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(CH,),] and [>Si(CH3) (C6H5)] being the concentrations 
of these units in the polymer chain. The strength of the 
relation b to X is modulated by the polydispersity of the 
samples as suggested by the curvatures in Figure 8a. 

A further test in the opposite direction was to examine 
the light scattering of polymer A (heating at  180 "C under 
vacuum) after addition of 0.22, 0.42, and 0.62 wt '3% of 
pentamer poly(dimethylsi1oxane) (PDMS). The contrast 
b was increased by a factor of 2.3 for the highest pentamer 
PDMS concentration, while the change in the line width 
€' was only 790, which was mainly due to a slight decrease 
in the solution viscosity. This change in b upon addition 
of the pentamer PDMS is shown in Figure 8b. For this 
test we began with polymer A which had been heated 
under vacuum before (0). 

We have observed local concentration fluctuations of 
bulk polysiloxane polymers and have attributed the spectra 
as small polarizability differences in the polymer repeating 
units. The time correlation function, then, becomes a 
measure which can be related to polydispersity of poly- 

siloxane fluids and permits us to characterize such systems 
in a much more detailed manner by means of photon 
correlation spectroscopy. 
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ABSTRACT The small-angle X-ray scattering technique is utilized to study the transition in styrenebutadiene 
block copolymers from a microdomain structure to a disordered homogeneous phase. The transition, occurring 
on raising the temperature, is reproducible and thermally reversible. The SAXS intensity pattern, exhibiting 
a main interdomain peak and a few secondary peaks a t  room temperature, shows a gradual decrease in intensity 
over a temperature range of more than 100 "C, but the position and the overall shape of the main peak remain 
unchanged. Analysis of the SAXS data shows that, with increasing temperature, the invariant and the length 
of inhomogeneity decrease, but the domain boundary thickneas remains approximately constant. It is concluded 
that the disappearance of the microdomains proceeds by gradual intermixing of components into the opposite 
phases, with accompanying changes in the size of the microdomains, much in the same manner as would occur 
with coexisting phases of a binary liquid system. Even when the microdomains have finally disappeared and 
the mixture has become thermodynamically homogeneous, the SAXS pattern of diminished intensity persists, 
reflecting the presence of dynamic density inhomogeneity, as suggested in the theories of de Gennes and Leibler. 
The  similarity of our SAXS results with those obtainable with a supercooled mixture undergoing a spinodal 
decomposition is pointed out and its thermodynamic basis discussed. 

I. Introduction 
Interesting and unique properties of block copolymers 

arise from the fact that they often attain geometrically 
regular arrangements of microdomains consisting of com- 
ponents segregated from each other. Electron micrographs 
revealing beautiful arrays of spheres, cylinders, and la- 
mellae abound in the literature. The thermodynamic basis 
for such microdomain formation and the conditions leading 
to one or the other morphology have been enunciated by 
a number of 

On the basis of these theories and also of general ther- 
modynamic considerations, one can expect that such mi- 
crodomain structure becomes unstable under certain 
conditions and instead a homogeneous phase becomes a 
thermodynamically preferred one. Such a case will arise 
when the two components are very similar, when the block 
lengths are fairly short, when the temperature is raised or 
lowered (depending on whether the corresponding homo- 
polymer pair exhibits a LCST or a UCST), or when a 
common solvent is added. I t  is of interest to know more 
about the characteristics of such a transition, for example 
the degree of abruptness of the change or the properties 

in the past decade. 
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which exhibit discontinuity a t  the transition point. In 
practice such a transition may be encountered in some 
instances during processing of block copolymers a t  high 
temperatures. A transition phenomenon in general offers 
much more stringent tests of competing theories because 
assumptions which may otherwise be approximately valid 
can become severely strained at  the transition region. 

Chung and Galelo and Gouinlock and Porter" studied 
rheological properties of a styrene-butadiene triblock co- 
polymer sample and found a discontinuity in its dynamic 
viscosity within a fairly narrow temperature range, which 
was attributed to disappearance of microdomain structure. 
Williams and others'* made light scattering studies on a 
number of styrene-butadiene block copolymers to detect 
the transition on temperature change. The results were, 
however, somewhat inconclusive because of the experi- 
mental difficulty owing to the small size of the domains 
in comparison to the wavelength of light. Ramos and 
Cohen13 prepared block copolymers of isoprene and bu- 
tadiene of fairly high molecular weights, which remain 
homogeneous down to their glass transition temperatures 
even though the corresponding homopolymer pair was not 
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compatible. These are but a few of the examples reported 
in the literature which impinge upon the transition phe- 
nomena involving block copolymer systems. 

Small-angle X-ray scattering (SAXS) technique is uti- 
lized in this work for a systematic investigation of the 
thermally induced transition occurring in a diblock and 
triblock copolymer of styrene and butadiene. Both sam- 
ples contain 25% styrene, and the triblock copolymer has 
a molecular size exactly twice that of the diblock co- 
polymer. The triblock copolymer sample is the very same 
material with which the rheological studies mentioned 
above were performed. Earlier we made a detailed study 
of the phase separation behavior in binary polymer mix- 
tures containing a polystyrene as the first component and 
a polybutadiene or a styrene-butadiene copolymer as the 
second, and from it the value of the polymer-polymer 
interaction parameter between the styrene and butadiene 
components was determined. Our present experimental 
results, taken together with the previously determined 
interaction parameter value, then offer a set of data against 
which theories dealing with the block copolymer stability 
can be tested quantitatively without using any adjustable 
parameters. 

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

the sample designated B25/75 in the previous publication" and 
was kindly synthesized by Dr. H. L. Hsieh of Phillips Petroleum 
Co. Its number- and weight-average molecular weights (by GPC) 
are 27 OOO and 28 000, and it contains 25 w t  % styrene (the mo- 
lecular weight of the styrene block is therefore about 7000). The 
microstructure of the butadiene component is 42% trans-1,4,28% 
cis-1,4, and 30% vinyl unsaturation. The triblock copolymer is 
the experimental sample synthesized and distributed by Shell 
Chemical Co. under the designation TR-41-2445. The molecular 
weights of the styrene, butadiene, and styrene blocks are 7000, 
43000 and 7000, respectively. The microstructure of the butadiene 
is 50% trans-l,4, 40% cis-1,4, and 10% vinyl. The electron 
micrograph published in the literature15 shows that this sample 
forms spherical microdomains of styrene at room temperature. 

The two samples contain the same proportion of styrene. The 
size of the triblock copolymer is almost exactly twice that of the 
diblock copolymer. If two of the diblock copolymer molecules 
are joined at their butadiene ends, the resulting molecule will be 
identical with one of the triblock copolymer. Thus any difference 
observed between the two samples can be attributed to the effect 
of the number of blocks in a molecule. 

B. Methods. SAXS measurements were performed with a 
Kratky camera, which was modified and fitted with a one-di- 
mensional position-sensitive detector. Description of the mod- 
ification made to the Kratky camera is published elsewhere.lB The 
intensity data, collected in a multichannel analyzer, were 
transferred to a PDP 11/23 laboratory computer and the cor- 
rectionlB for the nonuniformity of the detector efficiency along 
its window length w a ~  applied f i t  before other usual corrections, 
such as for the background scattering, slit smearing, etc., were 
made. The intensity data were scaled to the absolute unit by 
comparison to the intensity obtained with a calibrated Lupolen 
sample" kindly furnished by Professor 0. Kratky. 

The block copolymer sample, containing a small concentration 
of antioxidant, was thoroughly degassed under vacuum to min- 
imize the chance of bubble formation on subsequent heating and 
was molded into a cavity in an aluminum sample holder, which 
was then sealed vacuum tight with thin Kapton H films (a product 
of E. I. du Pont and Co.) covered on both sides of the window. 
Cartridge heaters and a thermocouple inserted in the sample 
holder assembly were used, with a temperature controller, to 
regulate the temperature within about h1 "C up to 350 "C. 

