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ABSTRACT: This paper describes morphological development in solvent-cast polystyrene (PS)—poly-
butadiene (PB)—polystyrene (SBS) triblock copolymer thin films (30 wt % PS) as a function of solvent
evaporation rate and post-evaporation annealing. Films were cast onto NaCl substrates to a thickness
of order 100 nm. Plan-view and cross-sectional measurements by transmission electron microscopy show
that the equilibrium morphology of in-plane cylinders is generated when films are given relatively long
exposure to high solvent concentration or to elevated temperature. Alternate and metastable morphologies
are generated under Kinetically constrained conditions. Fast evaporation (~200 nL/s) produces a
microphase-separated microstructure with no long-range order. Intermediate evaporation (~5 nL/s)
generates hexagonally packed (vertical) PS cylinders in a PB matrix with the cylinder axis perpendicular
to the film plane. Slow evaporation (~1.5 nL/s) leads to a duplex microstructure of PS cylinders with
domains of either vertical or in-plane cylinders. Post-evaporation annealing of films supported by a Cu
TEM grid (18 h, 140 °C) converts the duplex morphology into one with only in-plane PS cylinders. Very
slow solvent evaporation (~0.2 nL/s) produces a fully in-plane cylinder microstructure. A distortion of
the hexagonal PS array in the as-cast in-plane structure suggests that the as-cast block copolymer is
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affected by anisotropic deswelling during the final stages of solvent evaporation.

Introduction

Block copolymers present a rich variety of microphase-
separated morphologies depending on the polymer spe-
cies involved, the molecular weight, the average com-
position, and the thermotropic/lyotropic processing
characteristics. Block copolymers have been the subject
of a number of reviews describing both theory and
experiment.1=3 A characteristic feature of block copoly-
mer systems is the repulsion between unlike blocks,
which leads to microphase separation at mesoscopic
length scales. In perhaps the most commonly studied
copolymer system, namely polystyrene—polydiene di-
blocks, the various equilibrium morphologies as a func-
tion of composition are fairly well established.*=°® Minor-
component compositions ranging from 0 to 20 wt % lead
to spheres of the minor phase ordered on a cubic lattice
in a continuous major-phase matrix. Minor-component
compositions ranging from about 20 to 35 wt % produce
minor-phase cylinders (rods) arranged on a hexagonal
lattice in a continuous major-phase matrix. Minor-
component compositions greater than 35 wt % lead to a
morphology of alternating lamellae. In polystyrene
(PS)—polyisoprene (PI) diblock copolymers, an ordered
bicontinuous double-diamond morphology has been
observed in specimens with Pl composition of ap-
proximately 33 wt %,1%11 and a gyroid morphology has
been observed for a P1-37%PS diblock.12

Much of the research examining equilibrium block-
copolymer morphologies has employed long annealing
times under vacuum using relatively large specimens
with characteristic dimensions ranging from tens of
micrometers to several millimeters. These conditions
minimize surface-thermodynamic effects, remove vola-
tile solvents, and maximize the probability of a given
specimen achieving its thermodynamic equilibrium
morphology. Increasingly, research has concentrated on
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the evolution of microstructure and transformations
between various phases in response to temperature,
solvent, or shear.13~17 Because of their use as compati-
bilizers!81® and adhesives?® as well as their potential
use as templates in lithographic applications,?'=24 there
is a growing literature addressing both surface and
kinetic effects on microphase separation where signifi-
cant departures from the bulk equilibrium morphologies
can be observed.

Kinetic and surface effects in thin-film copolymer
specimens can constrain the bulk morphology away from
the surface itself. In particular, the relative orientation
of a microphase-separated morphology with respect to
a surface can be changed as a function of specimen
thickness, solvent evaporation rate, and annealing
conditions, among other possible variables. This issue
is of little concern to bulk equilibrium studies where the
average properties of thick specimens can be studied
by small-angle scattering methods or by thin sectioning
from random locations in the bulk. However, the
relative morphological orientation is of substantial
significance in templating and diffusion-barrier applica-
tions. For example, Henkee et al.?5> used TEM to study
the morphology of thin-film PS—PB copolymer droplets
as a function of composition and showed that, depending
on their composition and thickness, films can be ter-
raced in order to maintain periodicity of the minor-phase
spheres, cylinders, or lamellae. In a similar set of
polymers, Mansky et al.2122 cast thin films of PS/PB
diblocks to generate microphase-separated morphologies
where the minor component aligns itself perpendicular
to the film plane. Radzilowski et al.?6 used cross-
sectional TEM to study the thickness effects on the
morphology of post-cast annealed PS—PB diblock co-
polymer thin films and found that the thicker regions
of a PB major copolymer film show a PS in-plane
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cylinder morphology. However, the minimum thickness
region (25—27 nm) has a different morphology consist-
ing of a PS interlayer penetrated by a hexagonal array
of circular PB channels that connect upper and lower
PB surface layers.

