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ABSTRACT: Ordered microdomain structures for binary mixtures of a poly(styrene-b-isoprene) diblock
copolymer (SI) with homopolystyrenes (HS) were investigated as a function of molecular weight of HS (Myomo)
under conditions where the majority of HS can be solubilized into the polystyrene microdomains. For a given
fraction of HS, the interdomain distance D was found to increase with Myomo, and a unique morphological
transition from cylinders to lamellae was also found with increasing Myom,. These results imply that HS is
generally not miscible with the polystyrene (PS) block chains confined in the microdomain space, although
they are chemically identical. The higher the value Myom,, the lower the miscibility with the block PS chains.
As a consequence, HS with higher Myom, tends to cause the PS microdomains to swell less uniformly, resulting
in segregation more toward the middle of the PS microdomains. Here the conformational entropy loss upon
mixing plays a dominant role in the miscibility of HS and block PS and hence on solubilization of HS into
PS microdomains. Thus the miscibility of the confined chains is distinctly different from that of the

corresponding free chain.

I. Introduction

In a previous paper! of this series of studies we reported
the solubilization phenomenon of low molecular weight
homopolymers (homopolystyrene (HS) and/or homopoly-
isoprene (HI)) into the microdomain of a poly(styrene-
b-isoprene) diblock copolymer (SI). We found the following
experimental evidence or implications. (i) The low
molecular weight homopolymers HS and HI cause, more
or less, the microdomain space to swell uniformly, resulting
in expansion of the average distance between the neigh-
boring chemical junctions of SI at the interface. (ii) The
uniform swelling generally changes the microdomain
morphology when an offset of the monomer composition
of styrene and isoprene is induced by the addition of the
homopolymers. (iii) A uniform solubilization was attained
up to very high homopolymer content, at least as high as
80 wt %. (iv) The long-range spatial order of the micro-
domains was conserved down to a level at least as low as
20 wt % of block copolymer content in both the binary
and ternary mixtures.

We have investigated the effect of the molecular weight
of the homopolymer on the solubilization mechanism and
hence on the morphology of ordered microdomains in the
strong-segregation limit. We report the results on a binary
mixture of HS and SI. Here again we restrict the molecular
weight of HS to such a low molecular weight range that
all of the HS molecules are essentially solubilized into the
polystyrene (PS) microdomains formed by SI, as will be
clarified in section IV.3.

The Discussion (section IV) consists of five sections. In
section IV.1 we analyze the thermodynamic stability of our
SI/HS binary mixtures for the macrophase and micro-
phase transitions to clarify the microphase transitions
dominating the structure formation of our systems. In
section IV.2 we perform a paracrystal analysis of the SAXS
profiles to determine the change in lamellar thickness of
both polystyrene and polyisoprene lamellae upon addition
of HS. In section IV.3 we analyze homopolymer fractions
solubilized into the microdomain space, and in section IV .4
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we analyze the solubilization behavior of homopolymers,
e.g., “localized solubilization” vs “uniform solubiliza-
tion”, as a function of their molecular weights. In section
IV.5 we compare our results with some interesting results
previously reported by Koberstein et al.23

II. Experimental Methods

An SI block polymer (HY-8) and a series of HS (S17, S10, S04,
and S02) were prepared by a living anionic polymerization
technique described in detail elsewhere.! They are listed in Table
I, where S stands for HS and the two digits after S denote their
M, (number-average molecular weight) in units of thousands. SI/
HS mixtures were dissolved in toluene (a common solvent), the
total polymer concentration being 10 wt %, and cast into film
specimens by slowly evaporating the solvent over 4 weeks at 30
°C. After 4 weeks, the specimens were further dried in a vacuum
oven to remove residual solvent until a constant weight was
attained. For each HS, film specimens were prepared from 80/
20 and 50/50 wt % /wt % mixtures of SI/HS. No further
annealing was performed on the test specimens. There are some
nonequilibrium effects of the kind described previously* on the
morphology of as-cast films. However, these nonequilibrium
effects will affect neither the qualitative discussion on the sol-
ubilization given later in section IV.1 nor the discussion in section
IV.4 and hence the conclusions in section V.

The microdomain structures existing in the film specimens were
investigated by small-angle X-ray scattering (SAXS) at room
temperature. The SAXS measurements were conducted in the
same manner as described elsewhere.!

III. Results

Figures 1 and 2 show SAXS profiles for pure SI block
polymer (HY-8) and mixtures of HY-8 and HS, i.e.,
HY-8/802, HY-8/S04, HY-8/510, and HY-8/S17. HY-8
and HS are mixed with a composition of 80/20 wt % /wt
% (Figure 1) and 50/50 wt % /wt % (Figure 2). In these
figures, 20 is the scattering angle, and s is the magnitude
of the scattering vector defined by

s={(2sinf)/A

where A is the wavelength of the X-rays in the medium,
the monochromatized Cu Ka line of A = 0.154 nm being
used in this experiment.

