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ABSTRACT: We present extensive simulations modeling the casting of multiblock polymer films by
evaporation. The domain structure of the resulting film is strongly affected by varying the relative stiffness
of the coblocks. The morphology changes from a bicontinuous lamellar phase when both blocks are flexible
to a small-scale phase-separated phase with isolated domains as the stiffness of one of the blocks increases.
As the relative stiffness of the blocks changes, the rate of evaporation, interfacial width, and morphology
of the system changes. The findings can be used to tailor membrane morphology of interest to fuel-cell
applications where the morphology is important for proton conduction.

1. Introduction

Polymer thin films that contain well-defined patterns
are of current interest, especially due to their potential
application for nanotechnology,! 10 such as nanowires,
quantum dots, nanolithography to mention a few. Block
copolymers are known to self-assemble into a periodic
array, making them an ideal candidate for this applica-
tion. Block copolymers consist of two or more homopoly-
mer chains or blocks that are covalently bonded at their
chain ends to form a single polymer chain. In bulk, the
immiscibility and molecular connectivity between the
block segments give rise to well-organized periodic
domain microstructures. In general, the dimensions of
the blocks and the segment—segment interaction pa-
rameters control the size and shape of these domains.
Diblock copolymers are well studied and known to form
ordered nanostructures such as lamellar, cylindrical,
and spherical nanostructures by simply changing the
molecular weight of the two components.11:12

In block copolymer thin films the microdomain struc-
ture is also controlled by interfacial interactions at the
substrate and air surfaces.!2720 Preferential attraction
of one of the blocks by these surfaces forces the micro-
domain morphology to a surface-directed parallel
orientation.!421-24 Perpendicular orientation of the mi-
crodomain has been observed when the surfaces become
neutral or have no preference for either of the two
blocks.414:22:23,25,26 Inder asymmetric boundary condi-
tions, e.g., a neutral substrate but a nonneutral air
surface, a mixed morphology of parallel near the air
surface and perpendicular adjacent to the substrate has
been observed. Perpendicular orientation of the micro-
domain morphology also can be achieved by applying
external fields,2”28 varying film thickness,?° solvent
casting,?? and recently substrate roughness.3!

The morphology of block copolymers also can be
controlled by varying the stiffness of the different block
segments and is the focus of the present study. One of
the many applications of block copolymers is for fuel-
cell membranes. Development of new materials contin-
ues to be the fundamental challenge in making fuel cells
highly efficient. A fuel cell is a complex system where
catalysis, ionic conduction, and transport in polymer
membranes all combine to the overall efficiency. The
polymer membrane separating the cathode and anode
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is in the heart of the device: it needs to be an electronic
insulator as well as an ionic conductor. It also must
separate fuel and products and of course must be
mechanically stable. Since the catalysis is more efficient
at high temperature, the thermal stability of the mem-
brane is an important design parameter for the device.
Traditional membranes includes Nafion.?2 However, in
Nafion, proton conduction occurs in water through
channels in the material, which limits the operating
temperature. Alternative membranes include sulfonated
polyetherketones.?3 Successful membrane materials
combine hydrophobic and hydrophilic characters, for
example, in backbone and side chains to create a
microscopic phase separation, enhancing proton conduc-
tion. An alternative is to build a block copolymer (AB),
with alternating hydrophobic and hydrophilic segments.

Often high-performance polymer thin films are pro-
duced by evaporating the solvent from a polymer
solution. The technique enables morphology of thin films
that are outside the normal, equilibrium state, which
in many cases is advantageous.?*35 From a computa-
tional perspective, modeling block copolymer films is
much more difficult than homopolymer films. Unlike a
single-component polymer film, the structure of the
equilibrated film is not always a priori known. Even if
known, it may be difficult to generate an equilibrated
starting configuration for the MD simulation. One way
to produce polymer films computationally is to follow
the experimental procedure of dissolving the polymer
in a solvent and then evaporating the solvent. By
controlling the evaporation rate, one can in principle
obtain structures, which as in experiment may be in
equilibrium or not depending on the rate of evaporation.
Within such an approach we, with computer simula-
tions, investigated the importance of relative stiffness
between the segments A and B for the morphology of
the thin film. In this work we study evaporation of
solvent from a solution of both diblock and multiblock
copolymers. The blocks of the copolymers are mutually
repulsive, so in the dry state they are locally phase
separated. The substrate has no preference for either
of the two blocks. We find that changes in relative
stiffness of the block changes the morphology of the film.
By increasing the stiffness we can control the resulting
structure from lamellar to one which exhibits a micro-
scopic phase separation into small isolated domains. The
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stability of these phases is investigated by simulating
systems with random block lengths.

