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Effect of Molecular Weight of Added Polystyrene on the 
Order-Disorder Transition of Styrene-Butadiene Diblock 
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ABSTRACT: The change in the order-disorder transition temperature of block copolymer, induced by the 
addition of homopolymer, is investigated. Analysis of the theoretical expression based on the random phase 
approximation shows that the direction of the chwge in the transition temperature is determined by the length 
of the added homopolymer in relation to  the length of the block copolymer and the overall composition of 
the monomers in the mixture. Small-angle X-ray scattering measurements are performed with mixtures 
containing a styrene-butadiene diblock copolymer and a polystyrene of various molecular weight. The observed 
shape of the scattered intensity curve, the angular position of the peak intensity, and the spinodal temperature 
for the microphase separation all agree well with values predicted from theory. The values of the interaction 
energy density A determined from the results agree fairly well with values determined previously from cloud-point 
data. A strong scattering increasing in intensity with decreasing scattering angle is observed with some of 
the samples a t  temperatures near or below the transition temperature. This is not predicted by the theory 
but could be explained in terms of the possible presence of a transition region in the phase diagram in which 
ordered and disordered phases of differing compositions coexist. 

Introduction 
Blends of block copolymer AB and homopolymer A 

exhibit a variety of phase transition and separation be- 
havior that depends on the temperature, the concentration 
of the added homopolymer, and the compositional struc- 
ture of the block copolymer molecule. At  lower temper- 
atures, microphase separation of blocks in the copolymer 
results in the formation of a mesophase in which the 
microdomains are ordered on a macrolattice. With in- 
crease in temperature such an ordered phase may be 
transformed into a disordered phase in which blocks A and 
B are intimately mixed. In both the ordered and disor- 
dered phases of the block copolymer the added homo- 
polymer may, however, be only partially miscible, giving 
rise to the coexistence of two demixed phases. The in- 
teraction of such macrophase separation with the order- 
disorder transition produces a fascinating complexity in 
the resulting phase diagram. 

We previously investigated1i2 blends of styrenebuta- 
diene diblock copolymer with polystyrene or polybutadiene 
by means of small-angle X-ray scattering and light-scat- 
tering techniques and constructed phase diagrams by 
combining results of these observations with the principles 
of thermodynamics governing phase relations. In the 
present study we explore one particular region of the phase 
diagram in greater detail. We focus our attention on the 
change in the order-disorder transition temperature in- 
duced by the addition of homopolymer of various molec- 
ular weight. We then compare our experimental results 
with predictions based on the theoretical model employing 
the random phase appr~ximat ion .~ ,~  

As has been stressed by de G e n n e ~ , ~  properties of 
amorphous mixtures involving only polymeric components 
can be described adequately by means of mean-field the- 
ories. Thus the Flory-Huggins free energy of mixing serves 
well as the basis for discussion of polymer blends con- 
taining homopolymers and random copolymers, if the 
dependence on temperature and composition of the in- 
teraction parameter is properly taken into account. The 
method of random phase approximation applied to 
amorphous polymer blends leads to an expression for the 
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structure factor S(q) as a function of the wave vector, q 
= 4s sin BIX. This is also a mean-field theory, and its 
expression for q = 0 reduces exactly to the second deriv- 
ative of the Flory-Huggins free energy of mixing. The 
same expression for S(q) was also derived recently by two 
other methods6,’ which are very different in formalism but 
nevertheless share the mean-field nature. The expression 
can be regarded as an extension of the Flory-Huggins 
treatment to blends containing block copolymers in dis- 
ordered state. Its usefulness has previously been demon- 
strated in reference to observations8-10 made with pure 
block copolymers. One of the objectives of the present 
study is to ascertain its validity in detail by comparing it 
against observations obtained with blends containing a 
block copolymer and a homopolymer. 

Predictions from Random Phase Approximation 
Theory 

A. Explicit Expression for S(q) .  When the method 
of random phase approximation is applied to polymer 
systems containing any number of polymeric components 
but consisting as a whole of only two monomeric species 
1 and 2, one obtains the expression4 for the structure factor 
S(q), or the Fourier transform of the density correlation 
function, as 

(1) l / S ( q )  = Q ( q )  - 2 A / k T  

with 

(2) 

where Sij(q) is the Fourier transform of the correlation 
function between species i and j in the hypothetical case 
where there is no interaction between different molecules, 
each polymer molecule thus behaving “ideally”. In eq 1, 
A is the interaction energy density11J2 between the species, 
which is related to the usual x parameter by 

S,,(q) + S,,(q) + 2Sl2k) 

Sn(q)S2z(q) - S1z2(q) 
Q(q)  = 

A = x R T / V ,  (3) 

where Vu is some reference volume which is assumed, often 
implicitly, as the basis of definition of x. [Note also that 
S(q) and Sij(q) in eq 1 and 2 have a dimension of volume, 
in contrast to the customary practice of defining S(q) 
dimensionless.] 
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Figure 1. Calculated spinodal temperature T, of microphase 
separation is plotted against the volume fraction $h of homo- 
polymer in the blend. The block copolymer has A and B blocks 
of equal length. The ratio of the molecular volume Vh of hom- 
opolymer A to the molecular volume V, of the copolymer is 
indicated for each curve. The ordinate kT,/AV,, where A is the 
interaction energy density, is identical with l/xN in the usual 
notation. 

