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The Critical Miscibility Composition of 
Styrene-Acrylonitriie-Methyl 
Ml etha cry late Terpol ymers 

Showa College of Pharmaceutical  Sciences 
T!;urumaki, Setagaya, Tokyo 

X B S T R 4 C T 

Terna ry  statist ical  copo!ymers coEposed of s tyrene,  acrjrlo- 
nitr i le,  and methyi methacrylate were synthesized and frac- 
tionated by a precipitationd method. For a given polymer. 
concentration, the volume fraction of nonsolvent, i.e., 
methanol, at the precipitation point. y ,  i nc reases  in the 
order :  polystyrene < acrylonitri le-styrene and acrylonitri le- 
methyl methacryiate bina-ry copolymers < t e rna ry  co- 
polymers. The y values in met,hanol-dimethylformamide 
( D M F )  misture  are l a r g e r  than those in methanol-butanone, 
indicating that DMF is a better solvent for  the terpolpmer.  
A h e a r  refation w a s  obtained between the reciprocal  1imi.t- 
ing viscosity number and y values of fractions. The depentl- 
ence of y on the terpolymer composition could not be 
established exactly in these systems. The temperature  
coefficient of y ,  dy//dT, increases  with the MMA content and 
dec reases  with the s tyrene content in terpolymers  both in 
butanone and in DMF mixtures. 
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The solution properties of binary copolymers nave been discussed 
for the systems styrene and acrylonitrile [ 1-31 znd acrylonitrile 
and methyl methacrylate [ 41. Tn the present paper we extended this 
work to  a terpolymer system composed of styrene (S), acrylonitrile 
(AN), and methyl methacrylate (MMA). Polymerization kinetics of 
terpolymerization has been studied theoretically [ 5-71 and examined 
numerically using a computer [ 8, 91. The relation bet-veen the 
monomer reactivity ratios and the terpolymer composition of the S- 
AN-MZrIA terpolymer has been studied [ 10, 111. 

A pair of solvent and nonsolvent €or the fractional precipitation 
of a polymer sample is often chosen empirically. The fractionation 
of copolymers usually depends not only on the molecular weight, but 
also on the copolymer composition. We have fractionated the binary 
copolymers under various conditions (see Table 1). Tn the case of 
ternary copolymers we s h a l l  discuss the multicomponent fractional 
system by considering the phase diagram. The theta temperature 3 

TABLE 1. Fractionation Conditions of the Binary Copolymers at 30'C 

Polymer 
Composition 
mole fraction Solvent Nonsolvent Ref. 

AV-S copolymer 
(Co-1) azeotrope XX 0.383 Chloroform Methanol 1- 3 

LV-S copobymer 

AV-MIM A copolymer 
(CO-2) A+V 0.626 DMF I t  

azeotrope AV 0.48 Acetone 17 

1- 3 

1 
I. Polystyrene Toluene 3 

Polym ethyl 
methacrylate 1' Acetone 4 

w a s  identified by Florjr [ 121 as the cri t ical  miscibility temperature 
for  infinite molecular weight Considering the chemical potentials for 
equilibrium between two phases in a binary system. For equilibrium 
between two liquid phases in a system of three components, the limiting 
cri t ical  composition : j j l  is analogeous to the d point in a t-xo-component 
system. At  the limiting cri t ical  point, the second coefficient in the virial 
expansion of the osmotic pressure becomes zero. In this paper this 
limiting c r i t i c l l  composition is obtained experimentally and i ts  relation 
to the te rpolyner  composition is discussed. 
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E X P E R I M E S T A L 

M a t e r i a l s  

Polymerization conditions of the binary copolymers were  shown 
in Table 1. The  monomer mixtures  of different r a t io s ,  shown in  
Table 2, were  diluted with the same volume of DMF. Terpolymeriza- 
tion was c a r r i e d  out at 60°C under nitrogen a tmosphere ,  Q!CT' - 
zobis i sobutyroni t r i le  ( AIBP; j being used as an initiator. C:onversion 
was determined by precipitarion with methanol every  hour. 