The paper is organized as follows: In section 2 we
discuss the method used including a description of the
force field, the system setup and size, as well as how
solvation and evaporation is modeled. Benchmark cal-
culations on diblock polymers are also reported in
section 2. Section 3 is devoted to an account of the
simulation results, with emphasis on how differences
in stiffness in the coblock polymer segments affect the
morphology, evaporation rate, surface roughness, and
domain size. A discussion of our findings and short
summary are presented in section 4.

2. Model and Simulation Details

1. Model. Molecular dynamics is a powerful tool for study-
ing large and complex systems and is therefore extensively
used in modern science. Depending on the scope of the problem
there are a number of methods available: Atomistic simula-
tions employing quantum mechanical methods are used when
knowledge of chemical properties is necessary. Parametrized
force fields are used when the detailed chemical bonding is
not as crucial although the atomistic character is. A united
atom approach, where groups of atoms are the dynamic
quantity, for example, a CHg group, is often used to study
longer times and larger systems since the number of degrees
of freedom and the range of time scales in the problem are
both significantly reduced. The reduction in degrees of freedom
can be taken a step further to the so-called the coarse-grained
bead—spring model, where the polymers are represented by
beads and connected by flexible springs. The bead—spring
model has proven very useful for studying long-time phenom-
ena in polymers.?¢37 In this study, we use the coarse-grained
bead—spring model since the large scale and long-time mor-
phology of thin polymer films are the main issues.

The bead—spring model employed in the simulations has
been described extensively elsewhere.3%3° The copolymers
consist of two different species but of the same mass m, and
the solvent is modeled as single monomers of mass m. The
interaction potential between the different nonbonded pairs
of monomers is the standard 6—12 Lennard—Jones potential

) -0
ULJ(r) — 46&,6{ (T) — 7 + €L r=r, 1)

0, r>r,
where r is the distance between monomers and €5 is a constant
added so that the potential is continuous at r = r.. Here we
take o, = o for all a, § and r. = 2.50 except between the two
different species of the copolymer where the interaction is
purely repulsive, with r. = 2Y60. ¢4 (see below) and o define
the units of energy and length, respectively. Bonded monomers
also interact with an additional anharmonic potential known
as the FENE potential.?83°

The bonded and nonbonded interactions constitute a bead—
spring model describing fully flexible polymer chains interact-
ing with a solvent. An important property of polymers exhib-
iting nanoscale phase separation—crucial to fuel-cell appli-
cations—is the presence of a stiff backbone. The model above
was therefore amended with a cosine bending potential
between three neighboring beads along the same chain*®

Upena(0) = kg (1 — cos 0) 2)

where kg is the elasticity parameter for the o type of the angle
potential which depends on the type of species of the central
monomer and cos 6; = (£; — £;-1)*(f;+1 — ©;), where (£; — £;-1) is
the unit vector in the bond direction. The persistence length
of the chains in a melt as a function of stiffness k¢ is given in
ref 36.

With this framework we are able to study polymers with
different stiffness along the chain, different polymer—polymer
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interactions, as well as different solvation properties. We
denote the solvent monomers as type 1 and the two species of
the polymer as type 2 and 3, which corresponds to the softer
(segment A) and stiffer (segment B) part of the polymer chain,
respectively. We explored a range of solvent—polymer interac-
tions: €13 = ¢, 0.8¢, and 0.6¢, while €12 = € always. For €15 =
0.6¢, the solvent and polymer phase separated on a macro-
scopic scale and €13 = 0.8¢ behaved similar to the neutral
solvent case €13 = ¢ regarding the final morphology. In this
paper we report results for e, = €.