The system under consideration consists of a mixture 
of homopolymer A having molecular volume v h  and di- 
block copolymer AB having molecular volumes Vl and V2 
for the blocks A and B, respectively. The volume fraction 
of the homopolymer in the mixture is equal to &. The 
composition of the block copolymer is represented by the 
volume fractions fl and f2 of the two types of species in 
the molecule, Le., fl = Vl/(Vl + V,) andf, = V2/(V1 + V,). 
For Sy(q)'s we then have 

Sll(q) = (1 - $h)Vlflg(xl) + 4hVhg(xh) (4) 
S,,(q) = (1 - 4h)Vd&(XZ) (5) 

S d q )  = (1 - 4h)(Vl + V2)(f1/xl)(f2/~2)[1 - exp(-xl)l x 
[(I - exp(-x2)l (6) 

The function g(x) is the Debye correlation function for a 
Gaussian chain 

(7) g(x) = 2 ( x  + e-% - 1)/x2 

with the variable xl, x 2 ,  and xh defined by 

where R1, R2, and Rh are the root mean square end-to-end 
distances of block A and block B in the copolymer and of 
the homopolymer, respectively. In writing eq 1-6 we have 
followed the spirit enunciated in an earlier p~blication, '~ 
namely, our preference of expressing the configurational 
properties of a polymer chain in terms of the molecular 
volume V and the end-to-end distance R rather than in 
terms of the number of segments N and the segment size 
a. This is especially desirable when the differences in the 
monomer size and the chain flexibility between the two 
species A and B are to be expressly incorporated in the 
equations. As a result these equations, and eq 6 in par- 
ticular, are slightly modified from those originally given 
by Leibler.4J4 

B. Variation in Spinodal Temperature T,. The 
spinodal temperature T, is obtained from eq 1 as the 
temperature a t  which S(q*) diverges, where q* is the value 
of q rendering Q(q) minimum. We are interested in de- 
fining the conditions under which T, either increases or 
decreases as a homopolymer is added to a block copolymer. 
For this purpose we obtain numerical solution of eq 1 as 
a function of two variables: v h /  V, (where V, = Vl + V2), 
expressing the relative size of the homopolymer to that of 

X i  = q2Rl2/6 X 2  = q2RZ2/6 Xh = q2Rh2/6 (8) 
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Figure 2. Similar to Figure 1, but for the case where the volume 
fraction f l  of block A in the diblock copolymer is equal to 0.65. 
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Figure 3. Similar to Figure 1, but for the case where the volume 
fraction fl of block A in the diblock copolymer is equal to 0.30. 

the copolymer, and fl, expressing the relative size of the 
block A in the copolymer. The results are given in Figures 
1-3 in terms of kT,/AV, (which is equivalent to l /Nx, in 
Leibler's notation') against &,a (In this numerical calcu- 
lation the flexibilities of the two types of chains are as- 
sumed equal, i.e., V1/Rl2 = V2/R22.) They show that ad- 
dition of small homopolymer molecules depresses T,, while 
ad$ition of large homopolymer molecules raises T,. The 
molecular volume ratio v h /  V, which is a t  the crossover 
from depression to elevation of T, depends on the com- 
position f l  of the block copolymer, as is shown in Figure 
4. For a symmetrical block copolymer (fi = 0.5), this 
crossover occurs when the size of the homopolymer is al- 
most exactly equal to a quarter of the size of the co- 
polymer. This is in agreement with the results obtained 
by Whitmore and Noolandi15 by a somewhat different 
approach. It is interesting to note that the same result was 
also obtained earlier by Krause16 by a much more macro- 
scopic consideration. The results in Figures 1-4 can be 
summarized qualitatively as follows: the spinodal tem- 
perature T, is raised on the addition of homopolymer A 
if (i) the chain length of the homopolymer is large and (ii) 
its addition makes the overall composition of A and B in 
the mixture more symmetrical. The first of these two 
factors can be easily rationalized in terms of the smaller 
entropy of mixing offered by large homopolymer molecules. 
The second can be understood in analogy with the fact 
that, in a binary mixture of homopolymers A and B (with 
A positive), demixing occurs at higher temperatures if the 
composition is more symmetrical and also with the fact4 
that among pure block copolymers having the same total 
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Figure 4. Ordinate gives the molecular volume v h  of homo- 
polymer A (in relation to the molecular volume V, of the co- 
polymer) which, when added to the copolymer, neither depresses 
nor elevatea the spinodd temperature T, for microphase separation 
(in the limit of #h - 0). The abscissa gives the volume fraction 
fi of block A in the copolymer. 
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Figure 5. Calculated change in the peak scattering angle q* is 
plotted against the volume fraction #h of added homopolymer 
A, for the various ratios of vh/V, indicated. The volume fraction 
fi of block A in the copolyher itself is assumed to be 0.5. 

length the order-disorder temperature is higher for a more 
symmetrical copolymer. 

C. Microphase Separation vs. Macrophase Sepa- 
ration. Next we investigate how the value of q*, at which 
Q(q) becomes minimum, varies with addition of homo- 
polymer. In Figure 5, the values of q*R, (where R,  is the 
end-bend distance of the copolymer molecule) are plotted 
against the volume fraction @h of the homopolymer. (In 
this calculation, the copolymer is assumed symmetrical, 
that is, f l  is equal to 0.5 and the two block chains have 
equal flexibility: V1/Rl2 = V2/R22.) It is seen that q* 
always decreases with addition of homopolymer, and the 
rate of decrease is larger with a larger homopolymer. The 
value of q* denotes the predominant size scale of the 
structure that emerges at T, when S(q*) diverges. These 
mixtures showing q* # 0 will eventually undergo micro- 
phase separation on lowering the temperature. It is pos- 
sible, by addition of a sufficient amount of homopolymer, 
to reduce q* eventually to zero. Such a mixture would then 
undergo a macrophase separation on lowering the tem- 
perature. Thus, one can induce a transition from a mi- 
crophase separation to a macrophase separation behavior 
by addition of an increasing amount of homopolymer. The 
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Figure 6. The scattered intensity S(q) expected at high tem- 
perature (T - m) is plotted against q,  where the calculation is 
for the mixture containing various indicated volume fractions #h 
of polystyrene of M, 35000 added to a styrenebutadienediblock 
copolymer of block molecular weights 16 850 and 5150, respec- 
tively. The location of q* of the intensity maximum on each curve 
is indicated by a dot. Note that q* gradually decreases toward 
zero as q+, is increased. 
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Figure 7. Similar to Figure 6 but calculated for the addition of 
polystyrene of M ,  70000 to the same styrene-butadiene diblock 
copolymer. Note that between f#q, = 0.25 and 0.30, q* jumps 
discontinuously from a finite value to zero, indicating- abrupt 
changeover from a microphase separation behavior to a macro- 
phase separation behavior as the volume of added polystyrene 
is increased. 

