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N ABSTRACT
'E: The order-disorder phase transition behavior exhibited by blends of a
’--

A styrene-butadiene diblock copolymer (762 styrene) with a polystyrene of
various molecular weight (from 2,200 to 50,000) is studied by means of
small-angle X-ray scattering. With a polystyrene of a relatively short chain
length the blend, on lowering the temperature, undergoes a microphase
separation, and the scattering curve shows a peak at a finite scattering
angle. With a polystyrene of relatively long chain length, the scattered
intensity curve shows additional low angle component with intensity increasing
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"y rapidly as q+0, and this is interpreted in terms of the macrophase separation
B accompanying the transition from the disordered to ordered phase.
-t
=
- INTRODUCTION
}ﬂ A block copolymwer ordinarily exhibits an ordered structure in which
- microdomains of either spherical, cylindrical, or lamellar shape are arranged
o on a macrolattice. Such a block copolymer, when heated, may undergo a
,\g transition into a disordered phase if the block lengths are not too long and
;:; the incompatibility between the blocks is only moderate. Such an
re order-disorder transition temperature is wmudified when a homopolymer (which
B, shares the monomeric unit with one of the blocks) is added to the copolymer.
P The transition temperature can be either raised or lowered depending on the
. chain length of the homopolymer and the overall composition of the two types
. of monomeric units in the mixture. More specifically, the transition
ol temperature is raised when the chain length of the homopolymer is large in
s relation to the chain length of the copolymer and when the addition of the
\i homopolymer shifts the overall composition of the repeat units toward 50%
M} each.
" A block copolymer in the disordered state behaves, in many respects, very Y
-? similar to a random copolymer of the same monomeric composition. When ®
o homopolymer A is added to a random copolymer consisting of A and B monomeric
'}f units, the mixture may or may not undergo phase separation depending on the
'-:' temperature, chain lengths and compositions. Such a phase separation behavior
- can be described fairly satisfactorily in terms of the Flory-Huggins free
; energy of mixing. The same is true also with the mixture of a homopolymer and
e a disordered block copolymer, as we have shown earlier [1]. This means that a
.3. mixture of a homopolymer added to a disordered block copolymer has the
"y potential of undergoing either a microphase separation into an ordered
.3‘ structure or a macyrophase separation into two coexisting phases. Among these
- two possibilities, one which occurs at a higher temperature is the one
NP actually realized as the disordered, homogeneous mixture is cooled from a high
55. temperature. -
N . . . .
X This competition between the microphase and macrophase separation can be
;:q described by means of the random phase approximation theory, which was

“

introduced into polymer problems by de Gennes [2] and elaborated by P
Leibler [3) with reference to block copolymer usystems. The theory is