Let us first examine the results obtained in Figure 1.
All of the HY-8/HS mixtures with 80/20 wt % /wt %
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Table I
Molecular Characteristics of Block Copolymer HY-8 and
Homopolymers HS (S17, S10, S04, and S02)

S/I
specimen M, x 1030 (wt % /wt %)° My /Myt
HY-8 31.6 48/52 1.07
S17 16.7 100/0 1.02
S10 10.2 100/0 1.02
S04 4.4 100/0 1.06
S02 2.3 100/0 1.10

¢ Determined by membrane osmometry or vapor pressure osmo-
metry. ® Determined by elemental analysis. ¢ Determined by size
exclusion chromatography.
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Figure 1. SAXS profiles from HY-8 and the 80/20 (wt % /wt
% ) mixtures of HY-8/HS. For HS, the two digits after S denote
the M, of homopolystyrene in units of thousands. All of the
profiles show five or six scattering peaks at scattering angles of
integer multiples of that of the first-order peak, indicating the
lamellar microdomain morphology.

composition as well as HY-8, pure diblock polymer SI,
exhibit scattering profiles relevant to the alternating
polystyrene (PS) and polyisoprene (PI) lamellar micro-
domains, showing higher order scattering maxima at
positions of integer multiples of s of the first-order
scattering maximum. All of the mixtures as well as HY-8
have a long-range spatial order of lamellae as indicated
by the existence of the scattering maxima at least up to
the sixth order.

The relative peak heights of the higher order maxima
of the mixtures are nearly identical but are drastically
different from those of the pure block polymer HY-8. Since
the relative peak heights of the higher order SAXS maxima
are known to be a function of volume fraction of one type
of lamellar microdomain,?¢ the change of the relative peak
heights with the addition of HS indicates the change in
relative volume of the two types of lamellae (i.e., PS and
PI lamellae) with HS, which, in turn, implies definitely
and nicely a solubilization of HS into the lamellar micro-
domain space. The fact that the relative peak heights are
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Figure 2, SAXS profiles from HY-8 and the 50/50 wt % /wt
% mixtures of HY-8/HS. HY-8 and HY-8/S17 show scattering
profiles characteristic of the lamellar microdomain morphology,
while the other mixtures show scattering profiles characteristic
of the hexagonally packed cylindrical microdomain morphology
with the scattering peak positions in the ratio of 1:v/3:v/4:v7:
19, the peak of v/4 being suppressed due to a special volume
fraction of the polyisoprene cylinders.

identical for all of the mixtures implies that the total
amount of HS solubilized in the microdomain space is
invariant with molecular weight of HS. From the
experimental results shown in Figure 1, one can extract
information on the change of polystyrene (PS) and poly-
isoprene (PI) lamellae with HS as a function of molecular
weight of HS. Thus one can analyze how HS solubilizes
into the microdomain space of SI.

Figure 2 shows the SAXS profiles for mixtures con-
taining a higher fraction of HS. The 50/50 mixtures of
HY-8/S02, HY-8/S04, and HY-8/S10 exhibit scattering
profiles relevant to the morphology of hexagonally packed
cylindrical microdomains, having the first and higher order
maxima at the scattering vectors s of 1, v/3, V7, V9, ...
relative to that for the first-order maximum. The broad
scattering maximum shown by the thick arrow is due to
the second-order maximum from the isolated cylinders (n
= 2 in eq III-4). Thus a larger amount of HS solubilized
into the microdomains changes the morphology from
alternating lamellae to the hexagonally packed cylinders.
It should be noted that the long-range order is still
conserved upon addition of an equal amount of homopoly-
mer.

A spectacular feature appears upon increasing the
molecular weight of HS as seen for the HY-8/S17 mixture.
The mixture shows a profile relevant to the lamellar mi-
crodomain, having higher order maxima at the scattering
vectors s of integer multiples of that of the first-order
maximum. Thus upon increasing the molecular weight of
HS, the original lamellar microdomain is surprisingly
recovered. It is important to note here that HS (S17) is
still solubilized into the microdomain space, as shown in
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Table I1
Characterization of Microdomain Structures for 80/20 wt %/wt % HY-8/HS Mixtures
interdomain
sample morphology dist D, nm D/Dy? pa/pac® ay/ag’ Dps,® nm Dp1,% nm
HY-8 lamellar 26.7 1 1 1 12.6 14.1
HY-8/802 lamellar 29.3 1.10 0.876 1.068 17.3 12.0
HY-8/504 lamellar 30.5 1.14 0.913 1.047 18.0 12.5
HY-8/S10 lamellar 31.3 1.17 0.938 1.033 18.5 12.8
HY-8/S17 lamellar 31.9 1.19 0.953 1.024 18.8 13.1