nature of this changeover from the microphase separation 
to macrophase separation behavior can be understood 
more clearly with reference to Figures 6 and 7. Here S(q) 
when T - (i.e., when the term 2AlkT is equal to zero) 
is plotted against q for a number of different mixtures. To 
facilitate later comparison with our experimental results, 
these curves are calculated with parameter values appro- 
priate for the blends containing polystyrene (M,  = 35 OOO 
in Figure 6 and M, = 70000 in Figure 7) added to a sty- 
rene-butadiene diblock copolymer (M,  of copolymer 
22000, weight fraction of styrene 76.6%). The maximum 
in these plots for S(q) against q gives the value of q*. In 
Figure 6, calculated for the added polystyrene of M, 35 OOO, 
each curve has a single maximum, and the value of q* 
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Figure 8. Change in the peak scattering angle q* on addition 
of polystyrene of indicated molecular weight is calculated and 
is plotted against the weight fraction of the polystyrene in the 
mixture. The styrene-butadiene diblock copolymer is assumed 
to have block molecular weights of 16 850 and 5150, respectively. 
With polystyrenes of M ,  70000 and 100000, the peak angle q* 
is seen to decrease discontinuously to zero as the fraction of the 
homoflymer increases beyond certain values (abrupt changeover 
from a microphase separation to a macrophase separation be- 
haviorh whereas with polystyrene of lower molecular weights q* 
decreases continuously to zero (gradual merging of microphase 
separation and macrophase separation behaviors). 

decreaaes continuously with increasing homopolymer 
fraction until it  reaches zero at &, between 0.55 and 0.60. 
Thereafter, q* remains at zero. In Figure 7, calculated for 
the added polystyrene of M ,  70000, some of the curves 
have two maxima, one at  q # 0 and another a t  q = 0. Of 
these two, the absolute maximum, which grows first to 
infiiity on lowering the temperature, gives q*. Thus, with 
increasing fraction of added polystyrene, q* makes a dis- 
continuaus jump from some finite value to zero. A blend 
with a finite value of q* undergoes a microphase separation 
on cooling, while a blend with q* = 0 undergoes a ma- 
crophase separation just as a mixture of two homopolymers 
does. Figures 6 and 7 thus show that, on addition of 
homopdymers, the changeover from microphase separa- 
tion to  macrophase separation behavior can occur either 
g r a d e  or abruptly, depending on the molecular weight 
of the homopolymer added. Figure 8 plots the change in 
q* induced with increasing amount of polystyrene of 
various molecular weight added to the styrene-butadiene 
diblock copolymer. It clearly illustrates the point discussed 
above, that is, that with lower molecular weight polystyrene 
q* approaches continuously toward zero, while with higher 
molecular weight polystyrene the value of q* falls discon- 
tinuously to zero. 

D. Phase Relations. The knowledge of the structure 
factor S(q) allows us to predict the spinodal temperature 
as a function of the composition of the blends but not the 
phase diagram itself. To construct the phase diagram, 
depicting the regions of stable phases and the compositions 
of coexisting phases, one requires the expression for the 
free energy, of which S(q) is only the second-order term. 
No general theory is yet available that gives the free energy 
for the mixture of homopolymer and block copolymer. 
(Noolandi and his co-workers15J7 give the free energy for 
the special case of lamellar morphology.) Useful inference 
on the various trend in the phase diagram, however, can 
be obtained from the knowledge of the spinodal temper- 
ature. In Figure 9 we therefore plot the spinodal tem- 
peratures calculated as a function of composition for the 
mixtures containing the styrene-butadiene diblock co- 

Weight Fraction of Polystyrene 

Figure 9. Spinodal temperatures for microphase separation (thick 
line) and for macrophase separation (thin line) are plotted against 
the weight fraction of polystyrene. The upper diagram is cal- 
culated for the mixture of styrene-butadiene copolymer (block 
molecular weights 16 850 and 5150, respectively) with polystyrene 
of M ,  70000, and the lower diagram for its mixture with poly- 
styrene of M ,  35000. The broken lines show the spinodal tem- 
perature which would have been realized if the microphase sep- 
aration had not intervened. In these calculations, the values of 
the interaction energy density X given by eq 9 have been utilized. 

polymer mentioned above and either polystyrene of M ,  
70000 or polystyrene of M ,  35000. The spinodal was 
calculated from eq 1 by using the following value of A, 
which is the average of nine determinations based on the 
cloud point curves of mixtures of polystyrene and poly- 
butadiene or their random copolymer12 
A (cal/cm3) = (0.718 f 0.051) - 