111. Results 
A. Transition Temperature. Figure 1 shows the 

small-angle X-ray scattering results obtained with the 
diblock copolymer at various temperatures. Here the 
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Figure 1. Slit-smeared intensity f ( s ) ,  obtained with the diblock 
copolymer sample, plotted against the scattering angle s (=(2 sin 
O)/A). The curves show the data obtained at 20,75,100,125,140, 
170, 200, and 246 "C. 
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Figure 2. Slit-smeared intensity i ( s ) ,  obtained with the triblock 
copolymer sample, plotted against s. The curves show the data 
obtained at 20, 100, 140, 176, 200, and 250 "C in the order of 
decreasing peak intensity. Note that f(s) is on a linear scale here 
while it is on a logarithmic scale in Figure 1. 

slit-smeared intensity f(s) is plotted against s, on a 
semilogarithmic plot, where s = (2 sin d) /h ,  h being the 
wavelength. Similar results obtained with the triblock 
copolymer are shown in Figure 2, this time on a linear scale 
for the intensity. The results for the two samples are very 
similar, and the different methods of plotting in Figures 
1 and 2 are to highlight the different aspects which each 
method emphasizes. Intensity curves obtained at some of 
the temperatures were omitted from Figures 1 and 2 for 
the sake of clarity. 

These scattering patterns are reproducible and thermally 
reversible, and therefore probably represent equilibrium 
properties of the samples. With the diblock copolymer the 
measurements at various temperatures were performed in 
the following order: 20, 100, 75, 20, 140, 125, 20, 200, 20, 
170,20,50,20,225,246, and 20 "C. The scattering patterns 
a t  20 O C ,  determined several times, were indistinguishable 
from each other, except the last one obtained after the 
sample was heated to 246 OC. With the scattering curves 
for the triblock copolymer shown in Figure 2, the order of 
measurements was as follows: 20,200,140,20,170,20,200, 
20,100,20,200,250, and 300 O C .  The same remark con- 
cerning the reproducibility and thermal reversibility ap- 
plies here. To be mentioned, however, is that in the case 
of Figure 1 only a single diblock sample was used for all 
the data shown, while in the case of Figure 2, a fresh 
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Figure 3. Intensity 7- at the peak (from which the background 
is subtracted) plotted against temperature: (0) triblock copolymer; 
(w) diblock copolymer. 

sample of the triblock copolymer was used for the last 
three measurements at 200, 250, and 300 "C. The fresh 
sample was necessary because the first one, after experi- 
encing the periods of high temperature, evidently became 
degraded and did not show a decrease in the scattering 
when subsequently heated to 250 "C. The fresh sample 
heated directly to 200 "C then showed the reduction in the 
peak intensity as expected. 

The features revealed in Figures 1 and 2 can be sum- 
marized as follows: (1) The intensity of scattering at angles 
smaller than about 0.006 A-1 in s decreases with increasing 
temperature. (2) The shape and position of the peak, 
however, do not change with temperature. (3) The in- 
tensity of scattering at angles larger than 0.008 A-' in- 
creases with temperature. (4) As a result of the opposite 
trends in the low- and high-angle regions, the SAXS in- 
tensity curves obtained at different temperatures cross 
each other at about the same point near s = 0.007 The 
interpretation of these observations will be taken up in 
detail later in the Discussion, but some brief remarks may 
be made here. The scattering in the small-angle region 
around the main peak arises primarily from the microdo- 
main structure present in these block copolymers. the 
decrease in the peak intensity, while maintaining its 
position and shape, suggests that the basic characteristics 
of the microdomain structure remain largely unaltered but 
the contrast between the domains and the surrounding 
matrix is gradually decreasing with temperature. The 
scattering a t  angles higher than the crossover point arises 
mostly from thermal density fluctuation, which is inevi- 
tably present in every amorphous material, and its increase 
with temperature is expected. 

In Figure 3 the peak heights taken from the intensity 
curves in Figures 1 and 2 are plotted against temperature. 
The gradual disappearance of the main peak is seen to 
occur over a temperature range from about 50 to 150 "C 
for the diblock copolymer and from about 100 to 250 "C 
for the triblock copolymer. There is no indication of an 
inception of a sharp transition comparable, for example, 
to melting of semicrystalline polymers. 

B. Low-Temperature Structure. Figures 4 and 5 
show the intensity I(s) corrected for the slit-smearing ef- 
fect. The data at 20 "C are given in electron units (per 
unit volume of the sample), while the curves for succes- 
sively higher temperatures are multiplied by a factor 0.1 
to shift them vertically for clarity. In scattering curves at 
lower temperatures there exist, besides the main peak, 
some additional fine details which gradually deteriorate 
with temperature. They seem to disappear more or less 
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Figure 4. Desmeared intensity Z(s) for the diblock copolymer 
sample plotted against s. The curve for 20 "C is given in electron 
units per unit volume of sample, while the curves at successively 
higher temperatures are each displaced from the preceding one 
by a factor of 0.1 in order to avoid overlapping. 
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Figure 5. Desmeared intensity I ( s )  for the triblock copolymer 
sample plotted against s. The curve for 20 O C  is given in electron 
units per unit volume of sample, while the curves at successively 
higher temperatures are each displaced from the preceding one 
by a factor of 0.1 in order to avoid overlapping. 

completely beyond about 100 "C for the diblock copolymer 
and about 170 "C for the triblock copolymer. We also note 
that the secondary peaks in the lower temperature curves 
of the diblock copolymer are much less prominent than 
the comparable peaks for the triblock copolymer sample, 
indicating that the microdomain structure in the former 
is less well developed even a t  room temperature. 

Of the three peaks clearly recognizable in each of the 
curves at lower temperatures, the main peak at the lowest 
scattering angle (see Table I) is generally consideredlS2l 
to arise from the presence of a fairly well-defined distance 
between the nearest-neighbor pairs of microdomains. The 
rather broad, smeared peak occurring at the highest 
scattering angle among the three is considered, on the other 
hand, to arise from intraparticle interference of X-rays 
scattered from a single spherical microdomain. The radius 
of the sphere is then given2I by 0.921s. The interdomain 
distance D and the radius a of the spherical domain thus 
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Table I 
Scattering Peak Positions and Structural Features Deduced from Them 

diblock copolymer triblock coDolvmer 
peak angles s, A '  
interdomain distance D. A 
radius of spherical domain u, A 70 

evaluated are listed in Table I. 
The second peak in each curve is located at a diffraction 

angle which is about 1.6 times the position of the respective 
main peak. Organization of the spherical domains into a 
regular macrolattice, often revealed under electron mi- 
croscopic observations, is probably responsible for this 
secondary interparticle interference peak. If the lattice 
is simple cubic (with the unit cell dimension equal to D), 
(110) and (111) planes are expected to give rise to dif- 
fraction peaks at d 2  and 4 3  times the main peak angle. 
If the lattice is body-centered cubic (with the unit cell 
dimension equal to (2/3112)D), diffractions by (110) and 
(200) planes will show up at angles (3/2)1/2 and d3 times 
the main peak angle. If the lattice is face-centered cubic 
(with the unit cell dimension equal to (d2)D),  diffractions 
by (111) and (200) planes will be present at (3/2)'12 and 
4 2  times the main peak angle. For a given value of the 
interparticle distance D, the density of lattice points differs 
somewhat among the three cubic lattice types. For the 
values of D and a listed in Table I, the volume fraction 
of the spherical domains calculated for the three lattice 
types are 16.7% (19.5%), 21.7% (25.3%), and 23.6% 
(27.6%) for sc, bcc, and fcc, respectively (the values within 
the parentheses being those for triblock sample). The sc 
lattice is ruled out because the calculated volume fraction 
is too far below 25%. The angular position of the observed 
secondary peak at  1.6 times the main peak angle agrees 
better with the (200) plane of the bcc lattice than with the 
(200) plane of the fcc lattice. The absence of an additional 
peak at  (3/2)'12 times the main peak position, predicted 
for both bcc and fcc, is, however, puzzling. In the literature 
both sc and fcc lattices were proposed for the observed 
diffraction patterns from block copolymer samples. This 
lack of agreement probably reflects some real differences 
among the samples studied but may also come from a 
difficulty of assigning a unique lattice structure when in 
fact the lattice is not very regular. 