@ The interdomain distance relative to that for pure block polymer HY-8 (Do = 26.7 nm). ® The average density of chemical junction points
along the interfaces of the microdomains relative to that for pure block polymer HY-8 (pjo = 0.251 nm2) as estimated from eq IV-9. ¢ The
average nearest-neighbor distance between chemical junction points along the interfaces relative to that for pure block polymer HY-8 (ajo = 2.00
nm). ag/ago = (pjo/ps)}/% 4 The average lamellar thickness for PS microdimains (Dps) and PI microdomains (Dpr) as determined from the

paracrystal analysis described in the text (section 1V.2).

Table IIT
Characterization of Microdomain Structures for 50/50 wt % /wt % HY-8/HS Mixtures
interdomain
sample morphology dist D, nm D/Dy p3/pdo aj/az Dpg, nm Dp1, nm RS nm
HY-8 lamellar 26.7 1 1 1 12.6 14.1
HY-8/802 cylindrical 35.6 1.312 0.657 1.233 9.5
HY-8/804 cylindrical 37.9 1.416 0.709 1.187 10.7
HY-8/S10 cylindrical 43.6 1.629 0.816 1.107 11.9
HY-8/S17 lamellar 51.0 1.935 0.968 1.017 37.5 13.5

@ Average radius of cylindrical microdomains as determined by SAXS (eq III-4). D/Dq, ps/ps0, a3/ @30, Dps, and Dpy have the same meanings

as in Table II.

the shift of the scattering peak positions toward smaller
angles, compared with those for pure block polymer
HY-8, and the change of relative peak heights with the
addition of S17.

Tables II and III summarize the results obtained in
Figures 1 and 2 on morphology, average interdomain
distance D, and average radius of the cylindrical domain
R. Here D values for the lamellar microdomains were
determined by

2D sin f,,,, , = nA (111-1)

where 201, » is the scattering angle where the nth-order
maximum locates. D can be determined with a high
precision by taking an average of D’s estimated from a
number of the higher order maxima. For the hexagonally
packed cylindrical domains D was determined from

dygo = D/[(4/3)(R* + hk + kD] (I11-3)

where 20, pro is the scattering maximum at which the
diffraction maximum from the (hk0) plane occurs, and dpxo
is the lattice spacing of the (hk0) plane. The average radius
R was obtained from the scattering maximum originating
from the isolated cylinders

(47 /MR sin 8 = 4.98, 8.364, 11.46, ... (I1I-4)

forn = 1, 2, 3, etc., respectively. The maximum marked
by an arrow in Figure 2 corresponds to that for n = 2. The
value R thus estimated turned out to be reasonable from
volumetric considerations. The volume fraction of the PI
cylinders, ¢p1gaxs is given by

dprsaxs = (27/3Y3)(R/D)* (IT1-5)

¢p1,saxs can thus be estimated from R and D, which, in
turn, are determined from the SAXS profile. This value
of ¢p1saxs is in good agreement with ¢py o as estimated
from the composition of the binary mixture of SI/HS

Bp1vor = F(1 = dy) (IT1-6)

where f is the volume fraction of PI block chain in SI
diblock polymer and ¢y is the volume fraction of HS in

(for lamellae)

max,n

the microdomain space. The value of R turned out to be
reasonable also from the theoretical analyses of the
scattering profile based on a paracrystal model.” D/Djin
Tables II and III indicates the change of the inter-
domain distance D with the addition of HS normalized
by the interdomain distance of pure SI (Do). The rest of
the parameters in the tables were obtained as a result of
the analyses discussed in section IV.2.

1V. Discussion

1. Microphase Transition and Macrophase Transi-
tion. Since the SI/HS mixtures have generally two kinds
of phase transitions®13 ((i) the liquid-liquid phase
separation between SI and HS, which we call the “macro-
phase transition”, and (ii) the order—disorder transition,
which we call the “microphase transition”), it may be useful
to estimate spinodal lines for the two kinds of transitions
in order to foresee the possibility of solubilization. Sol-
ubilization is expected to occur if the microphase transition
occurs prior to the macrophase transition by lowering the
temperature of the mixtures or by increasing the polymer
concentration of the mixtures with a solvent from a single-
phase state.

The thermodynamic stability limits of the mixtures (i.e.,
spinodal points) were estimated in the context of the mean-
field random phase approximation as described else-
where.l1"13 Figure 3 shows the value xNV at spinodal points
(xNN), as a function of the volume fraction of the block
polymer SI (¢piock), where x is the Flory interaction
parameter between PS and PI per monomer unit and N
is the degree of polymerization of SI. In each diagram the
solid and broken lines indicate, respectively, the (xN), for
the macrophase and microphase transitions.