In Figure 9, the thick curves give the spinodal tempera- 
tures for microphase separation (q* # 0) and the thin 
curves the spinodal temperatures for macrophase separa- 
tion (q* = 0). For the latter, the condition for spinodal 
can be obtained from eq 1 by requiring that 1/S(O) - 0, 
i.e., 

(0.0021 f 0.00045)(t - 150 "C) (9) 

Equation 10 is identical with the condition for spinodal 
obtainable from the Flory-Huggins free energy of mixing 
a homopolymer and a copolymer with an effective inter- 
action energy density equal to Afi2. The upper diagram 
in Figure 9, calculated for the mixture containing poly- 
styrene of M ,  70000, shows that the two curves for mi- 
crophase separation and macrophase separation meet a t  
an angle a t  a composition to the left of the critical point 
of the macrophase separation. In contrast, the lower di- 
agram in Figure 9, calculated for the mixture containing 
polystyrene of M ,  35000, shows that the curves for mi- 
crophase separation and macrophase separation meet with 
a common tangent and that this mixture does not exhibit 
a critical point. The differences between these two types 
of diagrams are reflected also in Figure 8, where the 
changes in q* from a finite, non-zero value to zero occurs 
discontinuously in the case of the mixture containing 
polystyrene of M, 70 OOO, whereas the change occurs con- 
tinuously in the case of the mixture containing polystyrene 
of M ,  35 000. 

Experimental Section 
A. Materials. The styrene-butadiene diblock copolymer is 

the one designated as copolymer 75/25 in our earlier study18 and 
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Table I 
ComDosition of Mixtures Studied 

wt fraction of PS 
M.,, of PS 0.30 0.40 0.50 0.60 0.70 

2200 clear clear clear clear clear 
4 000 clear 

10 300 clear clear 
17 500 clear clear clear 
35 000 clear 
50 000 clear 

100000 turbid turbid 

contains 76.6% by weight of styrene. It was kindly synthesized 
by Dr. H. L. Hsieh of Philips Petroleum Co., who provided us 
with the characterization data: M,, = 21 000 (by GPC), M,/M, 
= 1.05 (by GPC), 48% trans 1,4, and 24% cis 1,4. The styrene 
content was determined in this laboratory by NMR. An inde- 
pendent characterization of thia polymer was also given by Krause 
et al.lg The polystyrene samples of various molecular weights were 
purchased from the Pressure Chemical Co., and all of them are 
said to  have M,/M,, ratio equal to  or less than 1.05. 

Compositions of all the mixture samples prepared for study 
are summarized in Table I. Of these, the ones containing 
polystyrene of M ,  1OOOOO were turbid. The remaining 13 samples 
were all visually clear at room temperature and were examined 
further by means of small-angle X-ray scattering a t  various 
temperatures. Samples for these measurements, except the one 
containing polystyrene of M ,  50 000, were prepared by mixing 
the block copolymer and polystyrene (without solvent) mechan- 
ically under vacuum at temperatures somewhat above 200 "C.  
The mixtures containing polystyrene of M ,  50 OOO were prepared 
by first dissolving the two polymers in benzene and then evap- 
orating the solvent. To destroy the effect of casting conditions, 
the samples were heated well into the disordered region and cooled 
before any X-ray scattering measurements were taken. 

B. Method of Measurement. All scattering curves were 
obtained with a Kratky camera fitted with a one-dimensional 
position-sensitive detector made by M. Braun Co. Nickel-filtered 
Cu Ka radiation supplied by a Philips XRG 3100 generator 
operating at 45 kV and 35 mA was used throughout. The pro- 
cedure of measurements was essentially similar to that described 
earlier.'Js Background scattering correction was made by sub- 
tracting the scatterings from pure polystyrene and pure poly- 
butadiene, each weighted according to  the amounts of styrene 
and butadiene present in the sample. The correction for the 
slit-length smearing was applied by means of Strobl's algorithm.20 

C. D a t a  Analysis. To  convert from weight into volume of 
the polymers, the following specific volumes were used. For 
po1ystyrene2l 
uEp = 0.9217 + (5.412 X 10-4)t + (1.687 X 107)t2 (above T,) 

(11) 

and for polybutadienels 

(12) 

These specific volumes are also used for the calculation of electron 
density differences at  various temperatures. The root mean square 
end-to-end distance, required for comparison with theoretical 
predictions from eq 1, was estimated from R = AM/2, where A 
equals 0.0674 (nmmo11/2)/g'/2 for polystyrene22 and 0.09 ( n m  
mo11/2)/g1/2 for p o l y b ~ t a d i e n e . ~ ~  

Result ti 
A. Scattering Curves. The intensi ty  data obtained 

with five of these samples are shown i n  Figures  10-14 
which are all plotted on the same scale to facilitate com- 
parison. In these plots the abscissa is the scattering angle 
s = q / 2 x  = 2 sin 9 / A  and the ordinate  gives S(q) = 
I ( s ) / (Ap)2  where I ( s )  is  the scattered intensi ty  (after cor- 
rection for  slit-length smearing) i n  absolute  u n i t  (elec- 
tron2/nm3) and Ap is the difference in  electron densi ty  
(electron/nm3) between polystyrene and polybutadiene. 

