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indices A and B can be completely replaced by the block
indices a and b, leaving the formula for the free energy
unchanged. However, the interaction parameters are now
given by the well-known composition rules

Xab = (Pa — Dv)*Xan (A.14)

X = PaXea T (L = Po)xug — Pa(l = Bo)xap (A.15)

with a similar equation for x,, (cf. eq 2.4). That is, a
random block can be treated exactly the same way as a
normal block if the above effective interaction parameters
are used.
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ABSTRACT: The small-angle X-ray scattering (SAXS) technique with a position-sensitive detector and a
12-kW rotating-anode X-ray generator was used to study the microdomain size or wavelength of the spatial
fluctuations of the A and B segments in AB diblock polymers as a function of the total degree of polymerization
of the block polymers (Z), polymer volume concentration (¢p), and temperature (7)) in neutral solvents, i.e.,
solvents good for both A and B block polymers. The block polymers studied were polystyrene-polyisoprene
(SD diblock polymers having about equal block molecular lengths, thus having alternating lamellar microdomains
with & lamellar identity period of D in the solutions in the segregation regime. It was found that in the segregation
limit D scales as D/b ~ Z*3(¢p/T)/3 or D/b ~ Z"*(x/x)*/%, where x B ¢p/ T, 2,8 (¢p/ T)., b is Kuhn'’s statistical
segment length, and (¢p/T), is the critical value of ¢p/T at which the microdomains are dissolved into a
homogeneous mixture. At high temperatures (T > T,) or low concentrations (¢p < ¢.), the microdomains
are dissolved into a homogeneous mixture. The following results were obtained in the homogeneous regime.
(i) There exists a scattering maximum, the peak position of which vields the Bragg spacing D. (ii) The scattering
can be adequately described in the context of the random phase approximation (RPA) proposed by de Gennes
and Leibler. (iii) D satisfies a scaling rule completely different from that obtained for the segregation limit:
D/b ~ Z'/%*8(¢p/T)° (in the homogeneous regime), where 3 is related to a small excluded volume effect that

exists in the concentrated solutions.

1. Introduction

If two polymers A and B have different cohesive energy
densities, they tend to segregate themselves into their
respective domains in the segregation limit to result in
phase separation. However, due to the molecular con-
straint that A and B chains are covalently bonded in AB
or ABA block polymers, the phase separation is restricted
to the molecular dimensions, giving rise to microdomains
whose sizes are controlled by the block molecular weight.
This is the phenomenon that is well-known as microphase
separation.

The physics of flexible, long-chain molecules in such a
microdomain system has been extensively explored both
theoretically'® and experimentally.”"1%2 It was borne out
that the chains can be essentially described as random
flight chains with two important physical constraints: (i)
uniform space-filling with the segments in space and (ii)
the confined volume effect. The former constraint arises
from incompressibility of polymeric liquid, the total seg-
ment density being kept uniform everywhere in the domain

space. The latter constraint arises from the repulsive
interactions of the polymers A and B, A (B) chains being
likely confined in A (B) domain space.

The degree of the spatial confinement is a function of
the effective repulsive potential between the A and B block
polymer molecules and hence is a function of temperature
and concentration of the polymers if the solvent exists in
the system. The theme in this paper and of some of our
earlier papers!*™!* is focused on this effect of the degree
of the spatial confinement of the chains on the microdo-
main size or spatial fluctuations of density of the A or B
segments in both segregation and homogeneous regimes.

When the temperature is raised above the thermody-
namic transition temperature (T,) or the concentration
of the polymer is lowered below the critical concentration
(C.), the effective repulsive potential or effective Flory—
Huggins x parameter (x.4) becomes lower than the critical
value x.s, required for maintaining the microphase-sep-
arated domain structure, resulting in an order-to-disorder
transition,!! ie., the transition involving dissolution of
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microdomains into a disorderd mixture. The existence of
such an order-to-disorder transition was explored both
experimentally!**? and thegretically.462%% In this study
we explore the spatial fluctuations of the segmental density
in both the ordered state (i.e., the state where the micro-
domains exist) and the disordered state (i.e., the state
where the microdomain is dissolved into a homogeneous
mixture) for AB diblock polymers in neutral solvents, i.e.,
solvents good for both A and B polymers.

