. The weight ratio d water/SDS along 
this boundary was fairly constant at about 1/3, which is equivalent 
to about 5 on a molecular basis. Polystyrene was more soluble in a 
butyl cellosolve system than in the alcohol system; this fact is re- 
flected in the higher solubility in the butyl cellosolve system with no 
water and surfactant present, The reduction of solubility with in- 
creased water/surfactant content (OP) was appraximately similar 
for the two systems. From the slope, the average diminishing-rate 
of polystyrene solubilfty was about 15% for each increment of 1% 
water and 3% SDS. A comparison with the values for pure water 
shows the influence by the SDS per se to be insignificant. This 
generalization also included the effect, due to small change in 
styrene-alcohol compositions. Table 2 summarizes the effect of 
water, SDS, and the composition change on the maximum solubility 
of polystyrene. 

P o l y m e r i z a t i o n  of S t y r e n e  

Early phase separation was encountered for polymerizimg styrene 
in the W/O microemulsion region with large amounts of water. 
Hence, polymerizations were carried out at  low water media accord- 
ing to the compositions listed in Table 3. Some of these composi- 
tions were similar to those used in the solubility study, a8 already 
shown in '%able 2. 

The maximum conversion of styrene to polystyrene before phase 
separation was obtained at the onset of turbidity. It is obvious by 
comparing Tables 2 and 3 that the maximum conversions of styrene 
were only marginally lower than those predicted by the solubility 
study, The minor discrepancy could well be due to their differences 
in molecular weights and molecular weight. distributions. As will be 
shown later, the prepared polystyrenes indeed had higher molecular 
weights than the one used for the solubility study. 

The rates of styrene polymerization were very similar for both 
alcohol systems and they are represented by one solid curve in Fig. 5. 
The maximum conversions of styrene for these cornpositions as num- 
bered in Table 3 are also shown. The average rate of polymerization 
was about 1.5% conversion per hour during the first 15 h of reaction. 
Thereafter, as expected, it began to slow down. 

Table 4 shows the molecular weights of polystyrene prepared 
from different compositions and at different conversions. The peak 
molecular distribution, EJnn, seemed to vary with the percent 
conversion. At 10% conversion, zdan was about 1.5. It increased 
to about 2 at about 30% conversion. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ti * 
TA
BL
E 

2. 
T

he
 E

ff
ec

t 
of 

W
at

er
 a

nd
 S

ur
fa

ct
an

t o
n 

th
e 

M
ax

im
um

 S
ol

ub
ili

ty
 of

 P
ol

ys
ty

re
ne

 a
t 

50
°C

 
$ 

2 
3 

Pe
nt

an
ol

 
B

ut
yl

 c
el

lo
so

lv
e 

8 

3 
6

3
 

C
om

po
si

ti
on

s 
1 

2 
3 

4 
5 

6 
7 

8 
9 

Hz
O 

(%
) 

0 
0.

5 
0.

5 
1

 
2 

0
 

0.
5 

0.
5 

1
 

SD
S 

(%
I 

0 
0 

1.
5 

3 
6 

0 
0 

1.
5 

A
lc

oh
ol

 
25

 
24

.9
 

23
.4

 
22

 
19

 
25

 
24

.9
 

23
.4

 
22

 
19

 

St
yr

en
e 

(%
I 

40
 

44
 

48
.6

 
53

.2
 

64
.2

 
25

 
31

.3
 

37
.3

 
42

 
52

.5
 

P
ol

ys
ty

re
ne

 (
%

) 
35

 
30

.6
 

26
 

20
.8

 
8.

8 
50

 
43

.3
 

37
.5

 
32

 
20

.5
 

M
ax

im
um

 s
ol

ub
ili

ty
 

46
.7

 
41

 
34

.9
 

28
.1

 
11

.9
 

66
.6

 
58

 
50

 
43

.2
 

28
.1

 

M 

of
 p

ol
ys

ty
re

ne
a 

(%
) 

aM
ax

im
um

 s
ol

ub
ili

ty
 o

f 
po

ly
st

yr
en

e 
= 
(P
S/
[ P

S 
+ 

S
] )

 X
 
10
0.
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



750 GAN, CHEW, AND FRIBERG 

TABLE 3. Styrene Polymerization in the Low Water-Alcohol-Ionic 
Surfactant Medium" 

Butyl 
Pentanol cellosolve 

Compositions 1 2 3 4 5 

HzO (%) 0.5 1.0 I. 5 0.5 1.0 
SDS 0 3.0 4.5 0 3.0 
Alcohol (%) 24.9 22 20.5 24.9 22 
Styrene (%) 74.6 74 73.5 74.6 74 
Time for maximum 31 18 13 47 30 

Maximum conversion of 39.5 25.3 18.5 56 40.7 
conversion (h) 

styrene before phase 
separation (%) 

aInitiator: AIBN at 0.37% of the total polymerizing mixture or a t  
0.5% of styrene content. Polymerization temperature: 50" C. 