C. High-Temperature Structure.  In both Figures 
4 and 5, the curves for the highest temperature still exhibit 
a small peak a t  about the same angle as the main peak 
obtained at other temperatures. One can therefore wonder 
whether a remnant of the microdomain structure has 
persisted to the highest temperature we studied. de 
Gennesn earlier considered X-ray scattering from a liquid 
consisting of partially labeled polymer molecules, and 
numerical results of his theory applied to block copolymer 
systems were presented by L e G r a ~ ~ d . ~ ~  In Figure 6 the 
desmeared intensity curve for the diblock copolymer at 200 
O C  is compared with the curve calculated according to de 
Gennes' theory. (The numerical values of the physical 
parameters required for this calculation are as follows: 
electron density difference between the components = 
0.086 (mol-electron)/cm3, mol wt  = 28000, end-to-end 
distance = 142 A, segment length = 2 A. Different values 
for the segment length produce curves which are insig- 
nificantly different.) Both the observed and theoretical 
curves are given in electron units per unit volume. If we 
assume that there exists a contribution to the observed 
intensity by a component of scattering which rises steeply 
at  very low angles, as illustrated by the broken curve in 
Figure 6, then the size of the peak in the observed curve 
might be considered comparable to the one predicted by 

0.0049, 0.0079, 0.0131 
205 

0.0047, 0.0077, 0.0119 
214 
77 
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Figure 6. Desmeared intensity for the diblock copolymer ob- 
tained at 200 "C, plotted with circles, compared against the curve 
(solid line) calculated according to de Gennes' theoryz2 for a 
homogeneous diblock copolymer liquid. The positions of the peaks 
agree well, and, if we assume a component of scattering rapidly 
rising toward angle zero as indicated by the borken line, the 
absolute magnitude of the intensity can be considered comparable. 
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Figure 7. Smeared intensity for the diblock copolymer sample 
plotted against s6 to show that empirical eq 1 is fairly well obeyed. 
Note that at higher temperatures, the deviation from eq 1 persists 
to higher angles. The data for the triblock copolymers samples 
show very similar features. 

de Gennes' theory. Thus, it appears that the presence of 
a small peak in the high-temperature curves indicates not 
a persistence of microdomain structure but rather the 
effect of the "correlation hole", or the fact that the two 
blocks belonging to the same molecule, even in a homo- 
geneous phase, are constrained to maintain a fairly well- 
defined distance between them. 

D. Thermal De-nsity Fluctuation. In Figure 7 the 
observed intensity I ( s )  for the diblock copolymer sample 
is plotted against s6. It is seen that at all temperatures the 
larger angle data lie roughly on a straight line, indicating 
the validity of approximating them by 

(1) 

with n = 6. Applicability of such an approximation, with 
n equal to some even number (4 or 6), was previously 
shown by others.20~21*24-26 The data for the triblock co- 

Ib = a + bs" 
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Figure 8. “Background” intensity Z(O), desmeared and extrap- 
olated to angle zero, obtained with the diblock copolymer sample 
plotted against temperature (open squares). Shown for com- 
parison is the similar intensity Z(0) obtained with polystyrene 
(filled circles), which is known to arise from the thermal density 
fluctuations present in amorphous materials. 

polymer, when plotted likewise, also followed eq 1 fairly 
well. (Only the results for the diblock copolymer sample 
are presented explicitly here and in all the following when 
the features observed with the two samples are similar.) 

When structural parameters based on a two-phase 
model, such as the thickness of the phase boundaries, are 
to be evaluated, a-correction has to be applied to the ob- 
served intensity I ( s )  by subtracting from it the diffuse 
“background” represented by eq 1. The power law _ap- 
proximation is also useful for obtaining the intensity I (0)  
extrapolated to angle zero. The X-ray intensity scattered 
from a pure, single-component liquid or amorphous ma- 
terial consists solely of such “diffuse” background, and 
zero-angle intensity is a r n e a s ~ r e ~ ’ - ~  of the density fluc- 
tuation present in the liquid even under equilibrium con- 
ditions. With our samples, the effect of the microdomain 
structure is reflected mostly in the lower angle region seen 
in Figures 2 ,4 ,  and 5, and the diffuse scattering approx- 
imated by eq 1 arises from the electron density fluctuations 
present within each microphases. In Figure 8 Z(O), the 
intensity (from the diblock copolymer) extrapolated to 
angle zero and corrected for the slit smearing, is plotted 
against temperature. Shown also for comparison is the 
extrapolated Z(0) obtained with a polystyrene sample.30 
For a liquid in equilibrium, the zero-angle intensity Z(0) 
can be related to its thermodynamic properties by 

where p is the mean electron density, @T is the isothermal 
compressibility and I (0)  is expressed in electron units per 
unit volume (i.e., electron2/cm3). For polymers above T , 
observed intensity data31B2 were shown to agree fairly wefl 
with eq 2. Below Tg, the variation in Z(0) with Tis  
than predicted by eq 2, and therefore in the plot of I (0)  
vs. T a kink results a t  around Tg, as is evident in the 
polystyrene data in Figure 8. No comparable data for 
polybutadiene are available at present. Estimation of I(0) 
by means of eq 2 cannot be made reliably because the value 
of & for PBD could not be found in the literature. The 
much larger thermal expansion coefficient of PBD sug- 
gests, however, that PT for PBD should be larger than for 
PS. On the other hand, the electron density p for PBD 
is less than for PS. As a result, I (0)  for PBD may not be 
very different from the same for PS. When these con- 
siderations are taken together, the values of Z(0) in Figure 
8 for the diblock copolymer appear to be in excess of the 
expected average of contributions from pure PS and PBD. 

Z(0) = p2kT& (2) 

0 
0 100 200 

Temperature (0C) 

Figure 9. The invariant Q, evaluated according to eq 4, plotted 
against temperature: squares are for the diblock copolymer and 
triangles for the triblock copolymer. The solid curve is the in- 
variant calculated for a block copolymer of the same composition 
but having an ideal two-phase structure. Its variation with tem- 
perature arises from the change in the electron density contrast 
between polystyrene and polybutadiene, and the kink in the curve 
represents the glass transition of polystyrene. 

A kink in the data for the diblock copolymer occurs a t  
around 100 “C and resembles the one in the PS data. The 
kink in the former is, however, unlikely to be a manifes- 
tation of a glass transition, since by differential scanning 
calorimetry, only a broad transition centered around 70-80 
“C could be r e ~ o g n i z e d . ~ ~  I t  could be that the 
“background” scattering, which is approximated by eq 1, 
arises not only from thermal density fluctuation but also 
partly from concentration fluctuation within each micro- 
phase. This would be possible if the components dissolve 
gradually into each other as the temperature is raised. The 
fairly sudden change in the slope seen in Figure 8 might 
then indicate an acceleration of this mutual dissolution 
with temperature. 
E. Invariant. By integrating the observed intensity 

over the entire angular range, one can evaluate the in- 
variant Q 

Q = 4rJms21(s)  ds (3) 

It  is known that Q is equal to the mean-square deviation 
( ( 6 ~ ) ~ )  of the electron density from the mean throughout 
the sample. If, instead of the observed intensity, the one 
from which the correction for the “background” is made 
is substituted for I ( s )  in the integrand of eq 3, then the 
resultant Q represents only the contribution to the 
mean-square electron density deviation by coarse mor- 
phology in the sample and excludes the contribution by 
the local heterogeneities due to thermal and concentration 
fluctuations. For data obtained with a camera approaching 
an infinite-slit geometry, the slit-smeared intensity I ( s )  can 
be integrated also to give 

Q = 2 r J m s I ( s )  ds (4) 

In Figure 9 the values of Q evaluated from eq 4, with P(s) 
corrected for the “background” according to eq 1, are 
plotted against temperature. If the sample consists of only 
two types of domains divided by sharp boundaries, the 
mean-square electron density deviation is given by 

(5) 
where p1 and p2 are the mean electron densities in each 
domain and and 42 are the volume fractions. The solid 
curve in Figure 9 is the one calculated by eq 5 with 41 = 

( (W2) = (P1 - P2)24142 
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0.25 and with p1 and p2 appropriate for pure PS and PBD 
at  the corresponding temperatures. The kink in this curve 
arises from the glass transition of PS (taken as 80 “C). At 
room temperature, the observed Q value is then only 
moderately below the ideal two-phase value of eq 5, in- 
dicating a fairly complete segregation of components into 
their respective microdomains. As the temperature is 
raised, the observed Q values fall below the ideal one. Such 
a decrease in Q may occur because the components begin 
to dissolve into each other or because the domain bound- 
aries become progressively more diffuse. More detailed 
discussion on these possibilities are given later in the 
Discussion. 