In part 1! of this series we reported the temperature
and concentration dependence of the spherical microdo-
main of polystyrene (PS)—polybutadiene (PB) (SB) diblock
polymers in selective solvents. We obtained the temper-
ature dependence of the interdomain distance D as

D ~ (1/T)~1/3 (I-1)

where T is the absolute temperature. We will show that
we can obtain the same temperature dependence for the
neutral solvents (see sections III-2 and IV-1). The ap-
parent concentration dependence of D with the neutral
solvents will be shown to be completely different from that
with the selective solvents (sections III-1 and IV-1).

In part 2'° of this series, we extensively explored the
existence of two transitions, i.e., the lattice-disordering and
the order-to-disorder transitions, of the SB block polymers
in selective solvents and some effects of the two transitions
on the rheological properties. In part 3!2 we further ex-
tended our studies to PS—polyisoprene (PI) (SI) diblock
polymer having about equal block molecular length in the
neutral solvents. We studied the concentration depen-
dence of the lamellar microdomains at room temperature
in the ordered state (i.e., in the segregation regime). In
this paper we further extend the studies of the SI diblock
polymers in neutral solvents to lower concentrations and
higher temperatures and study the spatial fluctuations of
the segmental density as a function of total degree of po-
lymerization of the block polymer (Z), polymer volume
concentration (¢p), and T.

We describe the experimental conditions in section II,
results on concentration dependence in section III-1, and
results on temperature dependence in section III-2. On
the basis of these results, we derive a scaling rule on D with
Z, ¢p, and T in the segregation limit in section IV-1 and
in the homogeneous limit in section IV-2. We also show
that the scattering from the disordered state can be ade-
quately described by a random phase approximation,?>%
Finally, in section IV-3 we briefly describe equilibrium and
nonequilibrium aspects of the lamellar microdomains.
This problem will be more extensively discussed in a
forthcoming paper (part 5?%), including spherical micro-
domains as well.

II. Experimental Technique

PS-PI (SI) diblock polymers, designated as L-2 and L-8,
were prepared by a sequential living anionic polymeriza-
tion. Their total number-average molecular weights were
3.1 X 10* for L-2 and 9.4 X 10* for L-8. Weight fractions
of PS were 0.4 and 0.5, respectively. They have different
PI microstructures, although the difference is not of much
significance in this paper. Polymer L-2 was polymerized
in tetrahydrofuran (THF) at —78 °C, thus having high 1,2-
and 3,4-addition contents, while polymer L-8 was polym-
erized in benzene at room temperature, thus having high
1,4-addition content. The Kuhn statistical segment lengths
of the PI block chains of L-2 and L-8 are 0.59 and 0.63 nm,
respectively.26:?7

The solution was enclosed in a cell whose details were
given in previous papers.!''? The small-angle X-ray
scattering (SAXS) from solutions was measured at a con-
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Figure 1. Concentration dependence of SAXS profiles at room
temperature for DOP solutions of L-8. s = (2sin 6)/), 26 being
the scattering angle.

stant concentration C and temperature 7. The solution
was heated to about 200 °C, and the temperature was
controlled within an accuracy of £0.5 °C. Toluene and
dioctyl phthalate (DOP) were used as neutral solvents,
good for both PS and PI. The preparation of toluene
solutions and its sampling into the scattering cell were
described in detail in the previous paper.!? There was no
trace of solvent leakage from the cell. The temperature
dependence of the SAXS profiles can be more easily
studied with DOP than with toluene, since DOP is less
volatile than toluene. The DOP solutions were prepared
by mixing a prescribed amount of SI and the solvent with
an excess amount of methylene chloride, which was sub-
sequently completely evaporated to obtain a homogeneous
solution of a given concentration.®

The spatial fluctuations of the segmental density in the
block polymer solutions were investigated by SAXS as
described in detail in the previous papers.!l''? Unless
otherwise stated, the SAXS results were corrected for
absorption, background scattering (air scattering, parasitic
scattering, and thermal diffuse scattering), nonuniformity
of the detector sensitivity, and collimation errors in both
the slit-width and slit-length directions according to a
method described elsewhere, %3

ITII. Results

1. Concentration Dependence. The concentration
dependence of SAXS profiles was described in detail in
part 3!2 for L-8 in toluene solutions in the segregation limit.
Here we extended our studies to lower concentrations with
DOP solvent. The weak intensity of SAXS at the lower
concentrations was detected here for a prolonged counting
time. The results are shown in Figure 1, where the cor-
rected scattering profiles at 15, 20, and 25 wt % polymer
concentrations are shown. From the peak position (26,,)
of the SAXS maximum we have evaluated an apparent
spacing D by using Bragg’s equation

2D sin 6, = A (I1I-1a)

or

Sm=(2sinb)/A=1/D (I11I-1b)
where 26 is the scattering angle and A is the wavelength
of X-ray, (A = 0.154 nm). The results are plotted in Figure
3 with open circles.