Our main focus is on how polymer stiffness affects the
morphology; we, in particular, studied the cases of A—B
segments with corresponding stiffness parameters {%kgqa/e,
kouple} = {koa, kas} being {1,1} (flexible—flexible), {1,3}
(flexible—stiff), {1,10} (flexible—very stiff), and {3,10} (stiff—
very stiff). For a homopolymer melt at density po® = 0.85, the
persistence length for 2, = 1 and 3 is /)/Jo = 2.2 and 5.6,
respectively, while for 2, 2 6, the system forms a nematic
phase.*°

2. Simulation Details. For all the systems studied the
initial cell is created by randomly building the polymer chains
between two flat walls. To place all of the beads into the
simulation box at a desired density p = 0.8073, the beads are
allowed to overlap. The overlap is then removed by applying
a soft, nonbonded potential until the actual potential could be
switched on. The system is then equilibrated at pressure P =
0 and temperature T' = ¢/kg by allowing the distance between
the two walls to adjust. The monomer—surface interaction
potential is given by the 9—3 LdJ potential with a cutoff
distance of r." = 2.20.41 The equations of motion were
integrated with a velocity—verlet algorithm with a time step
of At = 0.01r, where © = m(o/e)V2. The simulations were
performed at constant temperature 7' using the Langevin
thermostat with damping constant y = 0.5/7. After equilibra-
tion, the top wall is then removed so that the solution is in
contact with a vacuum. Periodic boundary conditions are used
in the x and y directions, and the solvent evaporates in the
positive z direction.

Modeling of the nonequilibrium process of evaporation is
done by using the massively parallel grand canonical MD code
LADERA* which is a hybrid of the massively parallel MD code
LAMMPS* and a grand canonical Monte Carlo (GCMD)
code.** Briefly, GCMD periodically performs Monte Carlo
molecular insertion and deletion attempts in a control volume
located at the very right side of Figure 1. The probability of
insertion and deletion in the control volume is determined by
the chemical potential desired in this region. In our simulation
the chemical potential for this region is chosen so that all the
solvent monomers entering this volume are removed from the
system, i.e., the system is in contact with a vacuum. Evapora-
tion was continued until at least 94% of the solvent was
evaporated. Beyond this point the rate of evaporation is so slow
that it is no longer practical to continue the simulation. To
remove the remaining solvent monomers from the system
within a reasonable amount of time, the control volume was
expanded to the entire system. The remaining solvent mono-
mers were removed over the course from 25007 to 50007 time
steps. The resulting polymer melt was then allowed to ther-
malize for at least 50007 time steps, a short time in comparison
with the evaporation stage which took more than 10°7.

We mainly studied multiblock copolymers of two different
system sizes: a “small” system with 100 000 particles and
initial geometry 400 x 400 x 800 and a “large” system with
400 000 particles and initial geometry 800 x 800 x 800 or 400
x 400 x 3200. The number of particles was equally distributed
between solvent and polymer. Thus, the “small” systems
contain 500 chains, each 100 segments long with alternating
A and B segments of 10 beads each. The large systems are
comprised of 2000 chains by construction four times the surface
area of the small system; hence, one run on the large system
is equivalent to four runs of the small system. Computation-
ally, it is too demanding to mimic the polydispersion measured
in fabricated films due to the very large experimental spread
in chain lengths. Initial steps toward describing polydispersity
were taken by allowing random segment lengths: the length
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Figure 1. Four perspective views of the evaporation process
at 0%, 25%, 50%, and 92% evaporated solvent for multiblock
copolymer with stiffness kqsa = ko = 1. Solvent monomers are
colored red, and type 2 and type 3 polymer monomers are
colored green and black, respectively. Note that the long-range
order appears during evaporation; the initial solvated system
is disordered. Subsequent figures in the article are 2D cuts
and slices either perpendicular to the direction of evaporation
or along the direction of evaporation (side view). The direction
of evaporation is 2 ,and the two perpendicular directions are
X% and 3.