I t  is surprising at  first to find that the observed value 
of Q does not diminish toward zero as the temperature is 
raised. The result presented in section IIIC indicates that 
the microdomain structure is totally destroyed, in the case 
of the diblock copolymer, by 200 “C. Yet the value of Q 
above 200 “C in Figure 9 is still almost a third of the 
calculated ideal value. This is because, except at the lower 
temperatures studied, the two-phase model no longer is 
a sufficiently good approximation to the structure present 
in our samples. In addition to the short-range electron 
density heterogeneity represented by the “background” 
and the relatively long-range heterogeneity associated with 
the microdomain structure, there now arises an increas- 
ingly important contribution by an intermediate-range 
heterogeneity. The latter effect can be seen in Figure 7, 
where the departure of the intensity from the more or less 
horizontal “background” is shown to persist to higher 
angles as the temperature is increased. 

F. Interface Thickness. The SAXS technique is a t  
present probably the only method capable of giving in- 
formation on the thickness of microdomain interfaces. The 
principle of its method, first proposed by R ~ l a n d , ~ ~  has 
been elaborated by many ~ o r k e r s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The in- 
tensity I ( s )  (after correction for slit smearing, if any), 
scattered from a sample consisting of two-phase structure, 
can be written as 
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for the scattering angle s in the Porod region, where the 
intensity due to the two-phase structure decays toward 
zero. In eq 6 S is the total surface area of the phase 
boundaries, u is a measure of the diffuseness of the 
boundary layer, and Ib is the “background”, which in this 
work is approximated by eq 1. Equation 6 is exact when 
the density profile across the interface can be represented 
by a convolution product of a step function and a Gaussian 
smoothing function having u2 as its variance. An expres- 
sion, equivalent to eq 6 but applicable exactly to the 
density profile satisfying thermodynamic equilibrium 
conditions, is derived in the Appendix. If the reciprocal 
of the density gradient a t  the center of the interface is 
taken as the effective thickness t ,  its relation to u is de- 
pendent on the shape of the density profile and is given 
by 

tGeuim = f i g  (Gaussian profile) (7a) 

t,, = (4&/n)u (equilibrium profile) (7b) 

Utilization of eq 6 for determination of u requires the 
solution of several practical problems. (1) The background 
Ib has to be evaluated reliably and subtracted from the 
observed intensity. (2) Either the observed intensity has 
to be corrected for the slit-smearing effect or alternatively 
an equivalent method applicable directly to slit-smeared 

0 1 oooo 2000 

s-‘ (Az) 

Figure 10. Plot to evaluate the interfacial thickness parameter 
u accordin to eq 8. The data are for the diblock copolymer 
sample. &) (with I from which the “background” l b  has been 
subtracted) is plotted against s - ~ .  u is then proportional to 
[-(inter~ept)/(slope)]’/~. For the sake of clarity, the data points 
for 100 and 200 O C  are displaced upward by 5 and 10 ordinate 
units, respectively. 

intensity has to be devised. (3) Criteria have to be es- 
tablished for recognition of the scattering angle a t  which 
the Porod region indeed begins to a given degree of ap- 
proximation. (4) The effect of the propagation of the 
statistical errors present in the observed intensity to the 
evaluated values of u has to be assessed. The above four, 
somewhat interrelated, problems are all important because 
the effect on the observed intensity associated with each 
of these problems is often much larger individually than 
the effect of the diffuseness of the boundary represented 
by the factor exp(-4n2u2s2) in eq 6 .  

We investigated three different methods of evaluating 
u. When eq 6 is linearized by expanding the exponential 
and retaining only the first two terms, one can easily 
perform the integration representing the slit-smearing 
effect and obtains the following equation applicable to 
infinite-slit geometry: 

P ( S )  - (COnSt)S-3(1 - 8 ~ ~ ~ ’ s ’ )  + l b  (8) 

Such an approximation is, of course, valid only for s smaller 
than 1/u. This equatiqn allows easy graphical evaluation 
of u by plotting either Z(s)s3 against s2 or Z(s)s against s - ~ .  
These alternative methods of plotting place respectively 
heavier weighting to data points a t  different angular re- 
gions. Figure 10 shows the results for the diblock co- 
polymer sample at  20,100, and 200 “C, plotted according 
to the second way of plotting. From the slope and the 
intercept u values are calculated to be 3.83 3.71, and 3.45 
A, respectively. Plots of I(s)s3 vs. s2 give virtually identical 
values: 3.85, 3.71,-and 3.42 A. In these plots the back- 
ground scattering z b  was subtracted by use of eq 1, with 
the constants a and b evaluated from Figure 7. I t  is sur- 
prising that the u value does not change appreciably even 
as the temperature is raised to 200 “C, a t  which the mi- 
crodomain structure no longer remains. Although the ratio 
of the intercept to the slope decreases only moderately, 
the slope itself is reduced considerably at higher temper- 
ature, and also the angular range of straight line fit is 
reduced. For the angular range in Figure 10 in which 
straight-line fit appears valid, 2 ~ u s  is between about 0.6 
and 0.9, which makes the linearization of exp(-4s2$s2) a 
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Table I1 
Least-Squares Evaluation of Interface Thickness 

Parameter u and Porod's h n g t h  of Inhomogeneity lp  5000 t 

I I 
O 200 400 600 

s-'." 

Figure 11. Data shown in Figure 10 are presented in a different 
manner in order to evaluate the interfacial thickness parameter 
u according to eq 9. Here s-l.*l In (s3Z) (with I from which the 
"background" l b  has been subtracted) is plotted against s-1.81. u 
ia then evaluated as [-(inter~ept)/38]~/~~~. For the sake of clarity 
the data points for 100 and 200 O C  are displaced upward by 2000 
and 4000 ordinate units, respectively. 

very poor approximation. In such cases the value of u is 

Recently, Koberstein, Morra, and Stein37 proposed a 
method by which the error in u arising from linearization 
of eq 6 can be avoided. They find that, when eq 6 is 
obeyed, the intensity f(s) obtained with an infinite-slit 
geometry can be represented to an excellent approxima- 
tion, up to a much larger value of s, by 

to be underestimated. 

f(s) - KW3 exp[-38(~s)'.~'] (9) 

where 38 and 1.81 are em irically determined constants. 

[-(~lope)/38]'/'.~' or plot In [I(s)s3] vs. to evaluate 
u as [-(inter~ept)/38]'/'.~~. Figure 11 shows the data for 
the diblock copolymer at 20,100, and 200 "C according to 
the second scheme of plotting. The u values calculated 
from the intercepts are 6.4,5.7, and 5.0 A, respectively and, 
as expeded, are much larger than the values obtained from 
eq 8. 

In the third approach to the evaluation of u, we em- 
ployed a numerical, rather than graphical, method of 
analysis. Its starting point is 

(10) 

where Fl(s) and F2(s) are functions which depend on the 
slit geometry38 and approach s - ~  and s-l, respectively, when 
the slit length becomes infinite. The last two terms em- 
body &, as given by eq 1. Equation 10 is thus essentially 
the same as eq 8. A computer program then performs a 
least-squares evaluation of the four unknown constants 
C1-C4 and their variances, when the value of n (either 4 
or 6) and the angular range of the data to be included are 
specified. u is then obtained as (-C2/C1)1/2/27r. For a given 
set of data the program is run repeatedly with different 
angular ranges over which the least-squares method is to 
be applied. A meaningful result, containing a negative 
value of C2, is obtained only when an appropriate angular 
range is specified. Even when the solution for u is attained, 
its value varies widely for different angular ranges speci- 
fied. The best fitting value of u is decided on two criteria: 
the smallest variance of u and the smallest root-mean- 
square deviation of f ( s )  calculated by eq 10 from the ob- 
served one. Table I1 summarizes the results obtained by 
the least-squares method for selected temperatures. The 
error limits quoted are the standard deviation. The values 
of C4 obtained by the numerical method agree with those 