This paper explores kinetic effects associated with
microphase separation in thin (~100 nm) solvent-cast
(toluene) films of 30 wt % PS PS—PB—PS (SBS) triblock
copolymer. The effects of solvent evaporation rate, with
evaporation times ranging from minutes to days, and
post-evaporation annealing are examined. The mor-
phology observed under conditions of slow solvent
evaporation plus post-evaporation annealing consists of
PS cylinders arranged in a hexagonal array with the
cylinder axis aligned in the plane of the thin film. This
would be expected as the “equilibrium” structure.’?7
Films synthesized under constrained kinetic conditions
lead to a logical progression of metastable microstruc-
tures which vary from (i) a disordered microphase-
separated morphology at the fastest solvent evaporation
rate to (ii) a vertical-cylinder morphology at intermedi-
ate rates, (iii) a duplex vertical/in-plane cylinder mor-
phology at slower rates, and finally (iv) a fully in-plane
cylinder morphology at the slowest evaporation rates.
Post-evaporation annealing can either coarsen an as-
cast microstructure or transform it to a more stable one.
TEM examination of cross-sectional specimens confirms
that films formed under Kinetically constrained condi-
tions can have metastable bulk morphologies.

Experimental Procedure

Thin-film specimens of SBS triblock copolymer were pre-
pared by solution casting from toluene. SBS was purchased
from Scientific Polymer Products, Inc. Characterization by gel
permeation chromatography (GPC) and proton NMR deter-
mined that this polymer was 30 wt % polystyrene with M,, =
112 000 and contained small amounts (<5%) PS/PB diblock
and PS homopolymer. On the basis of the GPC data, the
polydispersity was estimated to be 1.02. The polymer was
dissolved in toluene to produce a 0.1 wt % solution. Then ~50
uL of solution was deposited on a water-polished NaCl single-
crystal substrate, with lateral dimensions of about 1 cm by 1
cm, contained in a small evaporation dish. The solvent
evaporation rate could be controlled by adding toluene drops
to the dish around, but not on, the substrate and by covering
or partially covering the dish. The evaporation rate was
estimated using the ratio of the total initial volume of solution
to the time to form a viable film as determined by visual
inspection. Four qualitatively different solvent evaporation
rates were studied. The fastest evaporation rate corresponded
to unrestricted evaporation of the solvent into air over a period
of approximately 4 min producing a rate of ~200 nL/s. An
intermediate evaporation rate was generated by covering the
dish, leaving only a small hole for solvent vapor to escape.
Under these conditions, the casting process occurred over
approximately 3 h corresponding to a rate of ~5 nL/s. A slow
evaporation rate (~1.5 nL/s) was generated by completely
covering the dish. Under these conditions, solvent could only
escape through the small gap between the dish and its cover,
and evaporation was complete after approximately 10 h.
Finally, a very slow evaporation condition was achieved by
sealing the dish and its cover using a textile gasket. Evapora-
tion was complete after approximately 3 days, generating a
~0.2 nL/s evaporation rate.

After solvent evaporation, each thin film was cut into small
squares on its salt substrate using a razor blade. These were
floated from the substrate in water, and each square was
collected on a copper TEM grid. Some specimens were
subjected to a post-cast annealing treatment at 140 °C, higher
than T4 (~100 °C) of polystyrene, for 18 h under a vacuum of
107% Torr after being mounted on a Cu TEM grid. Early
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annealing experiments were done under a vacuum of 1072 Torr
with little obvious difference in the resulting microstructure.
Typical specimens contained many grid squares (~10—20) of
electron-transparent film with a thickness of approximately
100 nm. Within a given specimen, some thickness variations
were observed with a minority fraction of grid squares
containing film too thick for useful 300 keV electron transmis-
sion.

Each film was stained by exposure for 20 min to OsO, vapor
from OsQO, crystal warmed to 50 °C. OsO, reacts preferentially
with the unsaturated carbon double bond in the polybutadiene
block. Its higher Coulombic potential produces more high-
angle electron scattering, so the stained polybutadiene phase
appears dark in a bright-field TEM image. In all micrographs
presented here, the PB phase appears dark and the PS phase
appears light.

Cross-sectional TEM specimens of various SBS films were
prepared by a sequence of steps. After observing a film's
morphology in plan view, a thin carbon layer was evaporated
on both sides of the stained film on its TEM grid. The
specimen was then embedded in epoxy and subsequently cured
at room temperature. Cross-sectional specimens were cut
using a Reichert-Jung cryo-ultramicrotome with the specimen
at —110 °C. This temperature is below the T, of PB (~ —90
°C). Microtomed sections were collected either on Cu TEM
grids or on holey carbon TEM grids.