In the regions between the microphase and macro-
phase transitions, the mixtures are unstable for the micro-
phase transition but stable or metastable for the macro-
phase transition. Hence the mixtures tend to form mi-
crodomains, and HS tends to be solubilized into the PS
domains. Lowering the temperature from the single-
phase state or increasing the polymer concentration (with
a neutral solvent) from the single-phase state corresponds
to increasing xN from the point below the spinodal line
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Figure 3. Calculated spinodal points (xN), for macrophase
transition (solid lines) and microphase transition (broken line)
as a function of the volume fraction of the SI block polymer ¢iock-
(a) HY-8/S02; (b) HY-8/S04; (c) HY-8/S10; (d) HY-8/S17. N/Nu
= 20.4, 10.6, 4.59, and 2.80 for the mixtures shown in parts a—d,
where N and Ny are the degrees of polymerization of HY-8 and
HS, respectively.

(xV)s for the microphase transition. All of the SI/HS
mixtures with ¢pieck > 0.5 have (xN), for the microphase
transition lower than that for the macrophase transition,
and hence HS may be solubilized into the microdomains.
The symbols S, C, and L in Figure 3 stand for spherical,
cylindrical, and lamellar microdomain morphologies,
respectively, which were observed for the as-cast films
having corresponding ¢piock at room temperature.

2. Analyses of SAXS Profiles Based upon the
Paracrystal Model. In this section we analyze the SAXS
profiles from the lamellar microdomains based on a model
of one-dimensional paracrystal with uniaxial orientation
to determine the volume fraction of one of the micro-
domains, e.g., PI lamellae ¢p; and its change with addition
of HS. If one can determine both ¢p; and D, one can
estimate Dp; and Dpg, the thicknesses of the PI and PS
lamellae, respectively, since

¢p1 = Dp1/(Dpg + Dpy) = Dpi/D (Iv-1)

The evaluations of Dp; and Dpg are quite useful to
explore solubilization behavior and mechanism. The
principles and methods of paracrystal analyses have been
described in detail elsewhere® and need not be repeated
here. Similar paracrystal analyses can be done for the
cylindrical domains hexagonally packed in space.”
However, the paracrystal analyses of the cylindrical
domains will not be discussed here, since the estimations
of R and D are sufficient to explore the solubilization
behavior and mechanism for such cylinders, and R and D
can be estimated without employing paracrystal analyses.

We performed paracrystal analyses on all of the
specimens showing lamellar microdomains (see Tables 11,
III, and V). Here we show the results for HY-8/S17 (50/
50 wt % /wt %) as a typical example in Figures 4—6. Each
scattering profile shown by the data points in Figures 4-6
is an experimental profile obtained by irradiation with the
incident X-ray beam parallel to the film surfaces and by
scanning the scattered X-ray beam normal to the film
surfaces. The profile shown by the solid line in Figure 4
is the theoretical profile best fitted with the experimental
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Figure 4. Best-fit theoretical (solid line) and experimental SAXS
profile (profile shown by data points) for HY-8/S17 50/50 wt
% /wt % mixture. The best fit was obtained for D = 51.0 nm,
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Figure 5. Best-fit theoretical particle scattering function (solid
line) and experimental SAXS profile (profile shown by data
points) for HY-8/S17 50/50 wt % /wt % mixture. The best fit
was obtained for ¢p; = 0.265, op; = 1.0 nm, and ¢t = 2.5 nm.

profile. The best fit gives the following fundamental
parameters characterizing the paracrystal model: D = 51.0
nm, g = 0.08, ¢p; = 0.265, op; = 1.0 nm, and ¢ = 2.5 nm,
where D is the average interdomain distance, g is the
paracrystal distortion factor defined by

g=AD/D (IV-2)
AD being the standard deviation of the interdomain
distance, ¢p; is the volume fraction of the PI lamellae, op1
is the standard deviation of the thickness of the PI lamel-
lae, and ¢ is the interfacial thickness characterizing the
composition profile across the lamellar interface.56.1415 [t
should be noted that the volume fraction obtained by the
paracrystal analyses refers to that for either the PS or PI
domain, because of the reciprocity principle of scattering.
It was identified to be that of the PI lamellae by volu-
metric considerations.
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Figure 6. Comparison of theoretical scattering functions and
experimental SAXS profiles (profiles shown by data points) for
HY-8/817 50/50 wt % /wt % mixture. The theoretical profiles
for ¢pr = 0.250, 0.265, and 0.280 are compared with the given
experimental profile. Other parameters were fixed at D = 51.0
nm, g = 0.08, gp; = 1.0 nm, and ¢t = 2.5 nm.