One may then plot In [ I g  (s)s3] ys. s' .~ '  to evaluate u as 

f ( s )  = C,F,(s) + C,F,(S) + C3s" + c4 

temp, 
sample "C 

di bloc k 20 
copolymer 75 

100 
170 
200 

tribloc k 20 
copolymer 140 

170 

0 ,  ki 

4.4 + 0.5 
4.5 * 1.0 
4.2 t 0.6 
3.5 + 0.8 
3.6 t 1.5 

6.3 * 0.2 
5.6 f 0.7 
3.5 ?: 1.3 

l p ,  A I  

43+ 5 
27 f 6 
25f 3 
19* 4 
1 7 + 6  

75+ 3 
44 t 6 
43 * 9 

angular 
range, K L  
0.026-0.060 
0.029-0.060 
0.029-0.060 
0.029-0.060 
0.029-0.060 

0.013-0.060 
0.018-0.060 
0.01 9-0.060 

evaluated graphically from Figure 7 fairly well (within 5% 
in most cases). The angular range of data which was 
specified for the least-squares analysis is also indicated. 
When the angular range specified is altered, the evaluated 
value of u often changes much more than the standard 
deviation indicated in the table suggests. Thus, when the 
uncertainty in the proper angular range to be included in 
the least-squares analysis is taken into account, the overall 
error is much larger than is given in Table 11. 

Summarizing the results obtained by the three different 
methods of evaluating the interface thickness parameter 
u, we can say that its value probably lies between 4 and 
7 A and does not change appreciably with temperature (or, 
if anything, it may decrease somewhat at higher temper- 
ature). 
G. Porod's Length of Inhomogeneity. For a two- 

phase material a measure of the size of the domains can 
be given by the quantity lp, known as Porod's length of 
inhomogeneity, which is related to the average chord 
lengths (1 ' )  and ( 1 2 )  of phases 1 and 2 by 

l/lP = 1/(11) + 1/(12) (11) 

It  is also related to the specific interface area S/  V between 
the phases 

l / lp = ( S / ~ / ( ~ @ I $ Z )  (12) 

The intensity in the Porod region can be written, by 
substituting (12) into (6), as 

For a material in which the boundary between the mi- 
crophases has a finite thickness t ,  the invariant Q is given 
(see Appendix) by 

Q = V ( A P ) ~ ~ & ( ~  - t/lp) (14) 

and therefore (13) becomes 

The constant C1 in eq 10, which is determined in the 
process of evaluating u, is equal to Q/2a3(lp - t ) .  The 
values of lp obtained by 

lp = Q/WC,) - ( 4 6 / r ) a  (16) 

are listed in Table 11. A trend of lp decreasing with tem- 
perature is clearly recognizable. 

IV. Discussion 
The SAXS data collected in this work show clearly that 

the microdomain structure present at room temperature 
disappears gradually as the temperature is raised. At room 
temperature the segregation of styrene and butadiene 
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components is probably fairly complete. The following 
evidence can be cited toward this conclusion. (a) The 
SAXS pattern at low scattering angle can be interpreted 
in terms of spherical microdomains placed on a cubic 
lattice. The intensity pattern is very similar to those ob- 
tained by othersle2l with di- and triblock copolymers 
(either styrene-butadiene or styrene-isoprene) of much 
higher molecular weights. The inter- and intradomain 
interference peaks observed here are somewhat less well 
defined, indicating that the shape and the ordering of the 
microdomains are less regular because of the lower mo- 
lecular weights of our samples. (b) The values of the 
invariant Q determined experimentally at room tempera- 
ture are only slightly below the value calculated for an ideal 
two-phase system with complete segregation of compo- 
nents and sharp boundaries. (c) The triblock copolymer 
sample was examined by electron microscopy by Chung 
et al.ls and was found to have spherical domains when the 
sample was prepared at room temperature. The staining, 
necessary for electron microscopy, is itself a chemical re- 
action modifying the nature of the polymer (likely to en- 
hance any tendency possessed inherently for microphase 
separation), and therefore ita detection in stained samples 
is not necessarily a proof of domain structure in the original 
unstained material, but it certainly reinforces the evidence 
obtained by other techniques. (d) By differential scanning 
calorimetry, both of our samples were found34 to have a 
very broad glass transition temperature around 70-80 "C, 
suggesting that domains consisting mostly of polystyrene 
exist at room temperature. 

Destruction of the microdomain structure at the higher 
end of the temperature range we studied appears to be also 
fairly complete. The SAXS peak in the lower angular 
region all but vanishes. The residual peak which persists 
to high temperature lacks details attributable to inter- or 
intradomain interference. Both the shape and the absolute 
magnitude of the residual peak compare favorably with 
the prediction by de Gennesn for a randomly mixed block 
copolymer system. 

The question that remains is then on the structures in 
the intermediate temperature range which the material 
adopts in the gradual transition from one consisting of 
segregated microdomains to a random mixture. A number 
of possible intermediate structures can be conceived but 
in Figure 12 we depict two models which might be con- 
sidered representative of two extreme ends of the possible 
spectrum. In model I, the domain boundaries become 
more diffuse, while the effective size and the density at 
the centers of the domains remain unaltered. In model 
11, the thickness of the domain boundaries is preserved but 
the compositions of the two microphases approach each 
other by intermixing of components. In this case the do- 
main size may also change if the mutual dissolution into 
the opposite domains is unbalanced. 

The interface thickness, determined by examination of 
the deviation from Porod's law, shows no sign of increasing 
with temperature and model I therefore would have to be 
ruled out immediately on this account. A question might 
be raised about the reliability of the interface thickness 
so determined in view of the fact that the method still 
yields a finite interface thickness a t  high temperatures 
when a two-phase structure no longer survives. This 
contradiction, however, arises mainly because Porod's law 
and its associated results, applicable only on two-phase 
systems, are applied on structures which cannot be con- 
sidered a two-phase system even in a very approximate 
sense. The thickness values obtained are likely to be 
meaningful only as long as the microdomain structure is 
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Figure 12. Schematic representation of the possible models of 
intermediate structures during the transition. At low temperature 
the interface is only moderately diffuse, and components are fairly 
well segregated into their respective domains. At high temper- 
ature, the domain structure has disappeared and only random 
fluctuation of concentration remains. For the intermediate 
temperature, two extreme models are depicted. In model I, the 
interface becomes more and more diffuse, but the center of the 
domains retain their original composition. In model I1 the in- 
terfacial thickness remains about the same but intermixing of 
components results in reduced density contrast between the 
domains and also in a reduction in the size of the domains. 

still there. The results indicating no change in the 
thickness a t  low to intermediate tmeperature should, 
however, be considered valid and weigh heavily against 
model I. 

The observed values of Q, presented in section IIIE, fall 
progressively at higher temperatures below the calculated 
values expected of an ideal two-phase structure. Such a 
decrease in Q can be explained in terms of model 11, in 
which the electron density contrast between the two types 
of domains gradually diminishes. Let us, however, examine 
whether the same decrease in Q might not be consistent 
with model I also. In the Appendix, the relative decrease 
y in Q is shown to be related to the interface thickness t 

Y = t/lP (17) 

where y is 1 - Q/Qo, Qo being the value expected on an 
ideal two-phase system having sharp boundaries. When 
spherical particles of radius a are imbedded in a continuous 
matrix, lp is given by 

IP = %a0 - 41) (18) 

41 being the volume fraction of the spheres. In model I 
$1 remains equal to the initial value 0.25 at all tempera- 
tures, and lp is then equal to the radius a. Figure 9 shows 
that the experimental Q values are observed to fall to about 
1/3 of the calculated ideal value and thus would be realized, 
in terms of model I, if the interface thickness becomes 
about f of the radius, or about 50 A (radius a being equal 
to about 70 A, see Table I). Thus the decrease in the 
observed Q value, by itself, might be reconciled with model 
I, but, of course, the required thick interface disagrees with 
the value of u evaluated from the intensity in the Porod 
region. 

We note here that, despite the expectation that the 
microdomain structure vanishes at high temperature, the 

by 
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observed Q value is not reduced to zero. This, however, 
is no contradiction, since even without a two-phase 
structure there still exists local inhomogeneities in electron 
density due to concentration fluctuation which contributes 
to the experimentally determined Q value. 