TABLE 2. Terpolymerization Condition at 60'C 

Monomer feeds Initiator Rate 
mole fraction conc, Reaction const, 

Terpolyrner c x lo-* t ime Yield k X 10' 
50. S AI MYIA (mole  c3) ( m i n )  (wt sb )  (min") 

T 1  

T2 

T3 
T 4  

T 5  

T6 
T 7  

T 8  

0.2 63 
0.642 
0.167 
0.147 

0.516 
0.147 
0.55 

0.62 

0.453 0.282 
0.308 C.050 

0.284 0.549 
0.693 0.160 
0.295 0.189 
0.527 0.326 
0.15 0.30 
0.20 o.ia 

C.486 300 
0.534 34: 
0.538 411 
0.467 420 

0.53 5 480 
0.463 480 
0.580 420 
0.565 482 

33..7 1.96 

44. 8 1.72 
55 4 2.03 
68. 6 2.95 
48. 2 1.57 
70.4 2.42 
37.3 1.20 
41. 7 1.29 

F r a c t i o n a t i o n  

Fractionations of the binary copolymers mere described previously. 
Fractional precipitarion of t e roo lymers  was c a r r i e d  out in 5 wt? 
solutions in butanone with methanol as nonsolvent. Twenty fractions 
were  obtained fo r  each terpolymer.  The reprecipitation yield of the 
fractionation i s  92-97? by weight. The phase diagram for %:he sys tem 
composed of solvent-nonsolvent-polymer is shown in a t r iangular  co- 
ordinate system. The volume fraction o€ nonsolvent in solvent mixture 
at the  precipitation point, y ,  fo r  a given polymer concentra'don was 
determined by ri traticn a t  constant tempera ture .  The precipitation 
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350 KiGM BE 

point was determined a s  the average of the concentrations at  agpeir-  
ance of turbidity due to cne drop oi  methanol and disappearance of the 
cloud on adding solvent. 

V i s c o s i t y  

The viscosity of the solutions was measured a t  3 5" C with an 
libbelohde capillary viscometer; kinetic e n e r g  corrections were 
negljgibly small. Butanone and DMF were used a s  solvents for 
viscosity measurements. The limiting viscosity number is determined 
by use of the Huggins equation, Figure 1 shows Huggins' plots for 

0.6 

0.5 

a 
\ z - 
'2 0.4 
K 40 

0.3 

FIG. L The relationship of the reduced viscosity 7 / c  vs concen- 
SP 

tration c for fractions oi T5. Curves from top to bottom are for F-2, 
F-4, F-6, F-8, F-10, F-12, F-14, F-16, F-18, F-20, F-22, and F-24. 
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fractions of TS, for  example. The limiting viscosity number dec reases  
x-ith fraction number. 

I R  S p e c t r u m  

I3 absorption of the polymer film was measured using a Hitachi-215 
Spectrometer.  The absorption maxima at  2250, 1730, and 1603 crn" are 
assigned to AN, MMX, and S components, respectively. A. typical IR 
spectrum for  T 5  F-8 is indicated in Fig. 2. 

4 5 6 7 I00 , I I 

FIG. 2. IR 

20 - 

n r  il 
I '  

il 
I1 i 

MMA 1 
'2500 2doo I*& I600 1400 

Wave number tern-') 

spectrum for  the S-.XS-MMA terpolymer,  

R E S U L T S  A N D  DISCUSSION 

T e r p o l p  m e  r i z  a t  i o n  

T 5  F-8. 

A s  a resul t  of the kinetic analysis of terpolymerizatio!i, the first- 
o rde r  reaction rate  constant ( k )  is determined from the slope of the 
l ines  plotted in Fig. 3 according to  
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332 KXMBE 

k 

2.303 
log c = log c, - - t 

The concentration (c )  is expressed by the total weight of the unreacted 
monomers in unit volume of solution insread of by the usual expression 
in mole/liter. Figure 3 shows that the rate constant increases  with 

2 . w  
I , !  

0 1 2 3 4 5 ~ 7 a 9  
f (hrJ 

FIG. 3. Relationship between unreacted monomer concentmtion 
and terpolym e rization time. 

the AV content and decreases  vith the MMX content of the monomer 
feeds. The effect of AX on the r?te constant is more significult thaii 
that of MMA. 

Ham [ 111 has introduced the concept of "partial rrzeotrooe," vhich 
corresponds to the condition that the relative monomer Composition 
M,/M, o r  ;Ll,/4I does not change in the course of  terpolymerization. 
The solid line in Fig 4 shows a "partial  z e o t r o p e "  having constznt 

?ds/Tvlm monomer ratio by Eq. ( 3 ) ,  using the following values of re- 
activity ratios: rLa = 0.41, r2 I = 0.04, r3 I = 0.46, p,, = 0.32, rZf = 0.15, 
and ra2  = 1.22. 

according to Eq. (23, and the uotred line shows the constant MS'MM;vlX 
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S. , M3 