Transmission electron microscopy was done on a Philips
CM30 Super Twin TEM and a Philips CM20 FEG TEM/STEM.
The CM30 is a 300 keV instrument with a thermionic LaBg
electron source and tilt limited to +£12°. The CM20 is a 200
keV instrument with a Schottky field emission electron source
and tilting capabilities of £60°. Quantitative image analysis
was done on (i) digital images scanned from negatives and
prints or (ii) digital images collected directly from the CM20
microscope using a Gatan multiscan camera system. The
analysis procedure used the Gatan digital micrograph soft-
ware. The reciprocal-space length scale associated with Fou-
rier transformed images was calibrated using digital high-
resolution images of single-crystal silicon.

Results

The effect of solvent evaporation rate on the diene-
rich SBS thin film morphology is described by Figure
1. The insets show Fourier transforms from represen-
tative portions of each image. Fast-evaporation condi-
tions (~200 nL/s) generate a highly disordered micro-
structure (Figure 1a) with evidence of microphase
separation but with no long-range order. The interme-
diate evaporation rate (~5 nL/s) produces a highly
ordered microphase-separated morphology (Figure 1b)
consisting of polystyrene cylinders arranged in a hex-
agonal array within a continuous polybutadiene matrix.
The axis of each cylinder is perpendicular to the plane
of the polymer thin film. This morphology will be
referred to as the vertical-cylinder structure. The slow
evaporation rate (~1.5 nL/s) generates a duplex mor-
phology containing PS cylinders in a PB matrix (Figure
1c) where there are regions extending laterally over
many tens of microns with the vertical-cylinder mor-
phology as well as regions with an in-plane PS cylinder
morphology where the axes of the PS cylinders lie in
the film plane. The very slow solvent evaporation
condition (~0.2 nL/s) produces a morphology made up
entirely of in-plane PS cylinders (Figure 1d).

The effect of post-evaporation annealing is illustrated
by Figure 2. Annealing the disordered microphase-
separated structure resulting from fast evaporation
(Figure 1a) coarsens that structure. While one can find
local regions that suggest an incipient ordering, anneal-
ing does not convert the overall morphology into one
with a dramatically different or more symmetric mor-
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Figure 1. Plan-view bright-field TEM images of the as-cast
0sO4-stained SBS thin films with inset Fourier transforms:
(a) fast (~200 nL/s); (b) intermediate (~5 nL/s); (c) slow (~1.5
nL/s); (d) very slow (~0.2 nL/s).
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Figure 2. Plan-view bright-field TEM images of the as-cast
0sO4-stained SBS thin films subjected to post-evaporation
annealing for 18 h. at 140 °C with inset Fourier transforms:
(a) fast (~200 nL/s); (b) intermediate (~5 nL/s); (c) slow (~1.5
nL/s); (d) very slow (~0.2 nL/s).

phology (Figure 2a). Annealing the hexagonally arrayed
vertical-cylinder morphology (Figure 1b) generated by
the intermediate evaporation conditions partially con-
verts the vertical-cylinder morphology to include modi-
fied regions (labeled “M”) having features of light
contrast elongated in the film plane (Figure 2b). The
overall morphology remains predominantly one of hex-
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Figure 3. Bright-field TEM images of cross sections from
0s0,-stained films having the (a) vertical cylinder (intermedi-
ate rate) and (b) in-plane cylinder (very slow rate) morpholo-
gies.

agonally packed PS cylinders in a continuous PB matrix.
Post-evaporation annealing of the duplex morphology
characteristic of the slow evaporation conditions (Figure
1c) converts this morphology into a fully in-plane one
(Figure 2c). Finally, annealing of films cast under very
slow evaporation conditions (Figure 1d) slightly coarsens
the in-plane cylinder morphology and reduces the
overall contrast in the TEM images.

Cross-sectional views provide further confirmation of
the morphological nature of these thin films. Figure 3a
shows a cross-sectional image from a specimen cast
under the intermediate evaporation rate condition
(Figure 1b). The film thickness is approximately 110
nm. This image clearly shows that the polystyrene
cylinders are aligned approximately perpendicular to
the plane of the film. In contrast, Figure 3b shows a
cross sectional view of a film cast under the very slow
evaporation-rate condition (Figure 1d). The film thick-
ness is about 100 nm. This image shows polystyrene
cylinders aligned end-on, confirming that the cylinders
lie in the plane of the film.

