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ABSTRACT: Cloud points for mixtures of polystyrene and poly(a-methylstyrene) and of polybutadiene and 
poly(cu-methylstyrene) were measured, and the data were analyzed to determine the interaction energy densities 
it for these two pairs of polymers. In conjunction with the value of A for the pair polystyrene-polybutadiene 
previously determined, it is shown that the relationship AI2 = (AZ3lI2 & it311/2)2 is obeyed fairly well. To study 
the deuterium isotope effect on polymer miscibility, a matching pair of deuteriated and hydrogeneous 
polystyrenes of closely similar structure were prepared by reacting a preformed polystyrene with either 
deuteriated benzene or ordinary benzene. It was found that the cloud points for the mixtures of polystyrene 
and poly(a-methylstyrene) were not affected by the deuteriation of polystyrene but the mixtures of polystyrene 
and poly(viny1 methyl ether) showed an appreciable deuterium isotope effect. The above-cited relationship 
linking A12 to A,, and A,, thus fails to predict the deuterium isotope effect on miscibility of polystyrene and 
poly(a-methylstyrene) if one accepts the literature value for the interaction parameter between hydrogenated 
and deuteriated polystyrene. 

Introduction 
The miscibility and phase-separation behavior of poly- 

mer blends can be described adequately in terms of 
mean-field theories. This is in contrast to the behavior 
of dilute polymer solutions in which the fluctuation effect 
plays a critical role. Among the mean-field theories, the 
most widely utilized for discussion of polymer blends are 
the Flory-Huggins free energy of mixing and the expres- 
sions derived by the random phase approximation method. 
In both these theories the characteristics of the particular 
polymer pair being considered are embodied in a single 
constant, the polymer-polymer interaction parameter x. 
Prediction of the total thermodynamic behavior of the 
blend requires only the knowledge of the numerical value 
of x for the pair and its possible dependence on temper- 
ature, pressure, composition, etc. Despite its practical 
importance, reliable values of the interaction parameter 
are available in the literature only for a very limited 
number of polymer pairs. 

We have previously evaluated' the interaction parameter 
between polystyrene and polybutadiene through mea- 
surement of cloud points of blends containing these two 
homopolymers or their random copolymers. The average 
value of the parameter resulting from these evaluations 
was utilized to describe the scattering of X-rays2 from 
styrene-butadiene block copolymers and their blends with 
polystyrene and was found to give good agreement with 
predictions based on the random phase approximation 
theory. The viability of the evaluation of the x parameter 
from cloud points thus established, we now undertake in 
this work the study of polystyrene-poly(a-methylstyrene) 
and polybutadiene-poly(wmethy1styrene) pairs. At the 
same time we reexamine the question of isotope effect3 on 
the interaction parameter that could arise when one of the 
polymers is substituted by its deuteriated equivalent. 

The Flory-Huggins free energy of mixing, per unit 
volume of mixture, can be ~ r i t t e n l , ~  as 

AGM = RT[(1/Vl)41 In 41 + (1/V2)4z In + M1& 
(1) 

where V, and V, are the molar volumes of polymer 1 and 
2, respectively, and 4, and +2 are the volume fractions of 
the two polymers in the mixture. The last term involving 
11 is considered formally to include all the free energy of 
mixing that is not accounted for by the combinatory en- 
tropy of mixing, represented by the first term. The 
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quantity A thus defined has the dimension of energy per 
unit volume and can be called polymer-polymer interac- 
tion energy density. More traditionally, the Flory-Huggins 
free energy of mixing is written in the form 

W I ' / R T  = ( l / N l ) ~ l  In 41 + (1 /IV2)42  In 42 + xh& 
(2) 

where AGM' is the free energy of mixing per lattice volume 
(or per segment) and N1 and N2 are the numbers of seg- 
ments in polymers 1 and 2. If V,, is the volume of a lattice 
(or a segment), AG, is equal to AGM'/ Vref, and it  is seen 
that 

(3) 