FIG, 4. Terpolymer compositions obtained by JR ( m )  and 
monomer feeds at tne beginning of the terpolymerization ( c,). 
(-) Constant M, /&I, in monomer and terpolymer,  and (. - a )  constant 
IM:/M, in monomer and terpolymer.  

where M, IS for  S, M? is for  AX. and M, is :or MMA. 
According to Ham' s  idea that most t e rna ry  sys t ems  exhibiting 

"near azeotropic" behavior contain a t  least  two binary azeotropic 
.systems, the present terpolgmers  T2, T7, and T8 should behave as 
"'near azeotropes." The  terpolymers  T7 and T8 were polymerized 
from the constant monomer feeds rat ios  M,/Mvl, and M, /hLI ,  respec-  
,Lively, s o  as to get the ''partial azeotropes." Therefore ,  the 
composition of terpolymers  was calculated from IR data by keeping 
,:he mole rat ios  & i / S  of T'i and MMA,/S of T 8  equal to the monomer 
feed rat ios ,  as snown in Table 3 and Fig. 4. The composition of 
,terpolymer approaches the two lines representing "partial 
meotropes.  '' 

F r a c t i o n a t i o n  

The integral  curves  of the fractionation were obtained a:j function 
3f 7 ,  and representative data a r e  snown ic Fig. 5 ,  where terpolymer 
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TABLE 3. The Composition or' Terpolymers  Calculated from IR data 

Mole fraction Polymer 
N 0. S A'i M?dX 

T 1  
T2 
T3 
T Aa 

b T4 
T5 
T6 

T7 
T8 

0.37 
0.62 

0.23 
0.29 
0.21 

0.36 
0.23 

0.57 
0.61 

0.35 
0.34 
0.23 
0.52 
0.33 
0.25 
0.40 
0.16 
0.20 

0.27 
0.04 

0.54 

0. i a  
0.23 

0.19 
0.37 

0.27 
0.19 

%thout the upper part of the curve in Fig. 6. 
bUnfractionated sample. 

FIG. 3. Fractionation curves of terpolymers  against the volume 
fraction of nonsolvent in solvent mixture: molecular veipht fractiona- 
tion ( -), and composition fractionation (a). 

T4 indicates an inflection point. The integral curves plotted a-insr 
the l imiting viscosity number are shown in Fig. 6. Figure 6 proves 
that the fractionations were due mainly t o  the molecular weight except 
for  one case  (T1). 
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0.4 0.5 0.6 03 
(71 x 16' (mi/g) 

0.2 

FIG. 6. Fractionation curves of terpolymers:  numbers  beside the 
o/D, ,,, of IR; [ o ]  measured 'I'4 curve a r e  the absorbance rat ios  R 

in butanone at 35'C: molecular weight fractionation (.=), a n d  compo- 
sition fractionation ( 0 ). 

The abscrbance rat ios  D.,250//D1503 and D,,30/DL603 of the IR 
:Spectrum were used to  eliminate the film thickness eifect and to  
compare the relative corcpositions of AX and Mvlh1.A in terpol-yner 
fractions. The above rat ios  are constant to all fractions of a 
terpolymer except T4 within the experimental  e r r o r s  of IR 
:spectroscopy. The ratio D, ~ ,,/D, ~, for T4, writ ten beside the 
curve f o i  T4 in Fig. 6 ,  changes for  fractions. The All cont.ent 
(listribmion curve was obtained from the analytical IR data and 
i.s shown in Fig. 7. At the initial stage of terpolvmerization the 
products a r e  of relatively uniform composition, corresponding t o  
the s h a r p  peak of the distribution curve at the lower concentration 
of  AX. At later s tages  the composition of the products moves to 
higher concentrations, producing a long tail of the curve. '1'4 was 
precipitated first during fractionation due to  the compositicn differ- 
ence at the tail of the distribution curve,  and it was fractionated ac- 
cording to the difference in molecular weight. Polyacrylonitri le 
1; PAN) is not soluble in butanone. so  the AN-rich T1 polymer is 
poorly s o h b l e  in butanone. DMF is a good solvent for  PAN, but the 
DhfF-merhanol-T4 system did not cause a marked phase separation 
:it room temperature.  Hence DMF was not useful for fractionation 
in th i s  case. The y value determined during the course of fractiona- 
tion depends on the polymer concentration Although empirical  re- 
1.ationship.s between ?. and polymer concentration have been reported 
[: 13, 141, i t  is rigorous t o  get the phase diagram by changmg the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



5 56 =\I BE 

cs 0.6 a7 " 0' 
Mole traction of AN 

FIG. 7. The Ai-content distribution curve for T4: integral 
weight per cent ( : 1, and differential re ight  p e r  cent ( 0 ) .  