The concentration dependence of SAXS profiles was
also investigated for the lower molecular weight block
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Figure 2. Concentration dependence of SAXS profiles at room
temperature for toluene solutions of L-2.
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Figure 3. Concentration dependence of the Bragg spacing D at
room temperature for L-8 in toluene (solid circles), L-8 in DOP
(open circles), and L-2 in toluene (solid triangles). ¢p is volume
fraction of polymer in solution and ¢, is the critical concentration
for the order-to-disorder transition.

polymer L-2 in toluene. The results are shown in Figure
2. Comparisons of Figure 3 in ref 12 for L-8 with Figure
2 for L-2 indicate that the critical concentrations at which
the first-order maximum and the higher order maxima
appear increase with decreasing molecular weight. Thus
one can qualitatively conclude that the higher the mo-
lecular weight, the lower the critical concentration C, for
the onset of the microphase separation. The concentration
C, is more quantitatively discussed in section IV-2. From
the peak position of the SAXS, the value D was estimated
by using eq 1, the results of whlch are plotted in Figure

The solid lines in Flgure 3 indicate that the concentra-
tion dependence of D is given by

D~ ¢pt/® (ITI-2)

as found in the previous paper!? (part 3) in the segregation
regime. The increase of D with ¢p is interpreted in terms
of the effect of increasing segregation power!!'? between
PS and PI block chains with increasing ¢p. In the present
work we found a new concentration dependence at the
lower concentrations, i.e., the concentration dependence
of D being much weaker than that expected from eq III-2
and give approximately by

D ~ ¢p° (IT1-3)

We tentatively assign this concentration dependence to
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Figure 4. Typical variations of the SAXS profiles with tem-
perature for a 47 wt % toluene solution of L-8.

that characteristic to the disordered state, i.e., to the state
where the microdomains are dissolved into a homogeneous
mixture. This assighment will be reinforced by the tem-
perature dependence of the SAXS profiles at these con-
centrations and by the discussion in section IV-2. The
crossover between the two different concentration de-
pendence, of eq III-2 and III-3 occurs at C,, the critical
concentration for the order-to-disorder transition. One
should note that the origin of the scattering maximum in
the two regimes is very different, although the spacings
in these regimes are quite similar. The maximum in the
segregation regime arises from the uniform thickness of
each lamella and its spacing, while the maximum in the
homogeneous regime arises from the “correlation hole”
effect?2® in the molecular mixture, as will be described in
more detail in section IV-2.

2. Temperature Dependence. We discuss here the
temperature dependence of the SAXS profiles in the
segregation regime where eq III-2 is applicable. Figure 4
shows typical variation of the SAXS profiles (smeared but
corrected for other factors) with temperature for a 47 wt
% toluene solution of L-8, where s = (2 sin ) /A\. At room
temperature, a well-developed lamellar microdomain is
formed, giving rise to multiple-order scattering maxima
at the scattering angles 26,, , satisfying

2D sin 8y, = nA (I11-4)

where D is again the lamellar identity period and n is an
integer.

When the temperature is increased, the scattered in-
tensity decreases, the amount of the intensity decay being
greater for greater scattering angles, which results in the
higest order scattering maximum (the nth maximum)
disappearing first at the lowest temperature and then the
next highest order maximum ((n — 1)th maximum) dis-
appearing at a higher temperature. For example, the
fourth-order maximum disappears around 125 °C and the
third-order maximum disappears around 150 °C. Accom-
panying the intensity decay with temperature, the peak
position 26,,, also shifts toward higher angles with in-
creasing temperature.

Such temperature variations of the SAXS profiles as
described above, which will be discussed in detail in section
IV-1, are a consequence of decreasing segregation power
between PS and PI segments with increasing temperature.
That is, a decrease in segregation power allows mixing of
the unlike segments, which results in an increased inter-
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Figure 5. Variations of the SAXS profiles with temperature for
50 and 40 wt % toluene solutions of L-2.
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Figure 6. Variations of the SAXS profiles with temperature for
a 60 wt % toluene solution of L-2.

facial thickness t of the lamellar microdomains and a
decreased D value (see section IV-1). The increased value
of ¢ results in the faster decay of the intensity of the higher
order scattering maximum than that of the lower order
maximum,?® and the decreased D results in the shift of
20, , toward higher angles with increasing temperature.