In all cases shown i n  Figures  10-14 the scattered in- 
tensi ty  increases steadily as the temperature is  lowered. 

uEp = 1.1138 + (8.24 X lOV4)t 

401 . . . . , . . . . I 

180°C 1 

0 0.02 0.04 0.06 0.08 0.10 

s (nm') 

Figure 10. Scattered intensity observed, at various temperatures 
indicated, with the mixture of the diblock copolymer with 50% 
polystyrene of M ,  2200 is plotted against the scattering angle s 
(=2 sin @/A) .  The ordinate Z(s)/Ap2 is the scattered intensity in 
absolute units (after correction for slit smearing) divided by the 
square of the electron density difference between polystyrene and 
polybutadiene a t  the temperature of measurement and is equal 
to the structure factor S(q). The solid curves are calculated from 
the theoretical equations (1)-(8), with the A values adjusted to 
give the best fit to the peak intensity. 
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Figure  11. Scattered intensity observed with the mixture con- 
taining 60 wt % polystyrene of M ,  10300. 
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Figure 12. Scattered intensity observed with the mixture con- 
taining 60 wt % polystyrene of M, 17500. 

We estimate, as will be described later, that the formation 
of mesophase, induced b y  microphase separation, begins 
very approximately at 130, 150, and 200 "C for the mix- 
tures shown i n  Figures 10,  11, and 12, respectively. The 
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Figure 13. Scattered intensity observed with the mixture con- 
taining 60 wt % polystyrene of M ,  35 000. 
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Figure 14. Scattered intensity observed with the mixture con- 
taining 50 wt % polystyrene of M ,  50000. 

data shown in Figures 13 and 14 all correspond to tem- 
peratures below the microphase separation temperature. 
The peak intensity I(s*) shows a gradual variation over 
a temperature range exceeding 100 deg, and no discon- 
tinuity is present to indicate the onset of mesophase for- 
mation. Such a continuous change in I(s*) with temper- 
ature was previously observeds even with pure block co- 
polymers. Evidently, the process of mesophase formation 
is unlike the formation of crystalline solid which involves 
nucleation and growth of highly ordered structure even at 
temperatures only moderately below the melting point. 

Figure 14 shows that the scattered intensity curves there 
consist of two components, one having the peak at a finite 
s, and another increasing in intensity rapidly as s - 0, 
suggesting that its peak is probably located at  s = 0. The 
contribution by the second component in varying degrees 
can be noticed in Figures 10-13 as well, its magnitude 
apparently increasing with increasing molecular weight of 
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Figure 15. Observed peak scattering angle s* is plotted against 
the weight fraction of polystyrene for two series of mixtures, one 
containing polystyrene of M, = 2200 and the other M, = 17 500. 
The solid lines give the values calculated on the basis of eq 2 and 
4-8. 
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Figure 16. Observed peak scattering angle s* is plotted against 
the molecular weight of polystyrene for two series of mixtures, 
one containing 40 wt % polystyrene and the other containing 60 
wt % polystyrene. The solid lines give the values calculated from 
the theory. 

polystyrene. The presence of such a component having 
the peak at  s = 0 is not predicted by the theory. For 
example, in Figures 10 and 11 the solid curves drawn were 
calculated by means of eq 1 and 2. In calculating these 
curves, the value of the A parameter was adjusted to obtain 
a match in the calculated and observed peak intensity, but 
otherwise no adjustable parameters were involved. Three 
observations can be made. (1) The angle of maximum 
intensity, s* or q*, shows generally good agreement be- 
tween the observed and calculated intensity curves. (2) 
The degree of fit is about the same, irrespective of whether 
the temperature is above or moderately below the micro- 
phase separation temperature. (3) The observed scattered 
intensity a t  angles smaller than s* is much enhanced in 
comparison to the calculated one, evidently due to the 
contribution by the component of scattering with a peak 
at s = 0. The possible reason for the presence of the latter 
component is discussed later in the Discussion section. 
B. Peak Angle q*. Figure 15 plots the variation in the 

peak angle s* with the volume fraction of polystyrene of 
M ,  2200 and of M ,  17 500. Figure 16 similarly plots the 
variation in s* with the molecular weight of polystyrene 
when the volume fraction of the latter is held at 40% or 
60%. (The values of s* were evaluated from the observed 
intensity curves by the curve-fitting method, described in 

Mw of Polyrtyrene 
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Figure 17. Scattered intensity obtained with the mixture con- 
taining 60% polystyrene of M ,  2200 is plotted in a manner 
suggested by the Ornstein-Zernike form of the structure factor, 
eq 13. The ordinate is equal to *[Z(s*)/Z(s) - 1]'/2, where the + sign is applicable for q > q* and the - sign for q < q*. The 
slope of the straight line in the plot gives the correlation length 
E associated with the decay of short-range order in the disordered 
phase. 

the next section, which allows for the presence of two 
independent components of scattering with maxima at s* 
= 0 and s* # 0.) In Figures 15 and 16, the solid curves 
show the s* values a t  which Q(q), given by eq 2 and 4-6, 
becomes minimum. This is an absolute comparison in- 
volving no adjustable parameters, and the agreement be- 
tween the observed and calculated values is very good. 

With all the mixtures the s* value remains independent 
of temperature, except that there is a tendency for the 
value to decrease slightly as the temperature is lowered 
much below the microphase separation temperature (al- 
though such a tendency may not be readily discernable on 
visual inspection of Figures 10-14). Earlier, Bates and 
HartneylO reported an apparently similar shift in the peak 
angle q* with temperature, in their SANS data on diblock 
copolymer of 1,4-polybutadiene and 1,2-polybutadiene. 
But their observation, made above the microphase sepa- 
ration temperature, may not be related to our result. 