Two types of microstructural anisotropies have been
observed in the as-cast films. The first is an artifact.
It is manifested by the Fourier transforms of plan-view
images of as-cast films (Figure 1 insets). For example,
the Fourier transform characteristic of the disordered
microphase-separated microstructure (Figure la) is
slightly elliptical. Similarly, the hexagonal pattern in
the transform from the vertical-cylinder morphology
(Figure 1b) shows interplanar angles slightly distorted
from 60°. Such distortions have been observed to
varying degrees in a number of as-cast films and are
often small or negligible. These distortions are absent
in the annealed films (Figure 2 insets). This category
of distortion is attributed to anisotropic in-plane stretch-



2572 Kim and Libera

[1120]
(a) [01 70

[2110]

d[21 10] = 37.4 nm
d[0110] = 66.1 nm
d[1120] =38.0 nm
o =60.5°
B =29.5°

20nm_

[1120]
[01 10]
[2110]

dr21 101 = 40.4 nm
d[01 10] = 32.7 nm
d[1120]=26.0 nm
50 nm o =39°
B =510

Figure 4. (a) Plan-view image of an as-cast film with the
vertical-cylinder morphology and a schematic indicating a well-
ordered hexagonal lattice. (b) Cross-sectional image of a
relatively thick as-cast film (~300 nm) with the in-plane
cylinder morphology and a schematic indicating a distorted
hexagonal lattice.

ing of the film during specimen preparation. The as-
cast films are floated from salt substrates onto water
and collected on the Cu TEM support grid. This
collection procedure and the subsequent drying could
introduce such an in-plane anisotropy. The annealing
process is applied to films already supported on a grid.
The annealing is apparently sufficient for relaxation of
small in-plane strains such that the in-plane distortion
disappears and no new distortions are introduced.
The second microstructural anisotropy occurs per-
pendicular to the film plane and, as will be discussed
later, is attributed to anisotropic deswelling of the PB
matrix during the final stages of solvent evaporation.
lllustrative data are shown in Figure 4. Figure 4a
shows a plan-view image of an as-cast film with the
vertical-cylinder morphology. The PS cylinders are
arranged on a well-ordered hexagonal lattice. The
schematic shows that the intercylinder spacing, dV, is
37.4 nm and the characteristic angles (e.g., o) are
essentially 60°. In contrast, Figure 4b shows a cross-
sectional image of a relatively thick (~300 nm) as-cast
film with the in-plane cylinder morphology. In this
image, the intercylinder spacing varies with orienta-
tion: d',170 % d'o110 # d' 120 The characteristic
angles are not aII[ the same, and o! = 39° which is
substantially smaller than the equilibrium 60° angle.
This distortion has been observed repeatedly in a variety
of both thick and thin as-cast in-plane cylinder films.
The response of the interdomain spacing to post-cast
annealing is addressed by the characteristic spacing
derived from Fourier transformed image data. Table 1
summarizes interdomain spacings typical of the as-cast
and annealed morphologies generated from the various
solvent-evaporation rates. Differences between the
spacings associated with the four solvent-evaporation
rates need further clarification because of the effects of
morphology, cylinder orientation, and anisotropic deswell-
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Figure 5. Plan-view bright-field images of 240 nm x 240 nm
areas from films prepared under the intermediate evaporation
rate in the (a) as-cast and (b) post-cast annealed states with
Fourier transforms.

Table 1. Interdomain Spacing from Fourier Transforms
Derived from Images Characterizing the As-Cast and
Post-Cast Annealed Structures (Figures 1 and 2,
Respectively)

fast intermed very

evap evap slow

(200nL/s) (~5nlss) Slow(15nLS) (g2 niss)

d (nm) dv[z,i,i,t)] dv[z,i,i,o] dl[z,i,i,o] dl[z,i,i,o]

as-cast 36.7 36.9 39.7 41.5 44.5
annealed 43.2 40.8 52.4 52.7

ing. These will be discussed later. However, for a given
solvent-evaporation rate, in all cases the interdomain
spacing increases in response to post-cast annealing.
The combined changes in the interdomain spacing,
d, and the PS cylinder radius, r, due to annealing can
be studied for the particular case of the vertical-cylinder
morphology. This morphology lends itself well to an
experimental determination of the area fraction of each
phase. Figure 5 shows a 240 nm x 240 nm area from
films prepared under the intermediate evaporation rate
in the (i) as-cast and (ii) post-cast annealed states.
Figure 5a, from the as-cast state, comes from a sample
which everywhere has the vertical-cylinder morphology.
Figure 5b, from the annealed state, comes from a portion
of sample which displays only a vertical-cylinder mor-
phology and avoids portions with the modified morphol-
ogy (“M” in Figure 2b). The area fraction of each phase
was established by thresholding the digital image, so
pixels with an intensity below the mean value were
converted to pure white (intensity = 0) and pixels with
an intensity above that value were converted to pure
black (intensity = 255 on an 8-bit gray scale). Histo-
grams of contrast characterizing these images are
clearly bimodal. Identifying an appropriate threshold
criterion is not difficult, and the resulting area fractions
are relatively insensitive to variations in the thresh-
olding criterion. The average pixel intensity from the
resulting two-tone image can be directly converted into
a measure of the area fraction of each phase.?® The
intercylinder spacing can be determined from Fourier
transforms of the image data. The cylinder radius can
be measured directly from the real-space images or
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Table 2. Effects of Annealing on the Vertical-Cylinder