Figures 5 and 6 show the temperature variations of the
SAXS profiles for 40, 50, and 60 wt % toluene solutions
of L-2 specimen, relative intensity being plotted on a lo-
garthmic scale. The temperature variations are similar to
those of L-8, showing similar intensity decay and peak
shift. It should be noted, however, that for the lower
molecular weight material L-2 the higher order scattering
maximum disappears at much lower temperature than for
the higher molecular weight material L-8 at a given con-
centration. That is, the unlike segments of the lower
molecular weight material are more miscible, having a
lower T, than those of the higher molecular weight ma-
terial. For a given molecular weight, the lower the con-
centration, the lower the temperature at which the higher
order maxima disappear, i.e., the lower the critical tem-
perature T

It should be noted also that the first-order peak does
not easily vanish but persists up to a considerably high
temperature as reported by Roe et al.'5 for the SAXS from
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Figure 7. Temperature dependence of the Bragg spacing D for
15, 20, and 25 wt % DOP solutions and 29, 47, and 70 wt %
toluene solutions of L-8 and for 40, 50, and 60 wt % toluene
solutions of L-2.

bulk block polymers having a lower T,. It will be clarified
in section IV-2 that the SAXS maxima at all the tem-
peratures for the 40 wt % toluene solution of L-2, at tem-
peratures higher than about 90 °C for the 50 wt % toluene
solution of L-2, at temperatures higher than about 190 °C
for the 60 wt % solution of L-2, at all temperatures for the
15 and 20 wt % DOP solutions of L-8, and at temperatures
higher than about 100 °C for the 25 wt % DOP solution
of L-8 arise from the fluctuation of the spatial segmental
density distribution in the disordered state (see Figures
7,12, and 13).

It may be useful to summarize the variation of the SAXS
profiles with temperature at this point. Let us consider
the profiles for the 60 wt % solution of L-2 in Figure 6.
At low temperature the segregation power is large and a
well-defined microdomain structure is formed. When the
temperature is increased to about 70 °C, the second-order
scattering maximum disappears but the width of the
first-order maximum remains essentially unaltered, indi-
cating that the process primarily involves thickening of the
domain-boundary interphase,® i.e., the mixing of the un-
like units in the domain-boundary region being enhanced
owing to the decreasing segregation power. Further in-
crease of temperature results in gradual broadening of the
first-order maximum and decay of the scattered intensity,
as seen in the profiles obtained at 90-190 °C and in those
obtained at 25-70 °C for the 50 wt % toluene solution of
L-2 (Figure 5). This indicates that the thickness of each
lamellar microdomain tends to fluctuate, the fluctuation
increasing gradually with increasing temperature, and that
the unlike segments are further mixed.

Near the transition temperature, a significant segmental
intermixing may take place in each domain as well as in
the domain boundary. The fluctuation of the domain size,
with overall polymer segmental density constant, and the
segmental intermixing may be stabilized by a decrease of
the segregation power. The microdomains are eventually
dissolved into a disordered mixture at temperatures higher
than T, Thus this transition of the particular systems we
studied here is broad, as claimed by Roe et al.,'’ and is not
so sharp as one might expect from the terminology
“order-to-disorder transition”. The continuous and dis-
continuous nature of the transition may be further ob-
scured by the fact that even the disordered mixture ex-
hibits the scattering maximum at a scattering angle nearly

-identical with that for the well-developed microdomains.

However, this complication in the transition phenomenon
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Figure 8. Schematic diagram showing concentration and tem-
perature dependence of the domain size (from D, to D,), average
nearest-neighbor distance between the chemical junction points
along the interface (from a, to a,), and spatial segmenal density
profile of a given block chain.

is an inevitable consequence arising from the molecular
connectivity of the constituent block chains. We will
discuss in section IV-2 a criterion for assessing the tran-
sition temperature.

Figure 7 summarizes the temperature and concentration
dependence of the identity period of D in the spatial
segmental density fluctuations both in the segregation and
homogeneous regimes for the L-8 and L-2 specimens. The
general trend is that D decreases with increasing tem-
perature and decreasing concentration.’’” For the lower
molecular weight block polymer L-2, the value D decreases
with increasing T to a constant asymptotic value of about
21 nm which is almost independent of concentrations for
the range of the concentrations studied here (4060 wt %).
The same trend is seen for the higher molecular weight
block polymer 1.-8 at lower concentrations (i.e., 15-29 wt
%). The constant asymptotic value D, which is about 35
nm, is larger for L-8 than for L-2. For L-8 having con-
centrations 47 and 70 wt %, the values of D never reach
a constant vlue with increasing T, i.e., T, being much
higher than 200 °C at these concentrations.