More direct discrimination between models I and I1 can 
be attained by examination of the SAXS intensity pattern 
directly. The following qualitative, very approximate as- 
sessment may first be made in favor of model 11. The 
intensity I ( s )  is a Fourier transform of the correlation of 
distances in real space. According to model I, the corre- 
lation of the distance corresponding to the separation 
between the microdomains should not suffer any decrease 
with temperature, while the short-range correlation, cor- 
responding to distances within the microdomains, should 
greatly diminish at higher temperatures. Model I therefore 
predicts constancy of intensity a t  low angles but a rapid 
decrease in intensity a t  larger s with temperature. This 
is contrary to the experimental observation. Model 11, on 
the other hand, predicts a decrease in I ( s )  at lows as well 
as a t  high s with increasing temperature. This is more in 
agreement with experiment. 

To put the above argument on a more quantitative basis, 
we make the following simple calculation. When a sample 
consists of identical particles imbedded regularly in a 
continuous matrix, the intensity can be written as 

I ( s )  = f(s).g(s) (19) 

where the shape function f ( s )  depends only on the shape 
of the particle and the lattice function g(s) only on the 
arrangement of the particles on the lattice. When the 
lattice is very regular, g(s) is, of course, sharply localized 
to various orders of Bragg angles. When the particles differ 
from each other somewhat in their shape and size, eq 19 
may still be approximately valid when an average form 
factor is used for f ( s ) .  We now calculate the form factor 
f ( s )  appropriate to either model I or model 11. For model 
I it can be written as 

fib) = S ( A p o ) 2 # 2 ( s , a ) ~ ( s , t ) w ( a )  da (20) 

where Apo is the electron density difference p1 - pz between 
the phases, #2(s,a) is the form factor for a sphere of radius 
a, H2(s,t) is the correction due to a diffuse interface of 
thickness t ,  and w(a) is the distribution of sphere radius 
a. The scattering from a sphere is givenz7 by 

#(s,a) = (4/3)*a3U(2asa) (21) 

(22)  

An expression for @(s,t), applicable to the interface 
density profile determined by equilibrium conditions, is 
given in the Appendix. The distribution w(a) of sphere 
radius is assumed here in order to moderate the sharp 
valleys present in the sphere scattering function #(s,a). 
Following Fujimura et  a1.21 we take a Gaussian function 

w(a)  = ( 2 7 r ~ , ~ ) - ~ / '  exp[-(a - a)z/2a,2] (23 )  

with u, equal to 0 . 2 ~ ~ .  In Figvre 13 fl(s) is plotted against 
s for d = 70 8, and t = 14 8, in curve 1 and t = 42 A in curve 
2. For dl = 0.25, these t values correspond to a decrease 
in Q by 20 and 60% below the ideal value, respectively. 

For model I1 fib) would be similar to fl(s) in eq 20 but 
now (Ap,)' has to be replaced by (Ap)', reflecting the re- 
duced electron density contrast between the phases, and 
the average radius ci is also altered, but t would be kept 
constant at 14 A. h p  and 0 are related to each other by 
the condition of conservation of mass. For curve 3 the 

with 
U(x)  = 3(sin x - x cos x ) / x 3  
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Figure 13. Shape factor f ( s )  calculated by eq 20. Curve 1 is for 
spherical domains of radius 70 A and interfacial thickness 14 A. 
Curve 2 is for radius 70 8, and interfacial thickness 42 8, as 
representing model I in Figure 12. Curve 3 is for radius 58.09 
8, and interfacial thickness 14 A, but the electron density contrast 
reduced to 0.875 times that of curves 1 and 2, and is meant to 
represent model I1 in Figure 12. 

values of Ap = 0.875Ap0 and ci = 58.09 A are used. These 
are the values which would be realized if Q is reduced to 
0.40Qo as some of the styrene segments dissolved into the 
butadiene domains but not vice versa. 

Comparison of curves 1 and 2 shows that the increase 
in the interface thickness is reflected mainly in the large 
drop in the intensity at large s, without affecting it in the 
region of s smaller than about 0.01 A-l. The experimental 
data show that the lattice factor g(s), due to the cubric 
arrangement of the spheres, has a main peak at s - 0.005 
A-l. Around this value of s, model I would therefore 
predict the intensity to be about the same, irrespective of 
temperature. On the other hand, curve 3 shows that the 
effect of the reduced electron density contrast is to reduce 
the intensity a t  all angles, but the effect is more pro- 
nounced at low angles where the main peak of g(s) is lo- 
cated. Both the qualitative argument presented earlier and 
the calculation based on the simple model demonstrate 
that the experimental data are more consistent with the 
view that gradual intermixing of the two components 
rather than broadening of the interface region is what 
results when the temperature is raised. 

On the basis of the above analysis and of various evi- 
dence obtained in this work we propose the following 
morphological change as taking place on increasing the 
temperature. A t  room temperature segregation of the 
components into domains is fairly complete, the styrene 
segments being confined in the spheres of radius 70 A and 
interface thickness 10-20 A. A degree of irregularity in 
the shape and size of the styrene domains and in their 
lattice-like arrangement exists already at room temperature 
even under equilibrium conditions. As the temperature 
is raised, intermixing of components between the spherical 
domains and the surrounding matrix increases. Because 
of the larger sequence length of the butadiene block and 
the smaller size of the spherical domains, the dissolution 
of butadiene segments into the latter occurs to a much 
smaller extent than the dissolution of styrene segments 
into the continuous matrix. As a result, the size of the 
spherical domains decreases, but its composition remains 
a nearly pure styrene. While the spheres become smaller, 
their number, the average distance between neighbors, and 



1100 Roe, Fishkis, and Chang Macromolecules 

cause eq 13, used for the evaluation of lp, is valid only as 
long as the electron density inhomogeneity is due solely 
to a two-phase structure. Thus, the values of both lp and 
t ,  evaluated by the methods based on a two-phase struc- 
ture, become erroneous at  temperatures near and above 
TA. 

No theories of block copolymer systems available a t  
present predict the gradual intermixing of two components 
as envisaged above. Most of the early theories’+ deal with 
the microdomain structure obtained at  temperatures far 
below the transition temperature and will probably require 
modification to apply to the transition phenomenon. The 
recent theory by Leibler9 explicitly addresses itself to the 
problem of thermally induced transition and merits com- 
parison here with our experimental findings. The theory 
predicts that, immediately below a well-defined transition 
temperature, the material adopts an ordered structure with 
spherical microdomains on bcc lattice, while above the 
transition the spherical domains give way to a thermody- 
namically homogeneous, disordered phase. The SAXS 
pattern exhibited by the material below the transition 
would consist of shapr diffraction peaks, while the disor- 
dered phase will continue to give a SAXS pattern con- 
sisting of a single broad maximum, with the intensity 
gradually decreasing with temperature. In the limit of high 
temperature, the prediction of Leibler’s theory approaches 
that of de Gennes. As far as the angular position of the 
intensity peak is concerned, our results agree well with de 
Gennes’ prediction, as seen in Figure 6, and hence equally 
well with Leibler’s prediction. The gradual decrease in the 
peak intensity over a temperature range, as shown in 
Figure 3, also agrees qualitatively with his prediction. I t  
does not, however, agree quantitatively. He predicts l/I- 
to be linear with x .  For the styrene-butadiene pair xRT 
is nearly independent of temperature (as shown in our 
earlier s t ~ d y ’ ~  on the miscibility of polystyrene and PO- 
lybutadiene). When 1/I- is plotted against 1/T, however, 
our result turns out to be far from linear. As will be dis- 
cussed shortly, our data are better represented by a linear 
relation between log I,, and 1/T.  The SAXS pattern 
predicted by his theory above the transition temperature 
arises from the dynamic density fluctuation present in a 
disordered, essentially homogeneous liquid and would 
exhibit no fine structure. Our SAXS patterns shown in 
Figures 4 and 5 display a second (and a third) peak at low 
temperatures, indicating the presence of ordered arrays 
of microdomains, which, however, is not regular enough 
to give sharp peaks as his theory suggests. The theory 
predicts that for a diblock copolymer with a block length 
ratio of 1/3, the transition should occur when xN is equal 
to about 17, where N is the total number of equivalent 
segments in a block copolymer molecule. If Vref is the 
volume of an equivalent segment, one can write 