Morphology
intercylinder spacing  cylinder radius PB area
specimen d (nm) r (nm) fraction
as-cast 35.6 10.5 0.317
annealed 39.3 11.6 0.314

computed from the relation r? = A¢d?/0.866 knowing
the area fraction A of the PS phase and d. Analysis of
Figure 5 is summarized by Table 2. Annealing in-
creases both r and d while maintaining As approxi-
mately constant.

Discussion

(i) Equilibrium Bulk Morphology. There is al-
ready experimental evidence in the literature using bulk
specimens and long annealing times that the equilib-
rium morphology of SBS triblock copolymer with a
composition of 30 wt % PS consists of PS cylinders in a
PB matrix.?° This result is also predicted theoreti-
cally.2” Under the least-constrained conditions studied
in this research, namely the very slow evaporation rate
(~0.2 nL/s) coupled with post-evaporation annealing, a
microstructure of PS cylinders is generated in films
approximately 100 nm thick. Given even more time and
temperature for continued diffusional rearrangement,
the film would presumably thicken in response to
surface-energy effects.

The in-plane cylinder morphology can be distin-
guished from a vertical-lamellar morphology in two
ways. The first is the direct approach of simply study-
ing these films in cross section. Figure 3b shows a cross-
sectional TEM image of one such film where there is
an array of disks with light contrast in a continuous
matrix of dark contrast. These disks correspond to PS
cylinders viewed end-on lying in the plane of the film.
A vertical-lamellar microstructure would have bands of
light contrast running through the thickness of the film
depending on the viewing direction.

A second and somewhat more elegant approach to
understand the contrast observed in plan-view images
uses simulations assuming different microstructural
models. TEM images of films produced, for example,
under very slow evaporation conditions (Figure 1d) show
a highly reproducible pattern of contrast alternating
periodically between light, dark, and gray as one follows
a [2,1,1,0] direction. Figure 6a shows a high-magnifi-
cation view of one-such area where the lines of contrast
are all parallel. Figure 6b shows a horizontal intensity
profile of this image taken from the rectangular box in
Figure 6a. The profile is averaged over many pixels
vertically to improve the signal-to-noise ratio. There
are three important features in this profile: (i) there
are two maxima, one more intense the other; (ii) the
curves in the vicinity of the maxima are everywhere
concave downward; (iii) the maxima are separated by
regions of uniform low contrast. These characteristics
are observed in simulated images of an in-plane mor-
phology observed in plan view. Figure 7a illustrates
schematically the model specimen assumed for simula-
tion. It consists of rows of PS cylinders lying in the film
plane with PB surface layers. The number of rows, the
cylinder radius, and the spacing between cylinders can
be easily varied. A kinematic electron-scattering ap-
proximation based on mass-thickness differences is used
where OsO;-stained PB is assumed to scatter strongly
and unstained PS weakly. Figure 7b shows a plan-view
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Figure 6. (a) Plan-view bright-field TEM image of an OsO,-
stained film produced by very slow solvent evaporation show-
ing parallel contrast variations characteristic of the in-plane
cylinder morphology. (b) Profile of intensity as a function of
lateral position averaged vertically over the rectangular box
indicated in part a.

image derived from a specimen with the cross-sectional
structure of Figure 7a (7 PS rows; PS cylinder radius =
10 nm; PS cylinder spacing = 35 nm). Parallel lines of
alternating light, dark, and gray contrast are observed.
The line profile of Figure 7c shows the same features
as the experimental image (Figure 6). Varying the
parameters in the calculation does not change the
general characteristics of this line profile. Quantitative
agreement between the simulated and experimental
images would demand better definition of the number
of PS rows in the experimental film and a more accurate
model for the differential electron scattering.

(ii) Metastable Bulk Morphologies. The various
microphase-separated morphologies observed are a clear
function of the time the various films are exposed to
elevated solvent concentrations or to elevated temper-
atures. Elevated solvent concentration and tempera-
ture both increase the diffusivities of the polymer
components in this thin-film system. Given enough
time under conditions of relatively high diffusivity, the
films will adopt their thermodynamically stable state.
Less time effectively freezes in some metastable micro-
structure.