IV. Discussion

1. Segregation Limit. We will interpret the concen-
tration and temperature dependence of the SAXS profiles
from the block polymer solutions in the segregation regime.

In the strong segregation limit, the block chains A and
B segregate themselves into their respective microdomains,
giving rise to the spatial segmental density proiles 5, and
pp as shown in Figure 8a, where the microdomains A and
B are composed selectively of A and B chains, respectively,
and the unlike segments are preferentially mixed only in
the domain-boundary region of thickness ¢;. Owing to the
repulsive interactions between the chains A and B, they
are stretched normal to the interface as shown in Figure
8b, where the solid and dashed ellipsoids of revolution
stand for the schematically drawn segmental clouds of A
and B chains, respectively. The segmental cloud of each
block chain heavily overlaps those of the neighboring
molecules both laterally and longitudinally, giving rise to
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a uniform overall segmental density everywhere in the
domain space.

When temperature is raised or the concentration of the
polymer is lowered, the effective repulsive potential be-
tween A and B decreases. Now A-block chains tend to
have some walks in the B domains, resulting in a thicker
domain-boundary thickness ¢, and a smaller end-to-end
distance. The smaller end-to-end distance, in turn, results
in a smaller domain size and interdomain distance D, as
shown in Figure 8, parts d and e. The segmental density
distribution for a given block chain is skew at lower tem-
peratures and high concentrations, as shown in Figure 8c.
It becomes a more symmetric Gaussian-type distribution
at high temperatures and low concentrations, as shown in
Figure 8f, resulting in an increased conformational entropy
of the block chains. Consequently, the increased enthalpy
of mixing at the interphase that is caused by decreasing
domain size D, and hence decreasing surface-to-volume
ratio is outweighed and stabilized by the increasing con-
formational entropy of the A and B chains and the in-
creased entropy of placing the chemical junction points
in the interphase, because the interaction parameter be-
tween A and B decreases with increasing 7. This decrease
of the domain size is easily adjusted by the displacement
of the chemical junction points along the interface, i.e., by
increasing the average distance between the chemical
junction points along the interface from a, to a, as shown
in Figure 8, parts b and e.

On the basis of the physical insight gained above, one
may think that the domain size D may be primarily de-
termined by the segregation power between the A and B
chains in solution, i.e., by the effective interaction param-
eter x between A and B in the presence of the solvent

D = D(xy) (IV-1)

The greater the value x.g, the larger the value D. The
value D depends also on b, the Kuhn statistical segment
length. However, the concentration and temperature de-
pendence of b may be much weaker than those of x.g-

For neutral solvents and at high polymer concentrations,
Xeg May be approximated, as in the treatment of Helfand
and Tagami,? by

Xeit = X®p (Iv-2)
where x is the A-B interaction parameter in bulk. If
x=A+B/T~B/T (IV-3)

then it follows that
D ~ D(¢p/T) (IV-4)

If this is the case, the D values measured at various con-
centrations ¢p and temperatures T should fall onto a single
master curve when the values are plotted as a function of
¢p/T.

In Figure 9, the logarithm of D is plotted as a function
of the logarithm of ¢p/T for the L-2 and L-8 specimens.
As expected, a fairly good master relationship was ob-
tained, the data obtained at various concentrations and
temperatures falling onto a straight line of slope }/;. There
is a deviation from the straight line for the data points
corresponding to the D values of the bulk L-8 at room
temperature and those of the Bulk L-2 at temperatures
lower than the glass transition temperature of polystyrene.
These deviations are obviously associated with the none-
quilibrium effect encountered in the solvent evaporation
process, as discussed in detail in the previous paper'? and
as will be discussed briefly in section IV-3.

If we take into account the molecular weight dependence
of the domain size, these two straight lines also may be
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superposed on each other by a vertical shift. From our
earlier studies®®% we know that

D ~ M3 or Z*/3 (IV-5)

where M,, is total molecular weight of the block polymers.
Consequently, if D is normalized with M3, then the data
points obtained with different molecular weights also
should fall onto a single master curve. In fact, as shown
in Figure 10 one obtains a master curve between log
(D/M_?3) vs. log (¢p/T). Hence

D ~ Z%¢p/ )

for the ordered state where the microdomains exist in
solution.?