’
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N
Q applicable to any bulk, amorphous polymer blends containing homopolymers,
s block copolymers, random copolymers or graft copolymers, provided that the
blend as a whole contains only two tyr-s of monomeric units. The theory
, predicts the structure factor S(q), or cthe Fourier transform of the segment
” density correlation function, in the form
Cal
- 1/5(q) = Q(q) - 2A/KkT (1)
o
b where q is the wave vector 2n8inf/), A is the interaction energy density, and
Q(q) is a function which is independent of temperature but depends on the
:. composition of the blend and the structure of sach component polymer, such as
~ the chain length and the end-to-end distance. The detailed expression for
2 Q(q) depends on the types of blends buing considered. The usefulness of
L. eq. (1) derives from the fact that the structure factor S(q) can be obtained
i~ experimentally by dividing the scattered intensity of X-rays or neutron by the
square of the contrast (in electron density or scattering length) between the
. two monomeric units.
..
» The q dependence of S(q) is governed by Q(q) on the right of eq. (1),
i while the temperature dependence of S(q) is governed by the term -2A/kT.
2. Thus, eq. (1) predicts that the angular position of intensity maximum is
: invariant with temperature. Depending on the type of blend studied, the
5 intensity maximum could be at q = 0 or at q = q*, i.e., at some finite value.
-ﬁ The former case arises with blends of homopolymers and random copolymers, and
= the latter case with pure block copolymers. The maximum at q = 0 occurs from
o the concentration fluctuations present at all distance scales, while the
ﬁ- maximum at q = q* signifies that a short range order remains in the disordered
Y block copolymer as a result of the blocks belonging to the same copolymer
molecule being confined to their mutual proximity.
‘s
:j With blends of a homopolymer and a block copolymer one may find either a
- single intensity maximum at ¢ = 0 or q = q*, or two maxima at q = 0 and
- q = q*. In the latter case, the larger of the two maxima is of importance.
L~ As the temperature is lowered, these maxima will grow in intensity, and the
spinoda) temperature is defined as the temperature at which the intensity
~ diverges. 1Iu practice, before the gpinodal is reached, the microphase or
:: macrophase separation intervenes, depending on whether the intensity maximum
:u is at q = q* or ¢ = 0. Thus, whether the blend will eventually undergo a
- microphase or macrophase separation is indicated already at high temperatures
s from the position of the true maximum in the intensity curve. For the blends
- of bomopolymer A and block copolymer AB under consideration, the explicit .
; expression for Q(q) can be written as follows. 8
Y
- S,,(q) + 5,,(q) + 25,.(q)
2 12
3 Qq) = 2 2 - (2)
i sll(q)s22(q) - 5, (q)
S“(q) = (l-ﬂl)vlflg(xl) + ¢hvhg(xh) (3)
Y
g = (]-
:j Szz(q) (1 dh)vzfzg(xz) (4)
~ Slz(q) - (l-¢h)(Vlfvz)(fl/xl)(lexz)[l—exp(—xl)lll—exp(-xz)] (s)
Pa -
* g{x) = 2(x+e x-1)/x2 (6) N
= 2.2, 2.2, 2, 2
- x; = QR 7/6;  x, = q"R,7/6;  x = q'R /6 n
i where is the volume fraction of the homopolymer in the blend, V,, V, and V,
: are the molecular volumes of the block A and block B in the copolymer and of 0
the homopolymer respectively, and R, R, and R, are the corresponding rms
N
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end-to-end distances. The composition of the block copolymer is represented
by the volume fractions f, = Vl/(V1+V2) and f, = V /(V1+V2). To illustrate
the point discussed above, numerical calculations are made by means of

) eqs. (1)-(7) and presented in Figures 1 and 2, The case of the blends

- containing various volume fractions ¢, of polystyrene of M 35,000 added to a
[~ styrene-butadiene diblock copolymer g% block molecular weights 16,850 and
A 5,150, respectively, is shown in Figure 1, and the case of the blends
- containing polystyrene of M 70,000 added to the same block copolymer is shown

in Figure 2. In both figures the curves give the structure factor S(q)

S calculated in the limit of high temperature (T +«), at which the effect of the
- second term on the right of eq. (1) vanishes and S(q) is given by 1/Q(q). The
) position q* of the intensity maximum is indicated by a dot on each curve. It
~
$Q

1.1 — v .

al
~
- Figure 1. The structure factor
e S(q) expected at high temperature

(T+w) is plotted against q. The

- calculation is for the mixture of
fa, IC; polystyrene of Hv 35,000 added to
N " a styrene~butadiene diblock
o copolymer of block molecular
- weights 16,850 and 5,150,

o respectively. The location q* of

the intensity wmaximum 1is

N indicated by a dot.
~
.

- q (nm")

1.1 — v — v ¥

: &
::j ®.= 0.35 ®
":I
2: Figure 2. Similar to Figure 1,

» 0.3 but calculated for addition of
i polystyrene of M 70,000 to the
- < 0.25 same diblock copolymer. Note
<. 3 10 . . that between ¢h = 0.25 and 0.30,

- q* jumps discontinuously from a

. finite value to zero, indicating
,; an abrupt changeover from a

~ microphase to a macrophase
y 0.20 separation behavior. w
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:: is seen that in the case of Figure 1 q* decreases continuously toward zero as

i the volume fraction of homopolymer is increased, while in the case of Figure 2
q* makes a discontinuous jump from a finite value to zero as the volume

O fraction changes from 0.25 to 0.30. They thus illustrate that the increasing

" addition of homopolymer to the copolymer induces a transition from a

\ microphase separation to a macrophase separation, but also that such a

. transition can be a gradual or abrupt process, depending on the molecular

] weight of the homopolymer. Figure 3 shows the change in q* induced on
addition of polystyrene of variocus molecular weights to the same

S styrene-butadiene block copolymer. The discontinuous decrease in q¥* to zero

is indicated clearly in the case of polystyrenes of M, 70,000 and 100,000.