N = MU,p/Vref (24) 

and 
x = AVref/RT (25) 

where M is the molecular weight, uBP the specific volume, 
and A the polymer-polymer interaction parameterI4 in 
units of energy per unit volume. The product x N  is then 
equal to (A/RT)Mu,,, the latter containing only experi- 
mentally measurable quantities. In our previous study,I4 
the interaction parameter A for styrene-butadiene was 
found to be about 0.7 cal/cm3 at  150 “C. With u, taken 
as 1 cm3/g, the transition temperature predicted ky  Lei- 
bler’s theory is 576 K, which is about 1.5 times 373 K (100 
“C), the temperature around which we believe our diblock 
copolymer sample loses its microdomain structure. Since 

0 0.25 0.5 0.75 1 

Styrene Concentration 
Figure 14. Schematic representation of the proposed changes 
in the composition of the two microphases with temperature. 
Curve 1 represents the concentration of styrene in the spherical 
domains and remains largely unchanged. Curve 2 depicts the 
gradual dissolution of styrene into the butadiene matrix. At 
temperature TA, the concentration of styrene in the matrix be- 
comes equal to 25% and the domain Structure disappears. The 
portion of the curve drawn light is never realized. 

the thickness of the interface all remain mostly unaltered, 
but the regularity of the lattice and of the shape may 
deteriorate further. 

We can envisage a sort of “phase diagram”, relating the 
composition of the spherical and matrix phases as a 
function of temperature, as depicted with heavy lines in 
Figure 14. At point A there, the concentration of styrene 
in the continuous matrix becomes 25%, and the size of the 
spherical domains (of concentration still very high in 
styrene) reduces to zero. Above temperature TA, the 
material is thermodynamically homogeneous and consists 
of a true single phase. The “phase diagram” in Figure 14, 
of course, resembles the phase diagram of a binary liquid 
mixture, but the portion above TA, drawn light, is never 
realized. Although the material is homogeneous at  tem- 
peratures above TA, the SAXS intensity does not vanish 
at  TA. Dynamic density fluctuations produced from 
clustering of like components in homogeneous mixtures 
still produce measurable X-ray and light scattering, as 
shown by Leiblerg, Scholte,39 and others.& For our diblock 
copolymer sample, TA is believed to be between 100 and 
150 OC. Above TA, as the degree of clustering decreases 
with increasing temperature, the SAXS intensity also 
diminishes, until at sufficiently high temperature the only 
density inhomogeneity (other than that due to thermal 
density fluctuation) is the one dictated by the styrene and 
butadiene segments being bound to each other’s proximity 
by covalent bonds. Below TA, the SAXS intensity is 
contributed by the permanent domain structure as well 
as by the dynamic density fluctuation present within each 
phase. As the temperature is lowered much further below 
TA, the contribution by the permanent domains of course 
predominates. 

The evidence for the decrease in the size of the spheres 
with temperature comes from the data on Porod’s length 
of inhomogeneity lp shown in Table 11. For a structure 
having spherical particles in a continuous matrix, eq 18 
holds. Since the factor 1 - &, initially equal to 0.75, can 
increase at most to 1, any decrease in lp has to come from 
a reduction in the radius a.  The value of Zp given in Table 
I1 does not diminish to zero even at  the highest tempera- 
ture. This contradicts the view schematically represented 
by Figure 14, according to which no spherical domains 
remain about TA. This apparent contradiction arises be- 
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no adjustable parameters are involved in this comparison, 
the agreement could be considered fairly good. 

The transition we observe in this work is an equilibrium 
phenomenon, which is thermally reversible and inde- 
pendent of the thermal schedule of measurements as long 
as the sample is not exposed to excessively high temper- 
ature. Moreover, the reorganization of the structure fol- 
lowing any temperature change occurs very rapidly, in- 
dicating that the molecular motions involved are of a 
relatively short range. The rapidity of the structural re- 
organization was attested by our failure to quench the 
disordered structure. When a thin film sample of either 
block copolymer was heated above 250 OC and immediately 
dipped into ice water or liquid nitrogen, the SAXS pattern 
obtained at room temperature from the quenched film was 
very similar (showing only a moderate reduction in the 
peak intensity) to what were obtained with slow temper- 
ature changes. This is surprising in view of the fact that 
the glass transition temperature observed with our samples 
is around 80 OC. 

The change in the SAXS pattern with temperature, 
observed in this work, closely resembles those changes 
widely observed during the kinetic process of spinodal 
decomposition of an unstable homogeneous solution into 
two separate phases. According to the linear approxima- 
tion theor9l4 by Cahn and others, the intensity Z(s,t) of 
scattering at  successive time t from a supersaturated so- 
lution undergoing spinodal decomposition is given by 
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where R(s) is the "amplification" factor denoting the rate 
at which the particular Fourier component associated with 
s grows with progress of the decomposition. R(s )  goes 
through a maximum with increasing s and eventually be- 
comes negative. As a result the SAXS patterns& obtained 
at  successive times retain the same shape and the same 
peak position, while their exists an angle s, a t  which all 
the curves cross each other. Figures 1 and 2 show that our 
results, obtained at  different temperatures, reproduce all 
the features, mentioned above, which are expected at  
different times in spinodal decomposition. In our results 
for both the diblock and triblock copolymers, the curves 
cross each other at around s, = 0.006 A-1, which is about 
1.5 times the peak angle s, = 0.004 A-1. The ratio 1.5 
agrees well with v'2 predicted by Cahn41b42 for a similar 
ratio in the case of spinodal decomposition. There are 
some further analogies we can draw between our results 
and the spinodal decomposition. The shapes of our SAXS 
intensity curves are a_ll similar to each other. In Figure 
15 the peak intensity Z(s,) divided by ( A P ) ~  to correct for 
the change in the electron density difference between PS 
and PBD with temperature is plotted against 1/T. A fairly 
good linear correlation between In I(s,) and 117' is found. 
If some reasonalbe correction is made for the background 
and especially for the component of scattering rising rap- 
idly as s - 0, the linear correlation would extend to higher 
temperatures than seen in Figure 15. In analogy to eq 26, 
the following empirical equation might then be adopted 
to represent our data approximately: 

where the factor a(s) exhibits a maximum at s, and a zero 
at  s,, the ratio s,/s, being about 1.5. 

The similarity between eq 26 and 27 underscores the 
rather surprising resemblence between the two, very dif- 
ferent processes, one kinetic and the other thermodynamic. 
In our system, as an equilibrium is attained at each new 
temperature, the morphology attained must be very similar 
to what is achieved momentarily at various intermediate 

.- 
e 

1/T (OK-') 

Figure 15. Peak intensity I,. divided by the square of the 
electron density contrast Ap at the respective temperature plotted 
against 1/T to show that eq 27 might be a reasonable approxi- 
mation to represent our data empirically. 

stages of spinodal decomposition. The amplification factor 
R(s)  in Cahn's theory is given by 

R(s )  = Ms2(-F" - 2Ks2) (28) 
where M is the diffusion coefficient, F" is the second de- 
rivative of the free energy with respect to concentration, 
and K is a constant denoting the interaction between 
foreign neighbors. Fr' is negative for an unstable mixture 
undergoing spinodal decomposition, while K is positive 
(unfavorable foreign interaction) for any system which 
eventually separates into two phases. The growth of 
density inhomogeneity of long wavelengths (small s) is 
limited by the diffbion process, as expressed by the factor 
Ms2 in (28). The growth of inhomogeneity of short 
wavelengths (large s) is, on the other hand, opposed by the 
accompanying increase in the interfacial free energy, as 
expressed by the term 2Ks2. In the block copolymer 
system, it could be speculated that the relative stability 
(at equilibrium) of density inhomogeneity of different 
wavelengths is again governed by an expression similar to 
(28). The factor -F" - 2Ks2 has its origin in the thermo- 
dynamic theofl  of inhomogeneous liquid mixtures. The 
physical basis embodied in this theory probably applies 
to our present system as well and gives rise to the same 
factor -F" - 2Ks2 as governing the stability of density 
inhomogeneity at equilibrium. The front factor Ms2 might 
also be replaced by a similar factor expressing the fact that 
a cluster of same segments much larger than the molecular 
dimension is difficult to form. Since the shape of polymer 
molecules can often be represented by a diffusion equation, 
it might even be possible that this geometric effect gives 
rise to a factor proportional to s2. If there is any validity 
in the above conjecture, then the relative stability a(s) 
indeed could be represented approximately by an ex- 
pression similar to (28), and the agreement of the observed 
ratio s,/s, with the theoretical value of 4 2  may not en- 
tirely be a coincidence. 