2. Homogeneous Limit. We consider here the tem-
perature dependence of D in the homogeneous regime (¢p
< ¢.), where the concentration dependence of D is given
by eq III-3. Typical variations of the SAXS profiles with
temperature are shown in Figure 5 (40 wt % L-2 solution)
and in Figure 11. It should be noted that the peak in-
tensity decays with temperature but the peak position is
almost independent of temperature. Thus eq III-3 can be
generalized as

(segregation limit) (IV-6)

D ~ (¢p/T) (Iv-7)

Moreover, the two horizontal straight lines (broken lines)
in Figure 3 can be superposed on each other by a vertical
shift, the amount of shift being dependent upon molecular
weight, scaling approximately as M,/?*#. Hence,

D~ Z1/2+/3(¢P/7")0

where 8 is a small correction factor that depends on the
excluded volume effect; 8 may be nearly zero at the high
concentrations covered in this work.

(homogeneous limit) (Iv-8)
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Figure 11. Variations of the SAXS profiles with temperature
in the homogeneous limit for a 20 wt % DOP solution of L-8.

Now we must clarify the origin of the SAXS maximum
leading to eq IV-8. Intuitively, we think the maximum
arises from fluctuations occurring in the disordered state
or homogeneous limit where the microdomains are dis-
solved into the disordered mixture. We will apply the
scattering theory from the disordered mixture as proposed
by Leibler?? based upon the random phase approxima-
tion.”® According to Leibler, the scattering intensity S(q)
from bulk block polymers in the disordered state is given
by

S(q) = Z/[F(u) - 2xZ] (IvV-9)
where
g=(@4n/\)sinb
u = g?R,? (IV-10)

R, is the radius of gyration of the block polymer chain in
the bulk, The function F(u) is given by eq IV-6 of ref 22.
Equation IV-9 predicts the existence of the scattering
maximum. The peak intensity decreases with decreasing
x but the peak position is almost independent of x, sat-
isfying

Qax = 1/Ry (IV-11)

We may extend Leibler’s theory to the concentrated block
polymer solutions in the disordered state by replacing x
by x.¢ as given by eq IV-2 and by replacing S(g) by I(q)

I(q) = ¢p*S(q) (IV-12)
where ¢p° in eq IV-12 is associated with a decrease of the
scattering contrast by addition of the neutral solvents.

Then the scattering intensity /(g) from the disordered
solution is given by

0z

o7 Fu) - 2xaZ (V1
where
u’ = q?R? (IV-14)
and
Gmax ~ 1/R (IV-15)

R is the radius of gyration of the block polymer in the
concentrated solution. The spacing D calculated from eq
IV-15 is thus independent of x.¢ and hence of ¢p/ T from
eq IV-2 and IV-3. The value D is proportional to R and
hence Z1/2*8, Thus the theory can justify eq IV-8, and eq
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Figure 13. Variations of (I/¢p?)™ with 1/T for 40, 50, and 60
wt % toluene solutions of L-2, where I denotes I(q) at ¢ = Gmex
in arbitrary units. T, stands for the critical temperature.

IV-8 is confirmed to be applicable to the disordered state.
From eq IV-13, one obtains

[1(@) /¢’ = Fw)/Z - 2xess (IV-16)
Substituting eq IV-2 and IV-3 into eq IV-16, one obtains
[1(q)/¢p*]" = (F(u)/Z - 2A¢p) — 2Bop/T (IV-17)

Thus, according to the theory, (I/¢p?)™! should linearly
decrease with T, the slope of which depends on Bop.

The results of testing the theory are shown in Figure 12
for DOP solutions of L.-8 and Figure 13 for toluene solu-
tions of L-2. It is obvious that the linearity of (I/¢p?)!
with T is ensured at low concentrations, e.g., 15 and 20
wt % DOP solutions of L.-8 and 40 wt % toluene solutions
of L-2. Thus the theory can be justified by experimental
results. In the temperature and concentration regimes
where the linearity is obtained, the D values are seen to
be independent of 7" and ¢p by comparing Figures 12 and
13 with Figure 7. It should be also noted that the slope
of the straight line is greater for higher concentrations,
consistent with the theoretical prediction of eq IV-17.

At higher concentrations, e.g., 25 wt % DOP solution
of L-8 and 50 wt % toluene solution of L-2, linearity is
obtained only at high enough temperature, and the de-
viation from linearity at lower temperatures is considered
to be a consequence of onset of the microphase separation.
For example, for the 256 wt % DOP solution of L-8, the
order-to-disorder transition should occur at about T, ~
90 °C, above which linearity is obtained. For the 50 wt
% toluene solution of L-2, T, is nearly equal to 90 °C, and
for the 60 wt % toluene solution of L-2, it is equal to or
higher than about 190 °C.