There are certain advantages',* in using eq 1 based on 
A rather than the more traditional expression based on x. 
(i) In the former, the characteristics of component poly- 
mers are expressed in terms of the molecular volume and 
the radius of gyration which are both well-defined ex- 
perimentally, whereas the latter involves the concept of 
a lattice which has no experimental basis. (ii) The nu- 
merical value of A can be determined unambiguously in 
terms of a physical unit such as joule per centimeter cubed. 
The value of x depends on the assumption of Vref, which 
is often not specified explicitly. The common practice of 
equating Vref to the volume of a repeat unit is unsatis- 
factory because the repeat units of the two polymers in- 
volved can be very different from each other. The use of 
x, as a dimensionless quantity, has advantages for theo- 
retical development, but A is the preferred choice for de- 
scribing experimental results. (iii) For most polymer pairs 
lacking specific interactions and thus exhibiting the UCST 
behavior, the temperature dependence of h is very mod- 
erate, and the interaction energy density can be regarded 
as a constant in any qualitative or semiquantitative con- 
siderations. (iv) The interaction energy density provides 
a direct link to the familiar concept of solubility parameter 
through the approximate relationship' 

(4) 

The corollary of eq 4 is that  among three polymers 1, 2, 
and 3, the A values for the three pairs which can be formed 
should be related approximately among themselves by 

A12 = (61 - 62)' 
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Table I 
Characterization Data of Polymer Samples 

designation polymer M" MW remarks 
SKPBD aolvbutadiene 2 470 2 620 M,, by VPO, M J M ,  by GPC 
3KPBD 
5KPMS 
56KPMS 
PVME 
18KPS 
49KPS 
lOOKPS 
18KPSH 
18KPSD 
49KPSH 
49KPSD 
lOOKPSH 
lOOKPSD 

poiybutadiene 
poly( a-methylstyrene) 
poly( a-methylstyrene) 
poly(viny1 methyl ether) 
polystyrene 
polystyrene 
polystyrene 
polystyrene 
polystyrene 
polystyrene 
polystyrene 
polystyrene 
polystyrene 

3 430 
4 440 

53 200 
46 500 
17 900 
46 000 
95 400 
18 000 
17 700 
45 400 
44 200 
72 700 
79 200 

Test ing the validity of eq 5 is one of the objectives of the 
present s tudy.  

Experimental Section 
Materials. Characterization data for all the samples employed 

are summarized in Table I. Poly(viny1 methyl ether) and three 
samples of polystyrene were purchased from commercial sources 
indicated there, and the characterization data for these samples 
are those furnished by the suppliers. Polybutadienes and poly- 
(a-methylstyrenes) were synthesized in our laboratory by anionic 
polymerization under vacuum. Butadiene was polymerized in 
benzene solution a t  room temperature for 24 h with n-butyllithium 
as the initiator. a-Methylstyrene was polymerized in tetra- 
hydrofuran solution a t  -78 "C (dry ice temperature) for 14 h with 
n-butyllithium also as the initiator. 

The two polystyrenes designated 18KPSH and l8KPSD were 
prepared by chemical modification of the starting material, 
18KPS, by the procedure of hydrogen and deuterium exchange 
reactions, respectively, as described previ~usly.~ Thus, 18KPSD 
was prepared by reacting the polystyrene 18KPS with excess 
deuteriated benzene in the presence of an organometallic catalyst 
and thereby allowing the aromatic hydrogens in the original 
polystyrene to be exchanged to  deuteriums. Sample 18KPSH 
was prepared by exactly the same procedure as above, except that 
ordinary benzene instead of deuteriated benzene was used. Since 
the two samples, 18KPSD and 18KPSH, were obtained from the 
same starting material by the same procedure, their structures 
are expected to  be closely similar to each other except for the 
difference in the aromatic deuterium and hydrogen atoms. 
Samples 49KPSH and 49KPSD were similarly prepared from 
49KPS as the starting material, and samples 100KPSH and 
lOOKPSD were prepared from 100KPS. The latter two samples 
are the same materials as were used in our previous work.3 The 
degrees of deuteriation of aromatic hydrogens in MKPSD, 49K- 
PSD, and lOOKPSD, determined by NMR, are given in Table 
I. 