A number of the fundamental parameters could be more
or less uniquely determined owing to the existence of a
number of higher order peaks up to the sixth order, with
the fourth-order peak being much suppressed, and owing
to the fact that each parameter affects the profile
differently: D affects the peak position, g affects the
number of higher order diffraction maxima, ¢p; affects
relative peak heights as will be demonstrated in Figure 6,
op1 damps the higher order maxima, in a manner similar
to the g factor but op is more sensitive to the higher order
peaks than g, and ¢ affects the ¢ dependence of the
scattering profile at larger scattering angles. As t increases,
the scattering profile at the large-angle tail tends to decay
more rapidly with ¢. Tables II and III show the values
of Dpg and Dp; determined from the estimated values of
¢p1 and D as a result of such paracrystal analyses.

The profile shown by the solid line in Figure 5 was
obtained by calculating the particle scattering {f1.2) for one
of the lamellar domains with Dp; = ¢p1D = 0.265 X 51.0
nm = 13.5 nm, op; = 1.0 nm, and ¢t = 2.5 nm. Here f12is
the structure factor for a single lamella given by

sz = Zz[sin2 (1rsz)/(1rsz)2] exp(—47r20232) (IV-3)

where z is the thickness of the lamella and ¢ is the
parameter related to ¢t by

t=(2m)Y% (IV-4)

(fL2) is the average structure factor of the isolated lamella
given by
b= [ PP dz/ [P dz  (V-5)

where P(z) is the distribution function for the particle
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Table IV
Comparisons between the Measured and Calculated Radii
of the PI Cylinders

comp, radius, nm
sample wt % /wt % Rp1saxs® Ryl
HY-8/802 50/50 9.5 9.8
HY-8/804 50/50 10.7 10.3
HY-8/S10 50/50 11.9 11.8

@ Radius of PI cylinder as determined by SAXS (eq I1I-4). ® Ra-
dius of PI cylinder as determined by volumetric considerations with
the assumption of a complete solubilization of HS into the PS matrix
(eq IV-7).

thickness 2

P(z) ~ exp[-(z - Dp)/20p"] (IV-6)

Comparison of the calculated particle scattering profile
and the experimental profile reveals that the broad peak
centered around s = 0.1 nm™! is due to the first-order
scattering peak from the isolated PI lamella, on top of
which are superimposed the fifth- and sixth-order Bragg
diffractions from the lamellar identity period D. Itis very
rare and unique that the higher order maxima from the
isolated lamella are observed for the regular assemblies
of such lamellae. This is the consequence of a combination
of a small g and a small op;.

Figure 6 highlights the effect of ¢p; on the calculated
scattering profiles for a fixed set of parameters: D = 51.0
nm, g = 0.08, op; = 1.0 nm, and ¢t = 2.5 nm. The relative
peak heights are clearly seen to change very sensitively with
opi. The best fit is obtained for ¢p; = 0.265.

3. Solubilization of Homopolymers in the Micro-
domain Space. We analyze here the amount of HS sol-
ubilized into the microdomain space. We assume here that
HS is selectively solubilized into PS domains but not in
PI domains.

From volumetric considerations, the radius of the PI
cylinder R (Rpivo) can be estimated from the intercylin-
der distance D, average volume fraction of HS solubi-
lized in the microdomain space ¢u, and volume fraction
of PI chain in SI block polymer f

Rpyyo = [8Y%(1 - ¢)f/27]1/%D IV-7)

This radius can be compared with the radius Rpjsaxs
directly determined by the SAXS profile using eq I1I-4 to
estimate ¢y from D determined by SAXS (eq III-3) and
f determined by the chemistry of the block polymer.
Similarly the thickness of the PS lamella Dpgy,i can be
calculated from volumetric considerations

Dpg o = D[1 - f(1~ ¢y)] (IV-8)

This value of Dpgyo can be compared with Dpggaxs as
determined by the paracrystal analyses in section IV.2.

Let us first assume that all of the homopolymers HS are
solubilized into the PS domain so that ¢y is equal to the
volume fraction as calculated from the composition of a
given mixture of SI/HS. Under this assumption Rpyya and
Dps vo1 Were calculated by using eqs IV-7 and IV-8 and
summarized, respectively, in Tables IV and V. Rpiyo and
Dpg vol are in good agreement with Rprsaxs and Dpgsaxs,
respectively. This indicates that all of the homopoly-
mers tend to be solubilized somewhere in the micro-
domain space under the solution-cast method employed
in this work. In the next section we further examine the
solubilization behavior of HS into the PS microdomains,
i.e., localized vs uniform solubilization.