Figure 14 summarizes the results. We define x and x_
as

(IV-18a)
(IV-18b)

x=¢p/T
Xe 2 (¢P/T)c

where x, is the critical value of x at which the order-to-
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Figure 14. Summary of molecular weight, concentration, and
temperature dependence of the domain size D. The variations
of log D with log (¢p/T) are plotted for four different molecular
weights, M, to M, ..

disorder transition occurs. In the regime where x < x,, D
is independent of x but dependent upon M,!/2*3 or Z1/2*5,
according to eq IV-8. In the regime where x = x, D scales
as x'/3 and Z%*® or M,?/®. The two regimes correspond,
respectively, to the disordered state (x < x.) and ordered
state (x = x.). The crossover occurs at x = x, whose Z
dependence is given as follows. At x = x, it follows from
eq IV-6 and IV-8 that D ~ Z%/3x /% ~ Z'/2*3x 0 and hence

x.8 (¢pp/T), ~ Z32 ~ Z71/2 (IV-19)

Thus the larger the molecular weight, the smaller the value
of x, and consequently the crossover takes place at lower
concentrations and higher temperature.

The exponent -1/, is not well understood at this time.
It is larger than -1, predicted for the critical point of the
ternary mixture of polymer A, polymer B, and solvent in
the context of mean field theory®

(¢P/ﬂc ~ Z!

The exponent may be modified due to the connectivity
between A and B in the block polymers. However, before
advancing the arguments, we should note that the expo-
nent -/, is a tentative value, our experiments being con-
sidered to be a preliminary stage for the purpose of as-
sessing the exponent. The accuracy of the exponent -1/,
should be much affected by the offset of the chemical
compositions of the L-2 and L-8 block polymers as well
as the accuracy of the exponents ?/;0n Z and !/3 on ¢p/T
ineq IV-6 and !/, + 8 on Z and 0 on ¢p/T in eq IV-8.
Particularly the assumption of 8 = 0 may be crude. Al-
though the general tendency that the larger the molecular
weight the smaller the crossover point x, is correct, the
exact assessment of the exponent on Z requires further
investigation.

It may be obvious that D is directly proportional to b,
Kuhn'’s statistical segment length. We can summarize eq
IV-6 and IV-8 into much simpler form by using the re-

duced variable x* as defined by
x* = x/x, (IV-20)

That is, from eq IV-6, IV-8, and IV-18 to IV-20, one obtains

D/b ~ ZV2(x*)™ (IV-21)
where
m=Y forx*=1 (segregation limit) (IV-22)
m=0 forx*<1 (homogeneous limit) (IV-23)

Figure 15 shows a plot of the D value for L-2 and L-8
at various ¢p and T as a function of the reduced variable
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Figure 15. “Master relationships” (a) between D/b and (¢p/T)
and (b) between D/bZ'/? and x* = x/x,, where x = ¢p/T and x,
= (¢p/T), (the critical value of x). Note that the data points at
x 2 x; in Figure (a) were neglected in the master curve shown in
(b), because they are in the regime of “kinetic control” rather than
in the regime of “thermodynamic control”.

x*, where b is the average Kuhn statistical segment length
as defined, according to Helfand,? by

po = (pospop)/? (IV-24)
pob? = (1/2)posbs® + (1/2)porbr? (IV-25)

where pgg and pg; are number density of monomeric units
of PS and PI, respectively, and bg and b; are the segment
lengths of PS and PI, respectively. The degree of polym-
erization Z of the block polymer was defined as, also ac-
cording to Helfand,®

Z = po[Zs/pos + Z1/pall (IV-26)

where Zg and Z; are the degree of polymerization of PS
and PI, respectively. As shown in Figure 15 we can obtain
a master relationship between D/bZ/? and x*.

The crossover point at larger x, i.e., at x; will be de-
scribed in the following section.

3. Equilibrium and Nonequilibrium Aspects of
Microdomain Formation. In the preceding sections
(sections IV-1 and IV-2) we discussed the effects of the
molecular parameters on the thermodynamically con-
trolled domain size D or the size of the spatial segmental
density fluctuations. Here, we discuss some nonequilib-
rium effects on D, especially dramatic at high concentra-
tions and at low temperatures, i.e., at x > x; in Figure 14.