The cloud points of the mixtures were determined by light 
scattering in a manner described in an earlier publication.' The 
pairs of polymers studied are ZKPBD-5KPMS, 3KPBD-BKPMS, 
56KPMS-49KPS, 56KPMS-49KPSH, 56KPMS-49KPSD, 
PVME-ltiKPS, PVME-l8KPSH, PVME-l8KPSD, PVME- 
100KPS, PVME-lOOKPSH, and PVME-100KPSD. These 
mixtures, except the ones involving 56KPMS, were prepared by 
mixing the component polymers without the aid of solvent. Thus, 
the appropriate amounts of the two polymers were weighed into 
a glass tube, which was then evacuated and sealed, and the content 
of the tube was stirred by means of a magnetically activated stirrer 
a t  some higher temperature a t  which the pair was miscible and 
sufficiently fluid. 

With the mixtures containing 56KPMS and a polystyrene, the 
cloud points could not be readily determined because of the 
relatively high molecular weights of the component polymers and 
the high Tg (around 170 "C for PMS). To  get around this dif- 
ficulty, a series of mixtures containing various amounts of dibutyl 
phthalate in addition to the two polymers were prepared, and their 
cloud points were first determined. The cloud point of the 
polymer mixture without the plasticizer was then evaluated by 
extrapolation of these cloud points to zero concentration of the 

3 600 
5 330 

56 400 
99 000 
18 700 
49 000 

101 700 
18 700 
18 400 
48 500 
47 600 
91 400 
91 200 

M,, by VPO, Mw/Mn by GPC 
M ,  by VPO, M,/Mn by GPC 
M ,  by light scattering, M,/Mn by GPC 
from Scientific Polymer Products 
from Pressure Chemicals 
from Pressure Chemicals 
from Pressure Chemicals 
M,, and M ,  by GPC, hydrogen exchanged 
M,, and M ,  by GPC, 93.4% deuteriation 
M ,  and M ,  by GPC, hydrogen exchanged 
M ,  and M ,  by GPC, 94.3% deuteriation 
M ,  and M,  by GPC, hydrogen exchanged 
M,, and M ,  by GPC, 93.8% deuteriation 

200 

180 L\ 

40 t 
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PMSIPS = 70130 
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Figure 2. Cloud points of mixtures of polybutadiene and poly- 
(a-methylstyrene). The squares were obtained with mixtures 
containing polybutadiene of M, 3600 and the circles with mixtures 
containing polybutadiene of M, 2620, the poly(oc-methylstyrene) 
being of M ,  5330 in both cases. 

by use of the following values of specific volume. For poly- 
butadiene5 

(6) uSp = 1.1138 + (8.24 X 10-4)t 

for polystyrene6 (above Tg) 
uEp = 0.9217 + (5.412 X 10-4)t + (1.687 X 10-’)t2 (7) 

and for poly(c~-methylstyrene)~ (above T,) 

uEp = 0.87 + (5.08 X 10-4)t (8) 

where t is in degree Celsius. 

Results and Discussion 
A. Polybutadiene-Poly(a-methylstyrene). The ob- 

served cloud points of mixtures of 5KPMS with either 
2KPBD or 3KPBD are plotted in Figure 2. The data were 
fitted to the binodal curve calculated on the basis of the 
Flory-Huggins eq 1, with A regarded as an adjustable 
parameter. To  allow for the dependence of A on tem- 
perature and composition, A was represented by 

A = A0 + A14 + XTT (9) 

and the best-fitting values of A,, A,, and AT were deter- 
mined by means of a nonlinear least-squares algorithm. 
A single set of parameters represented by 

A = 1.276 - 0.0214 - 0.00183T (10) 

was used to fit both sets of cloud-point data in Figure 2. 
In eq 10, A is in calories per centimeter cubed, 4 is the 
volume fraction of polybutadiene, and Tis in Kelvin. The 
solid curves shown in Figure 2 are the binodals calculated 
by means of eq 1 and 10. 