C. Correlation Length 5. Following the suggestion by 
de la Cruz and Sanchez7 one can expand Q(q)  around q* 
to the second order and obtain an approximation to eq 1 
in the Ornstein-Zernike form 

S(q) = %?*)/[1 + t2(q - S*Pl (13) 

where ,$ is the correlation length associated with the decay 
of short-range order and is given by 

F2 = (1/4)Q''(q*)/(A,/kT, - Lil /kT) (14) 

T,  being the spinodal temperature and A, the value of A 
a t  T,. Equation 13 suggests that a plot of [S(q*)/S(q) - 

against q/q*  will produce a straight line of slope &*. 
This is demonstrated in Figure 17 for the data obtained 
with the sample containing 60% polystyrene of M, 2200. 
The good straight lines obtained show that eq 1 is capable 
of representing the shape of the scattered intensity curve 
around the peak faithfully. In Figure 18 the values of [ 
thus evaluated for all the samples containing polystyrene 
of M ,  2200 are plotted against temperature. From these 
values of 6, the spinodal temperature and the value of the 
interaction energy density A at various temperatures can 
be obtained, as described shortly below. For mixtures 

10 

w 

5 

4 30% 
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50  100 150 200 

Temperature ("C) 

Figure 18. Correlation length 4, obtained with mixtures con- 
taining the indicated weight fraction polystyrene of M ,  2200, is 
plotted against temperature. With the decrease in temperature, 
the correlation length increases and diverges at the spinodal 
temperature. The spinodal temperature is seen to decrease with 
increasing amounts of polystyrene in the mixture. 

0 0.02 0.04 0.06 0.08 0.10 

s (nm') 
Figure 19. Plots illustrate the degree of fit achieved by the 
empirical equation (15) which assumes two independent com- 
ponents of scattering. The observed intensities were obtained 
with a mixture containing 70 wt  % polystyrene of M ,  17500. 

containing polystyrene of higher molecular weight the 
above method of determining [ becomes impractical be- 
cause of the presence of the extraneous component of 
scattering with a peak at q* = 0, as shown in Figures 12-14. 
Such curves were fitted to the following empirical equation, 

which assumes two independent contributions to the total 
scattered intensity, the first arising from the long-range 
concentration fluctuation according to the Ornstein-Zer- 
nike form and the second arising from the short-range 
fluctuation according to eq 13. The best fit to the observed 
curves were determined by adjusting the five parameters 
S,(O), E,, q*,  S2(q*), and &. An example of such a fit is 
given in Figure 19. The estimation of the best values of 
the parameters q*, S2(q*), and E2 was relatively easy and 
their values were not much affected even when a fairly 
wide latitude was given to the choice of values of Sl(0) and 
tl. Among the values of q*, S(q*), and 6 reported or in- 
corporated into further analysis in this paper, those per- 
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Figure 20. Plot of 1/t2 against 1/T for the mixture containing 
40 wt % polystyrene of M, 10 300. The linear extrapolation of 
the high-temperature data to 1/t2 = 0 gives the spinodal tem- 
perature T,  for microphase separation, and the first deviation of 
the observed data from the straight line suggests the onset of 
microphase separation. 

taining to mixtures containing 60% polystyrene of M ,  
10 300 and all concentrations of polystyrene at higher 
molecular weight were obtained by this curve-fitting me- 
thod. In constrast to this, meaningful values of the two 
parameters S,(O) and l1 defining the first term in eq 16 
were difficult to obtain and therefore no attempt has been 
made to  interpret them quantitatively. 

D. Spinodal Temperature T,. The spinodal tem- 
perature T, for microphase separation can be determined 
by two independent methods, one from the plot of l/S(q*) 
against 1 / T  and the other from the plot of E2 against 1/T. 
The first method relies on the variation of the scattered 
intensity with temperature and requires the intensity 
measured in absolute scale. The second method relies on 
the variation with temperature of the shape of the scat- 
tered intensity curve around q* and does not require the 
intensity to be expressed in absolute unit. An example of 
the plot in accordance with the second.method is given in 
Figure 20. In the case of the first method, we note that, 
by assuming A = A + BT, one can write from eq 1 

l/S(q*) = Q(q*) - 2B/k - 2A/kT (16) 

This means that the plot of l/S(q*) against 1 / T  should 
have the same slope, -2A/k, with all blends involving 
homopolymers and copolymers which contain only styrene 
and butadiene monomeric units. With suitable shifts along 
the 1/ T axis, all these plots should be superposable into 
a single curve. This, indeed, is achieved in Figure 21 where 
data obtained with mixtures containing polystyrene of M ,  
2200 are shown and also in Figure 22 where data obtained 
with mixtures containing 60% of polystyrenes of various 
molecular weights are shown. The straight line drawn in 
both figures corresponds to A = 1.19 cal/cm3. The spi- 
nodal temperature can be obtained from the extent of shift 
along the 1/ T axis for the individual data. The value of 
T, determined by these two methods are listed in Table 
11. The temperature of actual onset of mesophase for- 
mation is expected4 to be somewhat higher than T, and 
appears to be, in general, about 20 deg above T, as esti- 
mated from the point of deviation of the observed S(q*) 
from the straight line in Figures 20-22. 

In Figures 23 and 24 the T, values determined from 
S(q*) and from 5 are compared. The agreement between 
these two sets of data is excellent. Also drawn are the 
curves showing the values of T, calculated from eq 1 with 
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Figure 21. 'Plot of the reciprocal of observed peak intensity 
I ( s * ) / A p 2  against 1/T, obtained with five mixtures containing 
various amounts of polystyrene of M, 2200, are superposed into 
a single curve by horizontal shifting. The slope of the common 
straight line drawn gives the value A = 1.19 cal/cm3, when the 
interaction energy density A is expressed as A + BT. (0) 30 wt 
% polystyrene; (A) 40 wt %; (A) 50 w t  %; (m) 60 wt %; (0) 70 
wt %. 
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Figure 22. Plots similar to those shown in Figure 21, but here 
for the mixtures containing 60 wt % of polystyrene of (0) M, 
2200, (W) M ,  4000, (A) M, 10300; (A) M ,  17500; and (0) M, 
35000. For the latter three mixtures the peak intensity I(s*) was 
evaluated by fitting the scattered intensity curve to the empirical 
equation (15). The slope of the straight line again gives A = 1.19 
cal/cm3. 