4. Swelling of Microdomains by Homopolymers. In
the case of the uniform solubilization of HS, HS tends to
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Table V
Comparisons of Thickness of PS Lamella As Determined by
SAXS with That As Calculated by Volume

comp, Dps, nom
sample wt % /wt % Dpssaxs® Dps vat®
HY-8/802 80/20 17.3 16.9
HY-8/S04 80/20 18.0 17.6
HY-8/S10 80/20 18.5 18.1
HY-8/S17 80/20 18.8 18.4
HY-8/S17 50/50 315 37.5

¢ PS lamellar thickness as determined by the paracrystal analysis
(section IV.2). b PS lamellar thickness as determined by volumet-
ric considerations with the assumption of a complete solubilization
of HS into the PS lamellar microdomains (eq IV-8).

O HY-8/502
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® HY-8/S17
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0 05

qsb?ock

Figure 7. Average interdomain distance relative to that for pure
block polymer HY-8 (Do = 26.7 nm) D/ D, as a function of volume
fraction of block polymer ¢pocx for mixtures with various HS
having different molecular weights. L, C, and S beside the data
points designate lamellar, cylindrical, and spherical micro-
domain morphologies, respectively.

cause the PS domains to swell in the directions both
parallel and perpendicular to the interface, causing changes
in molecular conformations of both homopolymers and
block polymer chains and a change in the density of the
chemical junctions of the block chains pj along the interface
(Figure 12a,b). On the other hand, in the case of the
localized solubilization of HS in the middle of the PS mi-
crodomains, the conformations of PI block chains and the
interfacial density of the chemical junctions of the block
chains do not necessarily change with the solubilization
(Figure 12a,d).!” In this section, we analyze such solubi-
lization behavior of HS in the PS domains. Uniform sol-
ubilization implies a high degree of miscibility between
HS and PS chains, giving rise to a more or less uniform
spatial segmental density profile of HS (Figure 12b). On
the other hand, localized solubilization implies a low degree
of miscibility between HS and PS chains, giving rise to a
nonuniform spatial segmental density profile of HS (Figure
12d).

Figure 7 shows the ratio of the interdomain distances
D/ Dy as a function of volume fraction ¢peck of the block
polymer SI in the mixtures with HS having different
molecular weights where Dy is the interdomain distance
of pure block polymer HY-8 (Dy = 26.7 nm). The symbols
S, C, and L in the figure designate, respectively, the
spherical, cylindrical, and lamellar morphologies. D
increases with increasing ¢y = 1 — ¢dnioc for HS with a given
molecular weight, clearly indicating the solubilization effect.
For a given ¢y, D increases with increasing molecular
weight of HS, implying that the solubilization behavior
depends on molecular weight of HS for a given block
polymer.
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Figure 8. Average nearest-neighbor distance of chemical junction
points along the interfaces of the microdomains relative to that
for pure block polymer HY-8 (aj = 2.00 nm) a;/ay plotted against
the volume fraction of the block polymer ¢y for HY-8/HS
blends.

Simple volumetric considerations give

D/D,= (PJ/ pJO)d’block_l (IV-9)
for lamellar microdomains,
D/Dq = (p;/ 0302/ 3D mf by 1M*  (IV-10)

for hexagonally packed cylindrical microdomains, and

D/Dqy = (p3/ 030 [(2T(8YD) /8)f Yy 12 (IV-11)

for spherical microdomains in a body-centered cubic lattice,
where py is py for pure block polymer and p; is the number
of block chains per unit interfacial area. Since f and @uiock
are known, (pj/pgo) = (ajo/a;)? can be estimated from D /Dy,
where ajo and a; are the average nearest-neighbor distance
between the chemical junctions along the interface before
and after addition of the homopolymer.

Figure 8 shows the change of a;/ajo with ¢pieck = 1 — ¢
for HS having various molecular weights. For a given
molecular weight of HS, a;/ajo tends to expand with
increasing ¢y and hence decreasing ¢plock. This implies
that HS tends to cause the PS domains to swell laterally,
i.e., in a direction parallel to the interface. For a given
oH, aj/ajo decreases and hence the degree of the lateral
swelling decreases with increasing molecular weight of HS.
The lower the degree of lateral swelling, the higher the
value p;/pjo and hence the larger the expansion of the in-
terdomain distance D/Dy (eqs IV-9 to IV-11). The
tendency can be clearly seen in Figure 9 for ¢pieex = 0.5
and in Figure 10 for ¢pjock = 0.8. It should be noted that
Rpj increases with increasing p;/p50

Rpi/Rpry = p5/pP50 (IV-12)

where Rp1o and pjo are Rp and p; for the SI/HS mixture
with the lowest molecular weight HS.