It is well known that radical transfer reactions may occur to mono- 
mer, polymer, solvent, and even initiator. The reported values of 
the transfer constants at  50°C [ 491 for monomer styrene, polysty- 
rene, and AIBN are Cm = 0.4 X C = 2-14 X and CI = 0, 

P 
respectively. No information is available for polystyrene radical 
transferred to pentanol or butyl cellosolve, but it seems that they 
have similar transfer constants if one compares XIwfln for Samples 
2 and 5 at about 17% conversion (Table 4). Consequently, one is 
inclined to believe that the significant transfer reactions to poly- 
styrene could be responsible for broadening the molecular weight 
distribution at higher conversions. 

C o m p o s i t i o n  A n a l y s i s  a t  I n c i p i e n t  P h a s e  S e p a r a t i o n  

Phase separation was inevitably encountered for all the polymeri- 
zations carried out in this study. It occurred at different percent 
conversion of styrene, depending on the type of cosurfactant and the 
amount of water used. Preliminary information on the instability of 
polymer solution was obtained by analyzing the composition distribu- 
tions at  incipient phase separation. 

The recipe in Table 5 was used for polymerization up to 18.5% 
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POLYMERIZATION OF STYRENE 751 

z 
v) 

w > 
2 

9 
a 

8 

POLYMERIZATION TIME 

FIG. 5. Times for polymerization in low-water systems at  50°C. 
Numbers refer to compositions in Table 3. 

conversion when the first appearance of turbidity was observed, at 
which stage oxygen was bubbled with the polymerizing mixture in 
order to stop further polymerization. It was then centrifuged for 
30 min at  8000 rpm. The mixture was separated into three phases, 
namely, transparent top and middle fractions and a bottom fraction 
of opaque paste. 

tions. The top and middle fractions constituted 27.8 and 69.7% of the 
total mixture, respectively. Polystyrene was concentrated in the 
middle fraction. The amount of water and SDS in this fraction was 
about four times lower than the change in the recipe. On the other 
hand, the top fraction contained only a trace of polystyrene but twice 
as much water and SDS as in the recipe. The 2.5% opaque paste 
consisted of a relatively high amount of polystyrene, water, and 
SDS. 

Table 5 shows the compositions distributed in these three frac- 
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TABLE 5. Composition of Polymer Mixtures at  Incipient Phase 
Separation 

TOP Central Bottom 
fraction fraction fraction 

s o h  t ion) solution) paste) 
(clear (clear (opaque 

Compositions Recipe" 27.8% 69.7% 2.5% 

Water (%I 1.5 3.3 0.3 14.2 
SDS (%I 4.5 12.5 1.2 11.8 
Pentanol (5%) 20.5 83.6 72.7 58.2 
Styrene (%I 73.5 83.6 72.7 58.2 
Polystyrene (96) 0 0.6 25.8 15.8 

aAIBN = 0.37% total polymerizing mixture. Polymerization at  
50°C was stopped at  18.5% conversion on the onset of turbidity. 

If the oxygen-bubbled mixture was left on standing instead of on 
centrifugation, a top clear fraction slowly separated from the bottom 
turbid fraction. The bottom fraction was emulsionlike and water 
droplets could clearly be seen. When this lower phase was subjected 
to centrifugation, three fractions were again obtained. However, the 
transparent fractions were unstable, the middle fraction slowly be- 
coming turbid from the boundary. 

DISCUSSION 

The results give some information on the behavior of the styrene/ 
polystyrene couple in W/O microemulsion systems stabilized by an 
ionic surfactant/alcohol cosurfactant combination. 