0.5 . —————————— e,
B 0.4 PS Mw = 2,000 -
:‘n 1
~ 0.3 ]
E
. 3
2 g
o % 02 . -
.":
) 0.1 | x
s 100,000
< 4
\:_ o o - _— 1
e o 0.2 0.4 0.6 0.8 1.0
;'. Weight Fraction of Polystyrene
:} Figure 3. The calculated change in q* on addition of
~7 polystyrene is plotted against the weight fraction of the
o latter in the mixture.
& Y
) o]
EXPERIMENTAL SECTION ®
t; The styrene-butadiene diblock copolymer, kindly synthesized by Dr. H. L.
.- Hsieh of Philips Petroleum Company, is the one designated as copolymer 75/25
N in our earlier study [4], and is characterized as follows: 76.6 weight per-
’ cent styrene (by NMR), M = 21,000 (by GPC), M /M = 1.05 (by GPC), and
:; 48% trans 1,4 and 24% cie 1,4. The polystyrene samples of M equal to 2,200,
‘ 4,000, 10, 300 17,500, 35,000, 50,000 and 100,000 were purchased from Pressure
‘:5 Chemical Company.
by Small-angle X-ray scattering data were obtained with a Kratky camera
fitted with a one-dimensional position-sensitive detector made by M. Braun -~
b Company. The procedure of measurements was essentially similar to that
- described earlier [4,5]. Background scattering correction was made by
:. subtracting the scatteringe from pure polystyrene and pure polybutadiene, each
. weighted according to the amounts of styrene and butadiene present in the

sample. The correction for the slit-length emesring was applied by means of @
Strobl's algorithm [6].




RESULTS AND DISCUSSION

Blends containing the diblock copolymer and one of the polystyrenes
(weight fraction 40-60%) were prepared. Of these, the one containing
polystyrene of M 100,000 was cloudy, but the rest were all visually clear.
The small-angle X-ray scattering data were obtained with these transparent
samples at various temperatures. Some of these results are shown in Figure 4,
in which all data are plotted on the same ordinate scale to make the
comparison of the magnitude of intensities easier. The solid curves drawn in
Figures 4a and 4b are the ones calculated from eqs. (1) to (7) with the
molecular parameters such as V., Rl’ etc., appropriate for the polymers in the
sample, except that A was trea%ed as an adjustable parameter and was assigned
the value giving the best match of the peak intensity. The angular position
q* of the intensity maximum evidently gives very good agreement between the
observed and calculated curves. The shape of the intensity curves at angles
larger than q* also show good agreement, but the observed intensity curve
tends to rise above the calculated curve at angles much smaller than q*. This
tendency for the intensity at very small angles to rise becomes progressively
more pronounced as the molecular weight of the polystyrene is increased. The
curves in Figure 4e obtained with the blend containing polystyrene of
Hw 50,000 show most clearly the contribution by this low angle component of
scattering.

Acknowledging the possible existence of two independent components of
scattering, we adopt the following empirical equation to fit to the observed
data.

sl(o) Sz(q*)

s(q) = (8)

+
1+ Elzq2 1+ €22(q-q*)

where the first term is the Ornstein-Zernike form of the scattering arising
from concentration fluctuation in binary solutions, and the second term is the
approximation for eq. (1) obtained by its Taylor expansion up to the second
order term around q* [7]. Equation (8) thus assumes that the observed
intensity is a superposition of two independent cowmponents, one related to
macrophase separation and the other to microphase separation. Figure 5 shows
the degree of fit obtained with eq. (8), where among the five adjustable
parameters S,(0), El, Sz(q*), £, and q*, the set of the first two and the set
of the last {hree wvere relativéﬁy uncorrelated with each other and could be
adjusted independently to a large degree.