Figure 9 shows the change of the cylindrical micro-
domain with increasing molecular weight of HS, M, homo,
for ¢plock = 0.5. D and Rpp are the intercylinder distance
and the radius of the PI cylinder as determined by SAXS.
As M homo increases, aj/aj decreases and hence pj/pJ0
increases, giving rise to an increase of D (eq IV-10). The
increase of D also causes an increase of Rp; (eq IV-12) so
that Rpy/D is kept constant (0.27-0.28) (see eq IV-7). Figure
10 shows the change of the lamellar microdomain with
M. homo fOF Pplock = 0.8 where Dprp and Dpg g are the lamel-
lar thicknesses for the PI and PS lamellae for pure SI block
polymer. The dash—dot line in Figure 10 shows the value
of Dprg, and Dpg and Dpj are the values determined by the
paracrystal analyses of the SAXS profiles. It should be
noted that the solubilization of HS into PS domains causes
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Figure 9. Average interdomain distance D and average radius
of PI cylinders Rp; plotted against the number-average molecular
weight of HS (M, homo) for the 50/50 wt % /wt % mixtures of
HY-8/HS having cylindrical microdomain morphologies. D and
Rp; are determined from the SAXS profiles (eqs III-3 and III-
4).
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Figure 10. Average interdomain distance D, thickness of PS
lamella Dpg, and thickness of PI lamella Dp; plotted against the
number-average molecular weight of HS (M, homo) for the 80/
20 wt % /wt % mixtures of HY-8/HS having lamellar micro-
domain morphologies. D was determined from SAXS profiles
using eq III-1, and Dps and Dp; were determined from the
paracrystal analyses of the SAXS profiles.

a decrease of Dp;. This is interpreted as follows. The sol-
ubilization causes a decrease of p;/pjo as a consequence
of the swelling so that it affects chain conformations and
packing in PI lamellae. In order to maintain bulk density,
PI chains tend to be less stretched normal to the interface,
which, in turn, causes a decrease of Dp; with solubiliza-
tion. It is worth noting that our preliminary studies on
small-angle neutron scattering!® imply that the uniform
solubilization of HS causes further stretching of PS block
chains perpendicular to the interface and that the
uniformly solubilized HS also has a conformation stretched
and squeezed in the directions perpendicular and parallel
to the interface, respectively.

As M homo increases, the solubilization becomes less
uniform, and hence the decrease of p;/pJo becomes small.
This effect, in turn, causes Dp; to increase with increasing
M homo toward the value Dpig. Figure 11 summarizes the
molecular weight dependence of HS on the solubiliza-
tion as appearing on the molecular weight dependence of
D/Dy (a) and aj/ag (b) where the symbols C and L stand
for the cylindrical and lamellar microdomains, respectively.

5. Further Comments. Koberstein and co-workers23
reported some interesting preliminary results on the
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Figure 11. Average interdomain distance relative to that for pure
block polymer HY-8 (Do = 26.7 nm) (D/D,) (a) and average
distance between the nearest-neighbor chemical junction points
along the interfaces of the microdomains relative to that for pure
block polymer HY-8 (aj = 2.00 nm) (a;/ays) (b) plotted against
the number-average molecular weight of HS (M, nomo) for the 50/
5(/) lgltéiangles) and 80/20 (circles) wt % /wt % mixtures of HY-
8 .

solubilization? of hydrogenated polybutadiene (hPB) into
the matrix of poly(styrene-b-hydrogenated butadiene-b-
styrene) (S-hB-S) triblock polymers as a function of
molecular weight of hPB and on the spatial distribution
of the solubilized hPB in the microdomain space of the
hPB block chains.3 They found a trend of increasing D/Dq
with increasing molecular weight of hPB in the lower
molecular weight regime of hPB.2 This trend is consistent
with our results, as clearly shown in Figures 9-11.
However, we could not confirm at all the puzzling result
on D/Dy < 1 that they reported for the lowest molecular
weight hPB. Our results show that the swelling of one of
the microdomains (e.g., PS) by homopolymers (e.g., HS)
always gives D > Dy, though Dp; < Dp1g and Dps > Dpg,p.

- They also reported a trend of the solubilized hPB hom-

polymers being localized in the center of the micro-
domain space of the hPB block chains by simultaneous
SAXS and small-angle neutron scattering measurements
on the same specimens. This trend is consistent with our
finding on the localized solubilization of HS into the PS
microdomain system. The amount of homopolymers sol-
ubilized in the corresponding microdomain space and ¢nomos
the spatial distribution of the homopolymers in the sol-
ubilized domains, depend on the molecular architecture,
e.g., triblock vs diblock polymers, and the segregation power
xNg and/or xNy, where x is the Flory interaction
parameter per monomer unit between dissimilar polymers,
and Np and Ny are the polymerization indices for the block
polymer and homopolymer, respectively.