As we discussed in the previous paper (see section IV-2
of ref 12) and in section IV-1 in this paper, the growth of
the domain size D with increasing concentration and de-
creasing temperature involves stretching of the block
chains normal to the interface and displacement of the
chemical junction points along the interface to reduce the
average distance between them. As the concentration is
raised, such structural response should be very much
slowed down because of either one of the following reasons
or of a combination of them as pointed out in the previous
paper:!? as the concentration is raised, (i) the glass tran-
sition temperature of the system approaches the ambient
temperature and/or (ii) relaxation time for a cooperative
deformation of the grains increases.® It follows eventually
at very high concentrations that within a given time scale
of the experiment the chemical junction points cannot be
rearranged to equilibrium positions, thus the average
distance a between the neighboring chemical junction
points or the average number of block chains per unit
interfacial area being essentially frozen-in. Thus in the
regime where x > x;, further evaporation of solvent results
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in a decrease of the domain size simply by a deswelling
effect, and the domain size is kinetically controlled rather
than thermodynamically controlled.

The critical concentration x; may generally depend on
molecular weight. However, Figure 14 ignores the mo-
lecular weight dependence of x; for simplicity. The de-
crease of D with ¢p at x > x; depends on the mechanism
of the deswelling, keeping the distance a constant. For
isotropic deswelling

D ~ ¢pt/8 (Iv-27)

For one-dimensional deswelling in the lamellar microdo-
mains with a fixed distance a

D ~ ¢p7! (IV-28)

For two-dimensional deswelling in the cylindrical micro-
domains with a fixed distance a

D ~ ¢p1/? (Iv-29)
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ABSTRACT: Investigated in this work were the effects of solvent-casting conditions, the presence of hom-
opolymer in the continuous phase, and the magnitude of block molecular weights on the structural features
of styrene-butadiene diblock copolymers and diblock copolymer-homopolystyrene blends containing spherical
domains of polybutadiene. Domain boundary thickness, domain size, and domain packing order were determined
from small-angle neutron scattering (SANS) measurements. Domain boundary thickness was essentially identical
for all samples and in agreement with theory. Contrary to theory, sphere radius was found to be proportional
to the 0.37 power of polybutadiene molecular weight; this is shown to be an artifact of the solvent-casting
process. Under equilibrium conditions, the domains form a body-centered-cubic paracrystalline macrolattice

which is disrupted by the addition of homopolystyrene.

Introduction

Block copolymer structure and properties have gener-
ated considerable scientific interest over the past 2 decades.
Recent years have found significant advances made in the
study of morphology, in large part due to the growing
popularity of small-angle scattering techniques. Hashi-
moto et al.'® have been particularly active in this area,
examining polystyrene~vinylpolyisoprene diblock co-
polymers containing lamellar and spherical (rubber) mi-
crodomains by small-angle X-ray scattering (SAXS). Their
results leave several unanswered questions with respect
to the spherical morphology. For example, these authors
found the domain radius to be almost half that predicted
from theory,” which they contend is a result of the process
of solvent casting. Also, no specific domain packing order
could be clearly established for their samples.

The present paper is part of a larger study designed to
examine relationships between microphase structure and
mechanical behavior in block copolymers and polymer
blends. Five polystyrene—polybutadiene diblock co-
polymers and seven diblock copolymer-homopolystyrene
blends have been prepared, three of these containing
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0024-9297/83/2216-1101801.50/0

perdeuterated polybutadiene and all exhibiting a mor-
phology consisting of polybutadiene microspherical do-
mains.

The structural features of these materials have been
investigated by small-angle neutron scattering (SANS),
exploiting the enhanced contrast that results from the use
of deuterated butadiene. We presently report on the do-
main order, domain size (also determined by electron
microscopy), and domain boundary thickness in solvent-
cast films; homopolystyrene content and block molecular
weights are the major variables of the study. SANS de-
termination of the polybutadiene block single-chain be-
havior has been reported separately.® The dynamic me-
chanical properties of these materials and their relationship
to the presently detailed structures are reported in the
accompanying paper immediately following this one.

Experimental Section

Materials. Styrene monomer (Aldrich Chemical Co.) was
deinhibited by washing with 10% NaOH followed by distilled
water and was stored over CaH, at 0 °C. Prior to use, the styrene
was distilled and redistilled from fresh Na wire and used within
2 h.

1,3-Butadiene (Matheson, high purity) was deinhibited with
a 10% NaOH solution, dried over NaOH pellets and molecular

© 1983 American Chemical Society