Table I1 
Spinodal Temperature T. ("(2) 

wt fraction of polystyrene 
M, of PS 0.30 0.40 0.50 0.60 0.70 

Evaluated from l/Z(s*) vs. 1/T 
2200 125 107 78 53 14 
4 000 68 

10 300 167 ( ? ) b  133" 
17 500 205" ( ? I b  176O ( ? ) b  160a (?)* 

Evaluated from 1/12 vs. 1/T 

35 000 210' ( ? ) b  

32 70 52 2200 105 89 
4 000 79 

10 300 147 139' 
17 500 132' 

O Z ( s * )  was evaluated through fit to the empirical equation (15). 
bThese values are less reliable than others. c [  was evaluated 
through fit to the empirical equation (15). 

the A values given by eq 9. The agreement between the 
curves and those T, values determined directly from the 
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Figure 23. Spinodal temperature T, for microphase separation, 
determined for mixtures containing polystyrene of M ,  2200, is 
plotted against the weight fraction of polystyrene. (0) T, obtained 
from the plot of reciprocal peak intensity against 1/T and (0)  
T, obtained from the plot of 1/12 against 1/T. The solid curve 
gives the T. calculated from theory with use of the value of A given 
by eq 9. 
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Figure 24. Spinodal temperature T,, obtained for mixtures 
containing 60% polystyrenes, is plotted against the molecular 
weight of polystyrene: (0) obtained l/I(s*) vs. 1/T; (0) obtained 
from 1/12 vs. 1/T. The solid curve gives the values calculated 
from theory with the use of the A values given by eq 9. 

experimental data is, although not as good, still fairly 
satisfactory, and demonstrates that eq 1 can be utilized 
to predict T, with some degree of confidence when the 
values of A are obtained by some other independent me- 
thod. 

E. Interaction Energy Density A. Another method 
of testing the validity of eq 1, which is complementary to 
that depicted in Figures 23 and 24, is to evaluate the values 
of the interaction energy density A from the experimental 
data and compare them with eq 9. There are two inde- 
pendent methods of determining A values, one based on 
I (q*)  and another based on f ,  each corresponding to one 
of the two methods of determining T, mentioned above. 
In the first method, we rewrite eq 1 as 

2h/kT  = Q(q*) - l/S(q*) (17) 

and substitute observed values of I(q*)/Ap2 for S(q*) and 
then calculate Q(q*) by means of eq 2 and 4-7 which in- 
volve molecular volumes and end-to-end distances of co- 
polymer blocks and homopolymer. Figure 25 gives the A 
values thus evaluated, and the broken straight line rep- 
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Figure 26. Plotted against temperature are A values evaluated 
on the basis of eq 19 from the E values. For the symbols, see Figure 
25. 

resents the average of these evaluated A values that is 
forced to go through A = 1.19 cal/cm3 at T = 0 K, to 
conform to the common slope in the plots given in Figures 
21 and 22. This gives 

A = 1.19 - (5.0 x 10-4177 
= 0.98 - (5.0 X 10-4)(t - 150 "C) (18) 

The solid straight line in Figure 25 represents eq 9, which 
was previously determined from the cloud points of blends 
of polystyrene and polybutadiene or their copolymers. The 
second method of evaluating A values relies on 

A / k T  = (1/2)Q(q*) - (1 /4)Q'Yq*) /E2 (19) 

where f is given the experimentally determined values and 
Q(q*) and Q"(q*) are calculated from the knowledge of the 
molecular volumes and end-to-end distances by means of 
the theoretical expressions. Figure 26 gives the A values 
thus determined, which are generally lower than those 
given in Figure 25 and are thus in better agreement with 
the solid line representing eq 9. Of the two independent 
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methods represented by Figures 25 and 26, the first one 
based on the peak intensity 1(q*) gives a slightly better 
precision but is subject to the error in the scaling of the 
observed relative intensity into absolute intensity scale. 
Examination of Figures 25 and 26 suggests that there is 
a discernable trend in the A values that depends on mo- 
lecular weight and composition, and the overall spread of 
the data points there is due partly to these effects. 

Discussion 
Most of the qualitative and semiquantitative features 

predicted by the t h e ~ r y , ~  embodied in eq 1-9, are con- 
firmed by the experimental observations. These include 
the fact (1) that the microphase separation temperature 
is lowered by the addition of polystyrene, (2) that the 
magnitude of the depression is larger with larger amounts 
of lower molecular weight polystyrene, (3) that the peak 
intensity angle q* agrees almost quantitatively with the 
theoretical prediction, (4) that the shape of the scattered 
intensity curve around the peak is well reproduced by the 
theory, (5) that the spinodal temperatures T, for micro- 
phase separation that are evaluated by two independent 
methods, one based on the peak intensity I(s*) and the 
other based on the correlation length 5, agree well with 
each other, and (6) that the values of the interaction energy 
density A, evaluated on the basis of I(s*) and E separately, 
agree approximately with the values determined previously 
from the study of macrophase separation of hompolymers 
and random copolymers. 

The only feature that has not been explained so far in 
terms of the theory is the component of scattering which 
increases in intensity rapidly as q - 0 and is observed with 
many of the blends. This low-angle component of scat- 
tering becomes more pronounced with increasing molecular 
weight of polystyrene, as the series of data shown in Fig- 
ures 10-14 illustrate. Consultation of Table 11, however, 
reveals that most of the data exhibiting a significant low- 
angle component are obtained at  temperatures near or 
below the spinodal temperature. The low-angle component 
thus appears to be associated with the formation of me- 
sophase, and this is unlikely to be expIained solely on the 
basis of the theory which applies to the disordered phase. 