B. Polystyrene-Poly(wmethy1styrene). As de- 
scribed in the Experimental Section, the cloud points of 
the mixtures of polystyrene and poly(a-methylstyrene) 
could not be determined directly by the usual method 
because of their high Tts. Instead, the cloud points of the 
ternary mixtures containing various amounts of dibutyl 
phthalate in addition were determined, and the results are 
shown in Figure 3. The cloud points of the binary mix- 
tures of the polymers were then obtained by extrapolation 

190 

170 

o  ̂ 200 - 
160 - 

E 

60140 

50150 

i 

30170 
160 

210 1 
200 t- -1 

160 1 
Figure 4. Cloud points of the mixtures of polystyrene and 
poly(a-methylstyrene), determined by the method illustrated in 
Figure 3. 

to zero concentration of dibutyl phthalate. Figure 4 shows 
the cloud points thus determined, and the solid curve 
drawn there was calculated by use of the value of -1 rep- 
resented by 

A = 0.0608 + 0.00184 - 0.000056T (11) 

where 4 is the volume fraction of poly(a-methylstyrene). 
Because of the similarity in the chemical structure between 
polystyrene and poly(a-methylstyrene), the A value for the 
pair is much smaller than that for the polybutadiene- 
poly(a-methylstyrene) pair. Figure 4 also demonstrates 
clearly that the incompatibility observedg13 with mixtures 
of high molecular weight polystyrene and poly-a- 
methylstyrene arises from a UCST and not from an LCST 
behavior. 
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C. Validity of Equation 5. The A value for the pair 
polystyrene-polybutadiene was previously evaluatedl from 

evaluated for five sets of mixtures containing only homo- 

A = 1.573 + 0.094 - 0.0021T (12) 

Equation 5, giving the relationship among the A values 
for the three pairs that can be formed from three polymers, 
can now be tested. In Table 11, the “observed” values are 
those evaluated by means of eq 10-12 for 4 = 0.5 and a t  
two temperatures, 150 and 250 “C. The “calculated” values 
were then obtained by means of eq 5. For example, the 

lated by means of eq 5 from the knowledge of the observed 

220 I I I I I I I I I  

the observed cloud points. The average of the values 210 - - 

polymers of styrene and butadiene can be given by 

where 4 refers to the volume fraction of polystyrene. 2 190 - - 

200 - - 
b a  1 

6 0 e  
.u 
e a 

e e 
a 
L 

- 180 - s c 
170 - - 

value for the polystyrene-polybutadiene pair was calcu- 160 - - 

A values for polybutadiene-poly(wmethy1styrene) and for 150 I I I I I I I I I  

temperature limits. In Table 11, the agreement between 230 
the observed and calculated values of A is good. The 
relative error for the polystyrene-poly(a-methylstyrene) 
pair is fairly large, but on the absolute scale the discrep- 
ancy is still small. The result thus demonstrates the 
useefulness of eq 5 as a semiquantitative tool to estimate 
the interaction energy density A. Equation 5 probably 
would hold, in general, for polymer pairs interacting with 
nonpolar forces, such as those studied in this work. Its 
applicability to polymer pairs interacting with other types 
of forces as well, such as polar or hydrogen-bond forces, 
remains to be studied. 

wonder whether eq 4, from which eq 5 is originally derived, 

answer, however, is “no” a t  present, because of the diffi- 
culty of obtaining reliable values of the solubility param- 
eters for polymers. The solubility parameters for polymers 
available in the literature vary in most cases over too wide 