Polymer 

Solvent Nonsolvent 

FIG. a. Phase diagram for solvent-nonsolvent-polymer system: 
in butanone-methanol ( ), in DMF-methanol ( : ). 

polymer concentration at constant tern perature. The phase diagrams 
at 3 5" C are shown in Fig. a. The XY-S copolymer gives the cu rve  
close to that of PS, and the terpolymers  have curves s imi la r  to PhlM.4. 
The copoiymerlzation improves the solubility of polystyrene but not 
that of polymethyl methacrylate. both in DMF and butznone. 

Values of 0.333 to 0.413 a r e  obtained for 7 at 35°C for the terpolymers  
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TABLE 4. The Volume Fraction of the Precipitant in Solvent Mixture, 
y ,  at 35’C and the Temperature Coefficient of y ,  dy/dT 

dy/dT :x lo3 
in butanone in DMF 

Y Polymer y ,  
NO. in butanone in DMF 

T1 0.398 0.641 2.24 1.56 

T2 0.37 1 0.626 1.44 0.83 

T 3  0.4 13 0.628 3.08 2.23 

T ?  0.554 1.83 

T 5  0.386 0.624 1.98 1.13 

T 6  0.360 0.633 2.73 1.67 

T7 0.349 0.577 2.16 1.60 

T 8  0.333 0.591 I. 56 0.97 

co -  1 0.144 0.245 0 0 

co-2 0.165 0.347 0.85 0.73 

PS 0.143 0.234 0.33 1.48 

PMMA 0.576 0.633 4.00 3.27 

in the butanone-methanol system and 0.554 to 0.641 in the DMF- 
methanol system for  a polymer concentration of 5 wt6 in solution. The 
y values in DMF-methanol a r e  la rger  than those in  butanone-methanol, 
indicating that DMF is a better solvent for terpolymer. The y values 
for  both DMF-methanol and butanone-methanol increase in the order  
shown in Table 4: PS < Co-1 < Co-2 < Terpolyrner 2 PMMk 

T h e  C r i t i c a l  M i s c i b i l i t y  C o m p o s i t i o n  

The crit ical  temperature ( T c )  fo r  two-component systsms composed 

of solvent and polymer is determined from phase equilibr:.um experi- 
ments! and depends or! the molecular weight (M): 

1 1 b 
( 4 )  
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There the theta temperature 3 is the critical miscibility temperature 
in the limit of infinite molecular weight, and b is a constant. It is 
assumed that the dependence of y on the molecular weight can be 
treated by 

yc = Yt3 (I +&) 
where ye i s  identified as the critical miscibility composition fo r  the 
infinite molecular weight and at infinite polymer dilution, ma 7 is 

that for the isothermal cri t ical  point ( o r  plait point) of the three- 
component phase d i ag raz  as shown in Fig. 9. 

C 

Polymer 

FIG. 9. Phase diagram o i  the three-component system: y ( :) is 
the isothermal critical point, : j3  ( m )  is the critical miscibility 
composition, y ( A )  is the measurable point at the constant polymer c m -  
centration, and ;/,, ( 2 ) is the extrapolated point t o  the infinite molecular 
weight. 

C 

In treating the experimentai data, Eq. ( 5 '  j is useful: 

Y = Y o  b+$) (5') 

where  yo is ;' for infinite molecular weight. The relation between ; J ~  
and the measurable y value is also shown in Fig. 9. If the experinentai  
values obtained in dilute solutions of polymers or' various molecular 
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- 
MW'"~X I O2 

0.10 0.15 0 . 2 0  0.25 
1 

... 0" 
...a 

/ i  0.4 f _...I 

I C  

, I 1  

0.5 1.0 1.5 2.0 
[ ~ ' x  I O* (g/ml) 

FIG. 10. The relationship of ? with l i a i t i n g  viscosity number 
( : ) o r  molecular weignt ( 0  j: ( a )  Co-2 All (0 .626 mole fraction)-S 
copolymer in DMF-methanol. ( b )  Co-1 .4?4 (0.383 mole fral-tion)-S 
, z e o t r o p e  in chlcroform-methanol. and ( c )  AN (0.48 mole fraction)- 
WV.4 azeotrope in acetone-methanoL 

weights a r e  estrapoiated to infinite molecular weight, the assumption 
that y e  = yo is useful. 