Parts a—d of Figure 1 show a clear progression in the
resultant morphology as a function of solvent evapora-
tion rate. The fastest evaporation rate (Figure 1a)
generates a solid polymer film over a time scale of just
a few minutes. While no long-range order is present,
microdomains with light and dark contrast are clearly
evident, indicating that this polymer has had time to
locally phase separate into PB-rich and PS-rich micro-
domains. Insufficient time under conditions of high
polymer mobility is available to further transform the
chaotic structure into one with long-range translational
order. A similar phenomenon was observed by Harkless
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Figure 7. Kinematic scattering model from a specimen with
in-plane PS cylinder morphology illustrated in cross section
by part a predicting a plan-view image shown in part b, which
leads to a lateral intensity profile shown in part c.

et al.14 using time-dependent X-ray scattering to moni-
tor the development of microstructure in the PS—PB
diblock after quenching from a temperature above the
ordering temperature. Their scattering data indicate
that microphase-separated domains form with no long
range order and subsequently transform, by some form
of domain nucleation and growth process, into a fully
ordered structure which in their work consists of PS
spheres on a body-centered cubic lattice. Small-angle
scattering data from Hashimoto et al.3° also indicate
that there is a lattice disordering regime near the
order—disorder transition. They showed that a struc-
ture of PS spheres ordered on a BCC lattice loses long-
range translational symmetry as temperature is in-
creased beyond some critical value.

Increasing the exposure to solvent via a slower
evaporation rate (parts b—d of Figure 1) results in well-
ordered microphase-separated structures with either a
vertical-cylinder or in-plane cylinder morphology. On
the basis of surface-energy considerations, one can argue
that the in-plane morphology is more thermodynami-
cally stable than the vertical morphology. A more
sophisticated model would consider variations in volume
free energy which would include morphology-dependent
chain-stretching contributions.3%:32 These are ignored
in the present treatment. Assuming in-plane and
vertical morphologies with identical PS/PB volume
fractions and identical pure PB surface layers, the total
surface energy per unit volume of specimen for the
vertical morphology, Gy, is
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G, = [27rtN,, + 272r°N JVpgps T 2AYppg/air

and the total surface energy per unit volume for the in-
plane morphology, Gy, is

GI = Zﬂrth'}/pB/pg + ZAVPB/air

for a thin-film sample of unit volume V = At, where A
is the sample top surface area, t is the film thickness,
Ny is the number of cylinders per unit volume, r is the
cylinder radius, and y; is the surface tension. The
difference AG = Gy — G| = 2ar’Nyypgps Simply corre-
sponds to the extra energy associated with the cylinder
ends in the vertical morphology. The interfacial tension
between two incompatible polymers is positive. In the
case of PS—PB interfaces, ypsjpg is of order 1.3 mJ/ m2,33
The vertical-cylinder morphology is thus slightly meta-
stable relative to the in-plane orientation, assuming all
other factors are equal. Choosing the unit volume
to be V = At = t3, AG can be rewritten as AG =
2¢psypsipslt, where ¢ps is the volume fraction of the PS
cylinders. This form of the relation shows that the
relative stability of the in-plane morphology increases
with decreasing film thickness.

Under the conditions imposed by solvent casting of
thin films, the morphology is influenced both by ther-
modynamic and Kinetic considerations. Diffusion of
solvent to the surface can play a controlling role in
defining the morphology. In SBS triblock copolymer,
toluene diffusion in PS is much lower than that in PB
at room temperature.3* Toluene will thus preferentially
escape from a film through the PB phase rather than
through the PS phase. Faridi et al.3® also indicate that
the solvent mobility is related not only to the micro-
domain size and partition ratio but also to the tortuosity
associated with the morphology and its relative orienta-
tion. Larger values of tortuosity correspond to a longer
diffusion path. For example, an in-plane lamellar
structure would have a continuous PS layer parallel to
the surface which would limit solvent diffusion from
interior portion of the specimen to the free surface.
Rapid removal of the solvent would tend to align such
lamellae perpendicular to the surface in order to provide
a continuous higher-solvent diffusivity PB path.3¢ In
the case of PS cylinders, both vertical and in-plane
orientations provide a continuous path for solvent
diffusion through the PB phase to the surface. A higher
tortuosity can be expected in the in-plane morphology
than in the vertical morphology, because a less direct
path through the PB phase to the surface is available
from the film interior for the in-plane case. Rapid
solvent removal would favor alignment of PS cylinders
perpendicular to the surface to provide a more effective
path for solvent diffusion.