I I I I ~ I I I I  

- 3 

210 - - 

I .u 
2 
e 190 - 
a 

- - 

L - 
0 

5 - - In view of the apparent success of eq 5, one might 4- 

can be utilized to estimate A values in the first place. The 170 - - 

- - 

150 I I I i I i I i I  a range to be useful for this purpose. If we use the group 0 0.2  0.4 0.6 0.8 1 .o 
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solubility parameters between them amounting to 0.048 
( c a l / ~ m ~ ) ' / ~  (after taking the excluded volume effect into 
account). Their results thus give the value of A between 
PSD and PSH equal to 2.3 X cal/cm3. Buckingham 
and Hentsche120 made a theoretical study of deuterium 
isotope effect and their result, for long-chain polymers, can 
be represented by the value of A between the deuteriated 
and hydrogenated species given by 

A = ( 1 / 2 ~ ) ( 4 V / V ) ~  (13) 

where K is the isothermal compressibility and 4V/ V is the 
relative change in volume on deuteriation. With the use 
of the values, K = 5.33 X bar-' for polystyrene21 above 
Tg and 4V/ V = 10-3-10-2 (quotedlg to be valid for most 
organic molecules), A is estimated to be between 2.2 X 
and 2.2 X cal/cm3. The values experimentally ob- 
tained by the above two groups of workers fall right be- 
tween these two limits. 

These values of A, although small in magnitude, are still 
substantial. When a value of 1.4 X cal/cm3 is sub- 
stituted in eq 5, it  suggests that the A value for deuteriated 
polystyrene against polybutadiene must differ from the 
corresponding value for hydrogenous polystyrene by about 
9% a t  150 "C. In the case of polystyrene-poly(a- 
methylstyrene), the deuteriation of polystyrene must, ac- 
cording to eq 5, change the A value a t  150 "C form 0.0380 
to either 0.0540 or 0.0248 cal/cm3 (depending on whether 
the + or - sign is taken), which in a relative term is +42% 
and -35% change. Such a large change in A would have 
to be clearly reflected in the cloud-point curve. The upper 
critical solution temperature Tc, derivable from eq 1 (on 
the assumption of A being independent of composition), 
is given by 

Tc = 2AV1V2/R(V11/2 + V21/2)2 (14) 

where V1 and V, are the molar volumes of the polymers 
involved. Thus, when the molecular sizes of the polymers 
are kept approximately constant, the cloud-point curve has 
to be shifted in proportion to the change in A. In this 
study, the polystyrenes were deuteriated only on the aro- 
matic positions and therefore the expected shift might be 
somewhat smaller, but still our results entirely contradict 
these expectations and show no change on deuteriation of 
polystyrene in its miscibility with either polybutadiene or 
poly(a-methylstyrene). It therefore appears that eq 5 is 
not applicable when the deuterium isotope effect is in- 
volved. This is surprising, since the isotope effect probably 
arises from the differences in the volume between the 
hydrogenated and deuteriated species and, if so, the con- 
sideration based on the cohesive energy density concept 
would be expected to apply well. A need for further study 
on the question of deuterium isotope effect is therefore 
indicated. 
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Light Scattering from Polymer Blend Solutions. 5 .  
Characterization of Systems of Relatively High Incompatibility 
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ABSTRACT Solutions of polymer blends polystyrene/poly(ethylene oxide), polystyrene/polyisoprene, and 
polystyrene/polyisobutylene were studied by the “optical 8” light-scattering method. The interaction parameter 
x12 between unlike polymers in dilute solution was determined for each system, with which the segmentsegment 
interaction parameter x12” was estimated by the aid of dilute solution excluded volume theories. These xlZo 
values are closely related with those estimated by the solubility parameter method and, moreover, seem 
compatible with the available experimental data on the solvent-free systems composed of much shorter chains 
or relevant copolymers. Several ternary solutions were studied up to concentrations near the spinodal points, 
indicating that at least in limited cases with highly incompatible (Le., large xlzo) systems, demixing can occur 
even in the “dilute” solution which is characterized by a concentration-independent and blend-ratio-independent 
value of xlz. The molecular weight exponent of the spinodal concentration is roughly similar in all examined 
systems (about -0.6). 