The molecular weight of a terpolymer obtained by light scat ter ing 
1.s affected by the distribution of the composition as in the case of 
binary copolymers [ 151. The theoretical  bas i s  must be given at first 
t.o obtain the true molecular weight of a terpolymer.  The relations 
between the limiting viscositv number [77] determined in butanone and 
the t rue  molecular weight (a ) were obtained for some  binary co- 
polymers [ 1, 2, 41. The limiting viscosity number rneasursd in 
butanone at  30'C i s  proportional t o  M b s 2  for  the AX-S binary co- 
polymer azeotrope [ 2! and t o  &IG5 for  the AK-MMA binary azeotrope 
[ 41. The dependence of the 7 vzlue on molecular weight o r  on [ ~ 1 - l  is 
indicated in Fig. 10. As far as azeotropic copolymers are (concerned, 
the limiting viscosity number measured in buranone can be used in 
place of !ifG5 in Eq. (5'1. The dependence of y on [ 71-l for  AN-S-MMA 
terpolymers,  is shown in Fig. 11. The data deviate from a linear re- 
lationship in the region of relatively s m a l l e r  molecular weights. The 
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I 
I I ! I 

3 4 5 030 I [7] 2.1 x I O*(IJ/rnl) 

FIG. 11. l?ependence of 7 on the reciprocal limitin, p viscosity 
number [ q ] -  : y obtained in butwane-methanol mixture at 35"C, 
and [ r7] measured in solution of butanone at 35" C. 

I i 
I 

ar - 
I 

20 30 40 
" Temperature CC) 

FIG. 12. The dependence oi -y on temperature in a mixture of 
butanone and methanol. 
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0.5 

I 

OA - 
I 

a3 c I 

1 to- I i 
I I d  

2 0  30 4 0  
Temperature (*c) 

FIG. 13. The dependence of y on temperature in a mixture of 
DMF and methanol. 

AN 
A 

FIG. 14. The relation of the temperature coefficient of 7, 
dy,/dT. to the terpolprr.er composition for a butanone-methanol 
solution. 
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e-xtrapolaced yo values and the constant b' do 2ot indicate a distinct 
influence of the terpolymer composition at 3 3  C. The y ,  values ob- 
tained by the plot against [q] - '  for copolymers other than the 
azeotropes are estimated with some e r r o r s ,  a s  proved by the curve 
Co-2 in Fig 10. The relationship of y, values to the  terpolymer 
composition would be c lear  ii i t  was plotted agzinst the t rue  molecu- 
lar weight. 

The l inear  relation of y values to temperature  is obtained for  the 
butanone-methanol system in Fig. 12 and €or  t h e  DMF-methanol 
system in Fig- 13. The coefficient dr /dT indicates a reverse  
tendency to that for  y. That is, y is la rger  in D3fF solution than in 
butanone, but dy/aT is smal le r  in DMF than in butanone. The 
l a r g e r  value of dy/dT in butanone means that the solubility of 
terpolymer is more sensit ive to temperature  in butanone t h a n  in 
DMF. The cr i t ical  miscibility composition dei i ied in Eq. ( 3 )  has a 
correlation with temperature.  At the theta temperature  of a binary 
system composed of polymer and solvent (e. g., DMF o r  butanone ), 
the cr i t ical  composition y9 becomes zero. Ln the limit of y J  = 1, the 
hypothetical theta temperature  would be attained for a system of 
polymer and nonsolvent. The temperature coefficient gives a measure 
of the solvent power difference between solvent and nonsolvent for  a 
gliven polymer. The dependence of dy/dT on the terpolymer composi- 
tion is shown in Figs. 14 and 1 5  on triangular coordinates and is a lso  
expressed in Fig. 16. The binary copolymer Co-1 t&es the minimum 

S M MA 

FIG. 15. The dependence oi the temperature  coefficient of y ,  dy/dT, 
on the terpolymer composition for a DMF-methanol solution. 

value of z e r o  in these experiments. The solubility of PMMA and 
terpolymers  decreases  effectively with decreasing temperature. On 
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I 0.4 Q6 as 1.0 
0 0.2 

Concentratlon (mol.frae.) 

FIG. 16. The  relation of the terpolymer composition to the CO- 
efficient dy/dT: (a )  butanone-methanol solution, (b) DhIF-methanol 
sclution; s tyrene concentration in rerpolymer ( c ), LIMA c:oncentration 
in terpolymer ( A ), polystyrene [ ), PMMA (cj, and AN concentration 
in terpolymer ( E). 

t h e  other  hand, the solubility of Co-1 o r  polystyrene does not increase 
with temperature.  It is concluded from Fig. 16 that dy/dT increases 
with MMA content and dec reases  with s tyrene content in terpolymer.  
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