The effect of solvent diffusion on morphological ori-
entation can also be considered in terms of the solvent
concentration gradient within the film imposed by
different solvent evaporation rates. Henkee et al.?®
argue, for example, that in the case of solvent-cast PS—
PB droplets lamellae form with a perpendicular orienta-
tion near a free surface due to rapid solvent evaporation
there. The lamellae subsequently adopt an in-plane
orientation further from the surface where the solvent-
evaporation rate is lower and the thermodynamic effects
are allowed to exert a controlling influence on the
morphology. While no effort was made in the present
work to quantitatively measure or control the solvent
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concentration or its profile in the thin-film specimen,
one can argue that solvent-concentration gradients
would be steeper under conditions where solvent is
allowed to evaporate relatively quickly. Under such
conditions, PS cylinders would grow in the direction of
the maximum solvent-concentration gradient and adopt
an orientation perpendicular to the plane of the film.
In cases where the solvent is extracted more slowly, one
would expect smaller gradients in solvent concentration
through the film thickness. With less of a Kinetic
constraint, the subtle thermodynamic effects would then
define the PS cylinder orientation to lie in the film
plane.

Solvent evaporation also appears to be responsible for
the distortion away from pure hexagonal symmetry in
the as-cast in-plane cylinder morphology illustrated by
Figure 4. This distortion can be largely accounted for
by a one-dimensional contraction of the PB matrix along
the direction perpendicular to the film plane during the
final stages of solvent evaporation. Shibayama et al.3”
and Mori et al.®® showed using small-angle X-ray
scattering that microphase separation occurs in the PS—
PI diblock at room temperature at a toluene concentra-
tion of approximately 75%. No measurements were
made of the solvent concentration at which microphase
separation occurs at room temperature for the SBS
triblock studied in the present research. One can argue,
however, that microphase separation at room temper-
ature would occur with a solvent concentration of at
least 75% if not higher because of the particular
molecular weight studied. Assuming in the present
thin-film case that lateral dimensional changes are
largely constrained by contact with the substrate,
volume changes associated with solvent evaporation will
occur principally in the direction of the film normal.
Using the hexagonally arrayed as-cast vertical-cylinder
morphology as a reference, the film normal contraction
is approximately 60% and the in-plane expansion is
approximately 10%. No such distortion is observed in
the vertical-cylinder case despite the fact that a similar
deswelling procedure phenomena must occur. The PS
cylinders play a constraining role in the vertical orien-
tation. They run approximately from the substrate to
the free surface. Thickness changes of the film must
be accommodated both by the PS and the PB phases in
the vertical-cylinder morphology. In contrast, the PS
cylinders in the in-plane orientation do not impose a
similar constraint. Particularly at solvent concentra-
tions below about 25% where Ty for PS exceeds room
temperature, the PS cylinders can almost be thought
of as rigid rods in an otherwise pliant and solvated PB
matrix.383% Changes in the PB volume from which
solvent can escape relatively quickly can be accom-
modated simply by adjustments in the positions of the
PS cylinders. It should be noted that the distorted
hexagonal structure of the in-plane cylinders cannot be
accounted for by a rotation of the array from a surface
normal of [0,1,1,0] to [1,1,2,0].

Vacuum annealing the as-cast specimens thermally
enhances polymer mobility in the absence of solvent and
thus provides additional time during which the film
morphology can evolve to a more thermodynamically
stable state. This research has only examined one
specific annealing treatment: 18 h exposure at 140 °C
under vacuum. Work reported in the literature by
Sakurai et al.1®> used similar annealing conditions but
at a slightly higher temperature (155 °C). Annealing
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the present specimens at 155 °C caused the films to
break up and agglomerate into thick islands due to
capillary forces acting to minimize the total surface
energy of the film including energy associated with the
Cu grid/air interface. The mobility of the SBS polymer
is apparently sufficient at 140 °C to enable relatively
local reconstruction of the film microstructure with little
effect on the size and shape of the overall film. There
is qualitative evidence that some chemical degradation
of the PB block may occur during annealing. For
example, a consistent decrease in image contrast was
observed upon annealing films cast under very slow
solvent-evaporation conditions (Figures 1d and 2d). This
effect is due either to an overall thickening of the film
or to a decrease in the ability of the OsO, stain to react
with the PB phase because of some thermally induced
chemical change. Annealed films could also not be fully
redissolved in toluene, suggesting that a portion of the
unsaturated carbon bonds in the PB phase form cross-
links during the annealing treatment.