Introduction 
Light  scat ter ing f rom a dilute te rnary  solution of the 

t y p e  polymer ( l ) /po lymer  (2)/solvent (0)  is represented 
b y  eq 1, if the condition i n  eq 2 is  met.’ In eq 1 and 2, 

K4/Ro = (m1xl)-’ + (m2x2)-’ - 2x124 + ... (1) 

Ro is the scat ter ing intensi ty  at zero angle, 4 is the sum 
of the volume fractions 41 and 4z of the polymers, xi = c$~/+ 
is the blend composition, mi is the weight-average degree 
of chain length, $L = dn/d& is  the refractive index incre- 
ment, and K is the optical constant  proportional t o  ($’ - 
$ J 2 .  T h i s  “optical 8” method permi ts  determinat ion of 
the polymer-polymer interact ion parameter  x12 without  
knowing the solvent-polymer interactions xol and xo2, 
hence with the highest  possible p r e c i s i ~ n ~ , ~  (see ref 4 for 
the definition of the x parameters). The method has been 
successfully appl ied to some blend s y ~ t e m s . l * ~ $ ~ * ~  

The formal similarity of eq 1 to the scattering equation 
for d r y  blends7 m a y  be clear, the lat ter  being obtained by  
set t ing = 1 i n  eq 1 and neglecting higher terms i n  4. 
Owing to th is  dilution factor 4, experimental approaches 
are feasible even to those systems which are difficult to 
characterize i n  the d r y  state due to large x12, viz., im- 
miscibility. However, introduct ion of a solvent brings 
about complexities, too, arising from solvent-polymer in- 
teractions, rendering the solution x12 usually very different 
i n  value f rom the bulk xl2.’ The m a i n  cause for the dif- 
ference is considered t o  be the excluded volume effect 
between unl ike polymers. T h i s  problem was the subject  
of a previous paper,E wherein we have proposed a simple 
method for analyzing di lute  solution data for the “net” or 
“segment-segment” interact ion parameter ,  x120.4 T h i s  
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parameter should be independent of chain length and, at 
least to a first approximation, of solvent, too. It is an 
impor tan t  but still unanswered problem t o  examine to 
which extent parameter xlZo is related with the relevant 
parameter for the solvent-free system. This is the m a i n  
subject  of this paper. We will s t u d y  b y  t h e  mentioned 
light-scattering method some polymer blends which a re  
rather highly incompatible in  bulk, showing virtually for 
the first time that dilute ternary solution data are, in  many 
cases, closely related with those for t h e  bulk blends. 
Experimental Section 

The molecular characteristics of the polymer samples are listed 
in Table I. The samples of polystyrene (PS), poly(ethy1ene oxide) 
(PEO), and polyisoprene (PIP) have a narrow distribution in 
molecular weight and were used as received from the manufac- 
turers, while those of polyisobutylene (PIB) are fractions of a 
commercial polymer, the fractionation being made with a cy- 
clohexane/methanol system at  30 OC (for the sample sources, see 
Table I). The volume fraction $i and the degree of chain length 
were calculated with 

(3) q5i = wivi/(wouo + W l U l  + wzu2) 
mi = Mi,,ui/Vo (4) 

where wi is the weight fraction, vi is the specific volume in the 
pure state, Mi,,, is the weight-average molecular weight, and Vo 
is the molar volume of the solvent (i = 0, 1, or 2; thus mo = 1). 
The vi values of the polymers were assumed to be given by the 
following relations determined for the liquid polymers: 

u l  = 0.9199 + (5.08 + 2.354 X 10-3t)10-4t (PS)9 

uz = 0.8726 + 6.9 X 10-4t 

u2 = 1.080 + 6.89 X 10-4t 

u p  = 1.077 + 6.45 X 10-4t 

(PE0)’O 

(PIP)” 

(PIB)12 

8 1987 American Chemical Society 