The styrene monomer microemulsions are similar to the conven- 
tional W/O microemulsions containing aromatic hydrocarbons [ 231. 
The reduction in maximum water content is moderate for hydrocarbon 
contents less than 50%, being rapidly accentuated for higher contents. 
These results may be explained by the equilibria of pentanol mole- 
cules as monomers, as dimers, and a t  the si te of the inverse micelles 

The polymer, on the other hand, was clearly incompatible with 
W/O microemulsions. This fact has earlier been observed [ 281 ; it is 
appropriate to emphasize this incompatibility not to be solely related 
with the entropy part of the free energy of the polymer. The presence 
of the styrene dimer also gave a considerable reduction of the water 
solubilization in W/O microemulsions [ 291. The results confirm the 

E 251. 
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7 54 GAN, CHEW, AND FRIBERG 

suggestion that the results from solubility determinations of the 
polymer [ 291 and the stability of a microemulsion during polymeri- 
zation in sib are directly related. 

The present results show that the presence of the polymer also 
influences the stability not only of the microemulsion but also in the 
part of the system in which presumably no microemulsion droplets 
are  present; light-scattering and electron microscopy analysis [ 251 
have given no evidence of colloidal size particles in the water-poor I 

part of the system. Since the stability is changed, it appears reason- 
able to conclude that the polymer also has an influence on the pre- 
micellar aggregates. The mechanism for this effect is not the same 
as the one from the oligomers. These [ 501 obviously cause the 
formation of W/O microdroplets at lower water concentrations; in 
the presence of polymers, on the other hand, no change of aggregate 
size seems to be indicated. 

In the water-poor area a pronounced reduction of the maximum 
water solubility was observed when 10% d the original 75% styrene 
was replaced by polystyrene, corresponding to 13% conversion. The 
reduction d water solubility was similar for pentmol and butyl 
cellosolve, in spite of the fact that the latter was superior to pentanol 
as a solvent for the polystyrene. 

the water-poor part of a microemulsion as a vehicle to bring polar 
amphiphiles into a solid polymer. This is possible since the incipient 
feature of microemulsion systems is the fact that a minimum water/ 
surfactant ratio enables the dissolution of an ionic surfactant in a 
hydrocarbon. Figure 4 shows a maximum of 12.5% of SDS dissolved 
in '73.5% styrene plus 12.5% butyl cellosolve with the aid of 2.5% 
water. Without water the solubility of anionic surfactant is less than 
1%. Polymerization led to reduced amounts, in spite of the fact that 
the solubility parameters a r e  similar for styrene and polystyrene. 
A conversion of 67% of the styrene gave a product allowing about 2% 
of the ionic surfactant. 

However, this solubility is significant; it is possible to dissolve 
ionic substances into polystyrene in this manner with limited effi- 
ciency. The results in Pig. 5 directly give the rule for the success 
of such a solubility effort. A cosurfactant with optimum solubility 
for the polymer should be found since the effect of water to reduce 
the solubility of the polymer was independent of the initial solubility 
capacity of the cosurfactant. 

The water-poor part of the system confirmed the implication of using 

R E F E R E N C E S  

[ 11 F. A, Bovey, L M. Kolthoff, A. L Medalia, and E. J. Mechan, 
Emulsion Polymerization, Wiley, New York, 1955. 

[ 21 E. W. Duck, in Encyclopedia of Polymer Science and Technol- - ogy, Wiley-Interscience, New York, 1966. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYMERIZATION OF STYRENE 7 55 