Post-evaporation annealing an as-cast specimen in-
creases the interdomain spacing and size of the as-cast
morphology independent of the specific film morphology.
All observed morphologies, even the disordered ones
resulting from fast evaporation, have some character-
istic length scale representative of the average spacing
between microstructural features (Table 1). The results
from the coarsening of the vertical-cylinder morphology
(Figure 5) show that both the intercylinder spacing and
cylinder radius increase with post-evaporation anneal-
ing. This effect can be qualitatively appreciated simply
by recognizing that the number of PS cylinders in the
two images (parts a and b of Figure 5) are different,
yet the specimen image area sampled is the same in
the two images. These increases can be attributed to
nonequilibrium effects associated with the solvent-
evaporation procedure as suggested previously by Shiba-
yama et al.*% Using small-angle X-ray scattering from
a solvated lamellar diblock, Shibayama et al. showed
that the interdomain spacing increases with decreasing
solvent concentration according to equilibrium thermo-
dynamic considerations.*° Below a critical solvent
concentration (~25%), however, the interdomain spac-
ing does not increase with further solvent evaporation.
They attributed this effect to kinetic limitations where
the polymer mobility is too low to enable adjustments
to the bulk morphology. Subsequent annealing after
solvent evaporation relieves the kinetic constraint,
leading to an increase in interdomain spacing consistent
with the thermodynamics.

Despite the conclusion that adjustments to intercy-
linder spacing occur in response to annealing, the
present results suggest that the transformation between
different morphologies is difficult. This observation is
also born out by the more extensive annealing studies
of Hajduk et al.}” and Sakurai et al.'> There appears
to be a relatively large activation barrier associated with
nucleation of one type of morphological domain within
a parent matrix of another morphology. For example,
there is coarsening of microphase-separated features
and perhaps traces of cylinder-like features after an-
nealing the fast-evaporated films with the disordered
morphology. There is no large-scale transformation into
an obviously different and thermodynamically more
stable morphology, however. Study of the post-cast-
annealed vertical-cylinder morphology leads to a similar
finding. Figure 2b shows regions with a modified
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microstructure (labeled M) containing elongated fea-
tures of light contrast that may be a precursor to an
in-plane cylinder morphology. These elongated features
have similar contrast to the adjacent areas of light
contrast on a hexagonal array—presumably the vertical
PS cylinders—suggesting that the through-thickness
fractions of PS and PB are similar in the two areas.
Different mechanisms have been proposed to describe
the transformation from lamellae to cylinders and vice
versa,'>17 but a thermally induced orientation change
from one orientation of a given morphology to a different
orientation of that same morphology has apparently not
been considered.

The fact that the duplex morphology (Figure 1c)
transforms into a fully in-plane cylinder morphology in
response to annealing suggests that the growth of a
morphological domain is easier than domain nucleation.
The same annealing treatment which is unable to
substantially transform the as-cast disordered and
vertical-cylinder morphologies is able to fully transform
the as-cast duplex morphology. Presumably, the activa-
tion energy for domain growth is less than that for
nucleation. An energetically less costly growth rate
could be a consequence of the morphological structure
at the domain boundaries. The plan-view TEM images
(Figure 1c) show a typical boundary region between
vertical and in-plane cylinder domains. Away from the
boundary, the contrast is typical only of either the in-
plane or vertical cylinders. Within the boundary, one
can see overlapping contrast from both morphologies.
With both vertical and in-plane elements present,
propagation of a boundary between them may proceed
in response to local compression and elongation of
individual polymer blocks within the structure.'’

Conclusion

This research has studied the development of mi-
crophase-separated morphology in solvent-cast thin
films of 30 wt % PS SBS triblock copolymer as a function
of solvent evaporation rate and post-evaporation an-
nealing and leads to the following conclusions.

(1) Under conditions where the films are exposed to
solvent for long periods of time and are subjected to post-
evaporation annealing, the morphology consists of PS
cylinders lying in the film plane arranged in a hexagonal
array within a PB matrix. This morphology is expected
from thermodynamic considerations.

(2) Several different film morphologies are observed
as a function of solvent evaporation rate. These follow
a logical progression from the least to the most ordered
as the polymer mobility is increased via slower solvent
evaporation. Fast evaporation leads to a microphase-
separated morphology where the domains have no long-
range order. Slower evaporation rates lead to highly
ordered morphologies of PS cylinders in a PB matrix.
The cylinders can be oriented either in the plane of the
film or perpendicular to it depending on the solvent
evaporation rate.

(3) The array of in-plane cylinders in as-cast films
shows a distorted hexagonal symmetry which is at-
tributed to an anisotropic contraction of the PB matrix
during solvent evaporation.

(4) Post-evaporation annealing either increases the
interdomain spacing or transforms the as-cast micro-
structure into a different microstructure altogether. The
coarsening effect is consistent with reports suggesting
that kinetic constraints at low solvent concentrations
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prevent the microstructure from achieving its equilib-
rium interdomain spacing. Observations concerning
morphological transformations suggest that nucleation
of domains with a different morphology than the parent
morphology is relatively difficult, but once nucleated,
growth of new domains proceeds with less of an activa-
tion barrier.
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