The same triblock copolymer sample investigated here 
was earlier studied rheologically by two groupslOJ1 of 
workers and was shown on raising the temperature to ex- 
hibit a distinct change in the flow properties, from a 
Newtonian to a non-Newtonian behavior, in the interval 
between 140 and 165 "C. Our SAXS results, however, do 
not show any corresponding discontinuity. The desmeared 
SAXS patterns given in Figure 5 show that the fine 
structure in the intensity pattern, indicative of an ordered 
structure in the sample, seems to disappear in this tem- 
perature range. It does not necessarily follow from it, 
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however, that the observed rheological transition coincides 
with the thermodynamic transition. The latter is a weak 
transition, at which only the last remaining trace of mi- 
crodomains finally disappears (at temperature TA in Figure 
14), and may not be accompanied by any discontinuity in 
normally observable bulk properties. There is a possible 
alternative explanation for the rheological discontinuity. 
In a triblock copolymer at temperatures far below the 
transition point, the two styrene blocks belonging to a 
single molecule are in most cases incorporated in two 
different microdomains, thus making the intervening bu- 
tadiene block serve as a bridge connecting the domains. 
Some small fraction of the molecules would, however, have 
their two styrene blocks in the same microdomain, thus 
failing to contribute their butadiene blocks to the forma- 
tion of the network structure. The nonbridging molecules, 
with the end-to-end distance of the butadiene block sub- 
stantially shorter, have a higher entropy than the bridging 
molecules. As a result, as the temperature is raised, the 
number of the bridging molcules will dwindle more rapidly 
than the nonbridging ones, until eventually the sample as 
a whole behaves no longer as a network material, although 
the microdomains, now much reduced in size, may still 
remain. If the above view is correct, a diblock copolymer 
sample would not exhibit a similar rheological discontin- 
uity in the comparable temperature range. 

Finally, comparison is made here between the results 
obtained with the diblock and triblock copolymers. The 
difference between the two are minor, and most of the 
qualitative features discussed above apply equally to both. 
The main observed difference is that the temperature 
range of transition for the triblock copolymer is higher by 
about 90 "C. This is qualitatively in agreement with the 
analysis recently given by Bauer and Fetters?' It shows 
that the loss of entropy resulting from joining two diblock 
copolymer molecules to form a triblock molecule is more 
severe in the disordered phase than in the structure con- 
taining microdomains. No quantitative theory is at present 
available, however, to compare with our observed differ- 
ence of 90 O C .  

The unperturbed end-to-end distances of a polystyrene 
molecule of molecular weight 7000, a polybutadiene of 
21 000, and a polybutadiene of 43 000 are estimated to be 
57,130, and 187 A, respectively. The end-to-end distances 
of the diblock and triblock copolymer molecules in our 
samples are then estimated to be 142 and 203 A, respec- 
tively. The interdomain distances determined from the 
angular positions of the main SAXS peaks are 205 and 214 
A for the diblock and triblock copolymer samples, re- 
spectively (see Table I). The interdomain distance for the 
triblock copolymer sample agrees well with its end-to-end 
distance, suggesting that the conformation of the molecules 
is not much distorted from their unperturbed states and 
that the requirement of the segment density constancy in 
space is not a very severe constraint. The increased 
freedom allowed to a diblock molecule apparently does not 
bring about any appreciable change in the morphology. 
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Appendix 

phases of density p1 and p2 can be written as 
The density profile across the interface between two 

(AI) 

When the distance x is measured from the center of the 
P b )  = q ( x ) h  - P2)/2 + (P1 + PJ/2 

Macromolecules 

diffuse boundary, the profile function q ( x )  is likely to have 

q(0) = 0 q( -x )  = - q ( x )  q(- )  = 1 642) 
The following form of q ( x )  was derived by Cahn and 
Hilliard& in their theory of inhomogeneous liquid systems: 

q ( x )  = tanh ( 2 x / t )  (A31 

where t is a measure of the thickness of the diffuse in- 
terface. The same expression (A3) was later obtained by 
other workers in the theories4g51 of polymer-polymer 
mixtures and block copolymers. Several quantities of in- 
terest in SAXS which follow from (A3) are derived here. 

In an ideal two-phase system with sharp boundaries, the 
invariant Q or the mean-square deviation of the electron 
density from its mean is given by 

((&J)2)o = (AP)2414, (A4) 

where Ap = p1 - pz. For a two-phase system, otherwise 
identical with the above but with diffuse boundaries, the 
mean-square electron density deviation becomes 

where S / V  is the specific area of the boundary. (It is 
assumed here that the interface thickness is small com- 
pared to the radius of curvature of the interface). With 
(A3) for q ( x ) ,  (A5) becomes 

( ( S P Y )  = ( A ~ ) ~ 4 1 4 2  - ( A ~ ) ~ ( s / v ) ( t / 4 )  (A6) 

= (AP)'4142(1 - t / lP)  (A7) 

where lp = 4(V/S)r#~~4~ is Porod's length of inhomogeneity. 
Thus the fractional reduction in the invariant due to 
diffuse boundaries can be written as 

y 1 - Q/Qo = t / l p  (A8) 

Next we examine the effect of diffuse boundaries on 
SAXS intensity. As discussed by R ~ l a n d , ~ ~  the electron 
density p in the system having diffuse boundaries can be 
represented by a convolution product of the electron 
density po in an ideal two-phase system with a smoothing 
function h, so that 

P = P o * h  (A9) 

The intensity scattered from the system having diffuse 
boundaries is then given by 

I = I,.* 

where H is the Fourier transform of h and I ,  is the in- 
tensity scattered from the ideal two-phase material. We 
therefore seek a smoothing function h which, when con- 
voluted with a step function, will produce eq A3, i.e. 

sgn (x) * h(x) = tanh (2x/t) ( A l l )  

where sgn (x) = -1 for x < 0 and sgn ( x )  = 1 for x > 0. 
Since52 

3(sgn ( x ) l  = -i/ns 6412) 

and 
3(tanh (2x/t)) = -i(rt/2) csch (7r2ts/2) (A13) 

we obtain53 
3(h(x)J e H(s )  = (7r2ts/2) csch (7r2ts/2) (A14) 

and 
h(x) = ( l / t )  sech2 ( 2 x / t )  (A151 
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Hence, in the Porod region, the observed intensity (in 
electron units per unit volume of the sample) will, as s 
increases, approach 
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(13) Ramos, A. R.; Cohen, R. E. Polym. Eng. Sci. 1977, 17, 639. 
(14) Roe, R.-J.; Zin, W. C. Macromolecules 1970, 13, 1221. 
(15) Chung, C. I.; Griesback, H. L.; Young, L. J. Polym. Sci., Polym. 

Phvs. Ed. 1980.18. 1237. 

The variance uz of the function h(x) is 
u2 = ( r2/48)t2 (A171 

so that P ( s )  can be written as 

P ( s )  = (afius)’ csch2 (afi ‘as) ( A N )  

rs 1 - 4a2a2s2 + . , . ( A W  

In the expansion of @(s), the second-order term is iden- 
tical with the one in the similar expansion of eq 6 based 
on a Gaussian smoothing function. The “effective” 
thickness t is related to the slope of the q ( x )  function (A3) 
by 

t = 2 / q ’ ( O )  (A20) 

The “effective” thickness may be defined in the same way 
even when the interface profile is given by another func- 
tion. For a Gaussian smoothing function, we then have 

17’ = (1 /2a)t2 Gausaim (A211 

Comparison of (A21) with (A17) shows that, when inter- 
facial concentration profiles having the same slope at  x = 
0 are compared, the one following eq A3 approaches the 
limiting density with increasing x much more slowly than 
the one associated with a Gaussian smoothing function, 
as pointed out graphically by Hashimoto et a1.2s 
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