V. Conclusions

All of the homopolystyrenes (HS) studied were found
to be solubilized into the PS microdomains under the
solution-cast method employed in this work. The
molecular weight of HS, M}, homo, covered in this work is
about equal to or less than that of the polystyrene block
chains. Figure 12 schematically summarizes the solubi-
lization behavior of HS into the PS microdomains, where
part a shows the lamellar microdomain of pure SI block
polymer and parts b—d show the effects of solubilization
of HS on the microdomains and the spatial segmental
density profile of HS, ¢nomo- The effect of molecular weight
of HS, M}, homos ON ¢homo i somewhat exaggerated in order
to schematically highlight its effect.
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Figure 12. Schematic representations of the spatial segmental
distributions of the block polymer and homopolystyrene chains
in a microdomain space for different states of solubilization and
corresponding spatial segmental density profile of HS (éhomo)
across the PS microdomain space: (a) pure block polymer; (b)
uniform solubilization of HS in the PS microdomain; (c)
intermediate state between b and d; (d) localized solubilization
of HS in the center of the PS microdomain. The molecular weight
of HS (M, pomo) increases in the order of b, ¢, and d. The solu-
bilization generally involves changes of agy, Dpso, Dp1o, and Dy
into ay, Dps, Dy, and D, where a3 > ayo, Dps > Dpsy, Dp1 < Dery,
and D > D and also changes in morphology.

The homopolymer HS generally causes the PS domains
to swell both laterally and longitudinally, causing an
expansion of average distance between chemical junctions
from ayq to ay, a change in domain sizes from Dy to D, Dpgy
to Dps, and Dpyg to Dp, and a change in the domain
morphology. The lower the value of My homo, the more
uniform is ¢nome and the greater is the expression of aj,
which, in turn, causes increasing reduction of Dpy and less
increase of D = Dp; + Dps. Upon solubilization of HS, the
thickness of the PI lamella decreases from Dpjg to Dp; to
maintain the bulk density. Further increase of ¢y causes
further reduction of Dpy, which causes a greater degree of
compression on the molecular conformation of the PI block
chains and hence an increasing penalty on the conforma-
tional free energy of the PI block chains. This penalty on
the conformational free energy is the driving force for the
morphological transition from lamellar to cylindrical mi-
crodomains with increasing ¢y. The packing of PI block
chains inside the curved interfaces in the cylindrical mi-
crodomains gives less penalty on the conformational free
energy compared with the packing with the flat interfaces
in the lamellar microdomains. The cylindrical domains
with the curved interface cause a cost of free energy to bend
the interface. If this cost of the bending free energy is
outweighed by the gain of the conformational free energy,
the morphological transition occurs from the lamella to
the cylinder, as found in our experiments (Figure 2). The
uniform solubilization of HS causes further stretching of
PS block chains normal to the interface, and the uniformly
solubilized HS also has a conformation stretched and
squeezed in the directions, perpendicular and parallel to
the interface, respectively.l® This occurs because the
uniformly solubilized HS chains are in the same field as
that exerted by the block polymer chains.

Within the range of the large Mphomo covered in this
work, the solubilization of HS is localized as exaggerated
in the schematic diagram shown in Figure 12d. Here HS
causes no lateral swelling of PS domains so that a; is nearly
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equal to ayo and the PI domains are not affected by the
solubilization, i.e., Dp; = Dpro, and the lamellar morphology
is conserved (see the results for HY-8 and HY-8/517 in
Table ITI). HS causes only the longitudinal swelling of PS
domains and an increase of Dpg from Dpgg. Thus for a
given ¢y, D in this range is expected to be much larger
than that in the range of the uniform solubilization as is
experimentally observed in Figure 7. For ¢y = 1 ~ dblock
= (.5 the solubilization behavior changes from uniform to
localized solubilization, with increasing My, home, a8 shown
schematically in Figure 12b—d, which would then cause the
change of morphology from cylindrical to lamellar micro-
domains, as observed in Figure 2. It is conceivable that
the locally solubilized HS as in Figure 12d has a con-
formation quite different from that for the uniformly sol-
ubilized HS; viz., the conformation is squeezed in the
direction normal to the interface, as sketched in Figure
12d.

The change of the solubilization behavior is a con-
sequence of the effect of Mpnomo On miscibility between
HS homopolymers and PS block chains. Since the PS
block chains are confined chains with one end fixed at the
interfaces and with their segments restricted in the PS
domain space, the mixing of these confined PS chains with
HS involves a significant loss of the conformational
entropy in both the free chains (HS) and the confined
chains (PS). Obviously the loss of the conformational
entropy increases with increasing My nomo. Hence the larger
the value of My, homo, the less miscible are HS and PS, and
hence HS chains tend to be localized or segregated in the
middle of the PS domains or segregated out from the mi-
crodomain system to form a macroscopic phase. This
system offers a good and clear-cut example that the
confined chains are less miscible with corresponding free
chains.
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