I. Piirma and J. L. Gardon (eds.), Emulsion Polymerization 
(ACS Symp. Ser. 24), Washington, D.C., 1976. 
J. Ugelstad, M. S. El-Aaser, and J. W. Vanderhoff, J. Polym. 
Sci. Polym. Lett. Ed., 
J. Ugelstad, F. K. Hansen, and S. Lange, Makromol. Chem., 
175, 507 (1974). 
A. R. M. Azad, J. Ugelstad, R. M. Fitch, and F. K. Hansen, in 
Emulsion Polymerization (I. Piirma and J. L. Gardon, eds.), 
(ACS Symp. Ser. 24), Washington, D.C., 1976. 
F. K. Hansen, E. B. Ofstad, and J. Ugelstad, in Theory and 
Practice of Emulsion Technology (A. L. Smith, ed.), Academic, 
London, 1976. 
J. Wgelstad, Makromol. Chem., 179, 815 (1978). 
Y. J. Chou, M, S, El-Aasser, and J. W. Vanderhoff, J. Disper- 
sion Sci. Technol., I ,  129 (1980). 
J. H. Schulman and E. G. Cockbain, Trans. Faraday SOC., 3J, 
651 (1940). 
W. J. Stockenius, J. H. Schulman and L. Prince, Kolloid Z., 
169, 170 (1960). 
L. M. Prince, J. Colloid Interface Sci., - 23, 165 (1967). 
A. W. Adamson, Ibid., 3 261 (1969). 
G. H. Gillberg, H. Lehtinen, and S. Friberg, -I Ibid., 33, 40 
(1970). 
K, Shinoda and H. Kunieda, Ibid., 3, 381 (1973). 
W. Gerbacia and H. L. Rosano, Ibid., G, 242 (1973). 
S. L Ahmad, K Shinoda, and S.=berg, g, 47, 32 (1974). 
H, Reiss, B id  
D. 0. Shah*’R. M. Hamlin, Science, 171, 483 (1971). 
H. L. Rosano, J. SOC. Cosmet. Chem., 25, 609 (1974). 
E. Ruckenstein and J. C. Chi, J. Chem.Soc., Faraday Trans. 
& 71, 1690 (1975). 
S. Friberg and I. Buraczewska, in Micellization, Solubiliza- 
tion and Microemulsions (K. L. Mittal, ed.), Plenum, New 
York, 1977, p. 791. 
S. Friberg and I. Buraczewska, Prog. Colloid Polym. Sci., 
3 1 (1978). 
D. Rance and S. Friberg, J. Colloid Interface Sci., 60, 207 
(1977). 
E. Sjablom and S. Friberg, Ibid., 5, 16 (1978). 
S. Friberg, in Microemulsions: Theory and Practice (L. Prince, 
ed.), Academic, New York, 1977, p. 133. 
S. S. Atik and J. K. Thomas, J. Am. Chem. SOC., - 153, 4279 
(1981). 

505 (1973). 

3 61 (1975). 

J. 0. Stoffer and T. Bone, J. Dispersion Sci. Technol., A, 37 
(19801. 
L. M.’Gan, C. H. Chew, S. Friberg, and T. Higashimura, - J. 
Polym. Sci., Polym. Chem. Ed., 19, 1585 (1981). 
E. J. Clayfield and E. C. Lumb, l&romolecules, - 1, 133 
(1968). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



GAN, CHEW, ANDFRIBERG 

E. J. Clayfield and E. C. Lumb, J. Colloid Interface Sci., 22, 
269.285 (1966). 
F. Th. Hesselh& A. Vrij, and J. Th. G. Overbeek, J. Phys. 
Chem., 75, 2094 (1971). 
D. H. Napper, Ind. Eng. Chem., Prod. Res, Dev., S, 467 

T. van Vliet and J. Lyklema, Discuss. Faraday SOC., 65, 25 
(1978). 
B. Vincent, Adv. Colloid Interface Sci., 4, 193 (1974). 
A. Vrij, Pure Appl. Chem., s, 471 (19n). 
C. Cowell, F. K R. Li-In-On, and B. Vincent, J. Chem. SOC., 
Faraday Trans. 1, 3 337 (1978). 
B. Vincent, P. F. Luckham, and F. A. Waite, J, Colloid 
Interface Sci., 5 508 (1980). 
R. A. Feigin and D. H. Napper, E, 74, 567 (1980). 
G. Rfess, J. Nervo, and D. Rogez, Polym. Eng. Sci., f7, 634 
(1977). 
P, Marie and Y, Gallot, Makromol. Chem,, 180, 1611 (1979). 
A. B, Trpjbman and L. T. Peregudova, Kolloin. ,  4 1  -7 604 
(1979). 
J. Boutillier and F. Candau, Colloid Polym. Sci., _. 257, 46 
(1979). 
H. B. Cia, R. Jerome, and Ph. Teyssie, E, 257, 1294 (1979). 
J. M. 0. Lankveld and J. Lyklema, J. Colloid Iri-face Sci., - 41, 
454, 475 (1972). 
C. Hansen, J. Paint Technol., 3 585 (1967). 
C. Hansen and K. Skaarup, Dan Keai 43 81 (1967). 
H. Burrell, in Polymer H G i h r a n d r u p  and E. H. 
Immergut, eds.), Wiley, New York, 1975. 
L. J. Young, in Polymer Handbook (J. Brandrup and E. H. 
Immergut, eds.), Wiley, New York, 1975. 
L. M. Gan, C. H. Chew, and S. E. Friberg, J. Polym. Sci., 
Polpm. Chem. Ed., In Press. 

(1970). 

Accepted by editor August 14, 1982 
Received for publication September 14, 1982 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