The spinodal temperature T of microphase separation can be obtained, as
suggested by eq. (1), by plottigg 1/8(q*) ugainst 1/T and extrapolating to the
temperature at which 1/S(q*) vanishes. Because of the presence of two
components of ecattering, we evaluated T by plotting 1/S,(q*), evaluated by
means of eq. (8), against 1/T. For the mixtures shown in Figures 4a-4d, T
thus obtained is 53°, 133°, 176°, and 210°C, respectively. The intensity
curves shown in Figures 4c-4e correspond mostly to the ordered state below the
transition temperature. Therefore, their interpretation cannot be based
entirely on eqs. (1)-(7), which apply to disordered states only.
Nevertheless, useful inferences can be made on the basis of the results
calculated from these equations. In particular, Figure 3, giving the
calculated value of q* against the weight fraction of polystyrenes of various
molecular weight, is informative on the question of microphase vs. macrophase
separstion. Our observation that the wmixtures containing wore than 30 wt.Z2
polystyrene of M _ 100,000 are all cloudy and evidently have undergone
macrophase separf‘ion is in line with the prediction that the value of q*
falls discontinuously to zero on addition of polystyrene of this molecular
weight. 1In the case of mixtures coutaining polystyrenes of M, 17,500 or
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Figure 4. The scattered intensity observed at various
temperstures is plotted against the scattering angle s
(= q/27m). (a) Mixture containing 50 weight percent
polystyrene of M_ 2,200; (b) 60 percent of M, 10,300; (c)
60 percent of M_"17,500; (d) 60 percent of M35, 000; (e) 50
percent of Mv 58,000,
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smaller, q* does not fall to zero until the weight fraction of polystyrene
exceeds 80X, which is beyond our experiwmental composition rauge. These
mixtures are therefore expected to undergo microphase separation and no
macrophase separation while still in the disordered state. The presence of
the appreciable extent of long-range concentration fluctuation (i.e., the
component of scattering with peak at q = 0) in the mixture containing
polystyrene of M 17,500, shown in Figure 4c, then has to be explained on the
basis of some other effects.

50 v v
40 B
E 30 | :
‘a
g
- 20 F
| ’ ’
10 l‘q .
213%“'&4 ,
y 1
0 tvtmrdies A A e
1] 0.02 0.04 0.08 0.08 0.10
s (om")

Figure 5. The plots illustrate the degree of fit achieved
by the empirical equation (8). The observed intensities
were obtained with a wmixture containing 70 weight percent
polystyrene of M, 17,500.

3oy

When & disordered pure block copolymer is cooled toward the spinodal
temperature, it undergoes a transition to an ordered phase at temperatures
somewhat above the spinodal temperature. Such a transition, according to
Leibler [3], is expected to be of first order. On the other hand, when a
disordered mixture of block copolymer und liomopulymer is cooled, the formation
of an ordered structure proceeds not by a phase transition at a fixed
temperature but by a process of successive phase separation over a finite
temperature range. The composition of the ordered phase that emerges is,
moreover, different from the composition of the disordered phase from which it
is formed. This can be understood in terms of the phase diagram of such
systems, an example of which was previously obtained [8) in our laboratory and
is reproduced in Figure 6. Region L, in the diagram consists of the
disordered mixture and region M, consists of the ordered mixture. The
boundary between these two single phase regions is not a single line but is a
narrow region representing the coexistence of two phases. Although in the
blend systems studied in this work the transition region falls in temperature
with increasing polystyrene content, and many of the features shown in )
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Figure 6 at high concentration of polystyrene are not relevant, the
qualitative feature relating to the boundary between the ordered and
disordered phases should be similar. Most of the data shown in Figures 4c-de
refer to temperatures below T8 and thus we interpret the low-angle component,
increasing in intensity strongly as q+0, to arise from the phase separation
undergone while the temperature was lowered from the disordered to the ordered
region.
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Figure 6. The phase diagram previously obtained for the

mixture containing a styrene-butadiene diblock copolymer ®©
(272 styrene, M 28,000) and a polystyrene (M, 2,400).

(From reference 18].)
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