With pure block copolymer the order-disorder transition 
is predicted to be of first order according to Leibler's 
t h e ~ r y . ~  When a mixture of block copolymer with homo- 
polymer is cooled toward its T,, however, the formation 
of mesophase is expected to occur over a range of tem- 
perature and not a t  a single transition temperature. This 
follows from the thermodynamic requirement24 that, in the 
phase diagram of a system of binary components, two 
different single phase regions are always separated by a 
region of two coexisting phases, if the underlying transition 
is of first order. Figure 9 gives the diagrams, predicted 
from the theory, showing the spinodal temperature against 
the composition of the mixture. To explain the phase 
relations observed experimentally, however, we need a 
phase diagram giving binodals rather than spinodals. 
There is, at present, no theory which allows us to predict 
binodals quantitatively. Instead, we may construct a phase 
diagram having qualitative validity from speculative con- 
siderations based on Figure 9 and the thermodynamic 
principles. Such an attempt is illustrated in Figure 27, 
where phase diagrams a, b, and c correspond to cases where 
the molecular weight of added homopolymer is successively 
smaller while the block copolymer remains the same. Some 
of the features here are modeled after the experimentally 
determined phase diagrams obtained in our previous 
study.2 Here L and M denote disordered and ordered 
phases, respectively. In the region denoted by L1 + L2, 
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Figure 27. Schematic rendering of phase diagrams expected for 
the mixtures of styrene-butadiene block copolymer with poly- 
styrene. Diagrams a, b, and c represent cases with successively 
lower molecular weight polystyrene. 

two disordered phases coexist. Its binodal should be de- 
scribable by the Flory-Huggins free energy of mixing, and 
the highest temperature on this binodal, being the critical 
point, should coincide with the highest temperature of the 
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spinodal curve in Figure 9. In diagram c, region MI + M2 
arises instead of region L1 + L2 and denotes the condition 
for the coexistence of two mesophases of different com- 
positions. The presence of a M1 + M2 region has not yet 
been demonstrated experimentally. In all three diagrams, 
the line AC denotes a eutectic temperature at which three 
phases, A, B, and C, coexist. Our chief concern here is the 
region denoted M + L above the eutectic temperature. 
The upper binodal of this M + L region should lie some- 
what above the spinodal line for microphase separation 
given in Figure 9. Let us study what will happen when we 
start with a mixture having a composition denoted by an 
arrow in the disordered, homogeneous state, and cool it. 
In the case of diagram a, it will hit the binodal of L1 + L2 
region and separate into two disordered phases having very 
different compositions. The mixture will then turn cloudy. 
In the case of diagrams b and c it will, on cooling, first 
encounter the upper binodal of M + L region, at which a 
mesophase, having a composition corresponding to the 
lower binodal a t  the temperature, starts to appear. 
Thermodynamically it is a macrophase separation, and as 
the temperature is gradually lowered, the volume of me- 
sophase increases and the compositions of the disordered 
phase and the mesophase both shift along the upper and 
lower binodals, respectively. Visually observable turbidity 
might not develop, however, because the composition 
difference between the disordered phase and the emerging 
mesophase is relatively small and, moreover, the particle 
size of the latter might not grow large for kinetic reasons. 
The presence of such coexisting phases of small sizes 
nevertheless might produce sufficient scattering of X-rays 
observable at very small angles. The validity of the above 
explanation can only be confirmed fully by quantitative 
comparison of our data with any theories capable of pre- 
dicting binodals that might be developed in the future. 
The speculative discussion offered above, however, seems 
to be able, for the moment, to explain most of the quali- 

tative features observed in our study. 
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Blends of Polycarbonate and Poly(methy1 methacrylate) and the 
Determination of the Polymer-Polymer Interaction Parameter of 
the Two Polymers 
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ABSTRACT: Blends of bisphenol A polycarbonate (PC) and poly(methy1 methacrylate) (PMMA) prepared 
by m e w  extrusion and solution casting have been investigated by differential scanning calorimetry and scanning 
electron microscopy. From the measured glass transition temperatures (T,) and specific heat incrementa (AC,) 
a t  the T the PMMA appears to dissolve more in the PC-rich phase than does the PC in the PMMA-rich 
phase. f h e  blend appears to be near equilibrium under extrusion as well as solution-casting conditions so 
that the Flory-Huggins interaction parameter between PC and PMMA was calculated and found to  be 0.039 
f 0.004 for extruded blends at 250 OC and 0.043 f 0.004 for solution-cast blends at 25 "C. Scanning electron 
microscopy supports the conclusion that the compatibility increases more in the PMMA-rich compositions 
than in the PC-rich compositions of the PC/PMMA blends. 

I. Introduction 
The blending of bisphenol A polycarbonate (pc) with 

various polymers has been of interest in recent years.192 
Many investigators have studied the blends of pc with 

p ~ l y s t y r e n e , ~ ~  p~lye thylene ,~?~ polypr~pylene,~-~ poly- 
(methyl methacrylate)? poly(styrene-co-acrylonitrile),lO 
poly(acrylonitrile-butadiene-styrene),ll and some poly- 
eSters.l2-l4 pc and poly(methy1 methacrylate) (PMMA) 
are known to be partially miscible? and two glass transition 
regions are observed. In the study of blends of PC and 
PMMA, Gardlundg has found two Tgs by differential * To whom correspondence should be addressed. 
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