of each segment was taken randomly from a uniform distribu-
tion between 8 and 12. The model system has a polydispersity
index of 1.02, measured as the ratio of number- and weight-
average degrees of polymerizations of the blocks of 10.2 and
10.0, respectively. The polydispersity is in practice very close
to monodispersion and not to be compared to experimental
systems. Some differences can be identified already at this
level of polydispersion though, and we discuss these findings,
without claim of making predictions for experimental ranges
of polydispersion. Unless specified, the results presented are
for the “large” systems.

We first investigated the effectiveness of our model by
studying symmetric diblock copolymers consisting of 2500
chains of total length of 20 beads with stiffness {kqa, kus} =
{1, 1} and {1,10}. We simulated three different cases: diblock
copolymer solutions where one-half of the system is solvent
and stiffness {1,1} and {1,10}, and pure diblock copolymer melt
of stiffness {1,1} between two flat surfaces. As expected, the
lowest energy state is a lamellar phase, see Figure 2; the two
different blocks phase separate completely. In the pure melt
case a grain boundary appears in the middle of the film; the
top and bottom halves have different orientation. The grain
boundary was not removed during the simulation time (8.5 x
10%7). Evaporation of solvent removes this problem, as we can
see in the figure a global lamellar phase is recovered due to
evaporation of solvent. The evaporation process took 8.0 x
10%z. For stiffness {1,10} case, however, a grain boundary
remains near the middle of the film after evaporating all the
solvent in the system. The lamellar close to the substrate is
slightly rotated from the surface lamellar structure, resulting
in frustration near the middle of the film. Note that since the
surfaces have no preference for either of the two blocks, the
lamellar structure in all cases, as expected,*14?223 is perpen-
dicular to the surfaces.

The multiblock system is more complex, and although the
chains have random orientation in solution, the equilibrium
structure of the pure melt is not readily known. A lamellar
structure has low energy but requires a high degree of order,
decreasing the entropy. The analysis of section 3.2 suggests
that a lamellar structure is the most stable.

3. Results

1. Evaporation Dynamics. Figure 3a shows the
total polymer density profile, while Figure 3b shows the
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Figure 2. (Top) Top view of pure diblock copolymer melt
without solvent and between two flat surfaces at three heights
from the substrate: 60, 240, and 320. (Middle and bottom) Top
view of a diblock melt of stiffness {1,1} and {1,10}, respec-
tively, after evaporation of a solvent, initially 50% of the
system, at heights 60, 200, and 300 and 20, 120, and 240,
respectively.
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Figure 3. Time evolution of the (a) total density profile and
(b) flexible (solid line) and stiff (broken line) segments of the
polymer as a function of time for multiblock copolymer with
koa = 1, kqg = 10. The profiles are at different times and from
right to left correspond to #(1037)= 0, 4, 10, 20, 30, 45, 60, 80,
and 233.

density profile of flexible and stiff parts of the polymer
chain as a function of time for the multiblock copolymer
with {kaa, kel = {1,10}. The total density profile
displays similar behavior, as recently observed for
evaporation of solvent from fully flexible homopoly-
mers.*> There is a polymer density gradient at the film/
vapor interface, and its magnitude decreases as the
density of the polymer increases to its melt density
value (p = 0.8073). Both parts of the polymer (flexible
and stiff) show a density gradient at the film/vapor
interface. In addition, they show a gradient structure
in the system as can be seen from the oscillation of the
individual densities. The gradient structure is formed
due to the difference in surface tension between the two
polymer segments. The more flexible part of the seg-
ment has lower surface tension and is thus mainly
exposed to the vapor interface. The other cases, {1,3}
and {3,10}, display similar behavior, while the {1,1}
case shows the same density gradient but no gradient
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Figure 4. Logarithmic plot of the concentration of solvent
remaining in the film divided by its initial concentration co
for {koa, kus}={1,1} (dot line), {1,10} (solid line), and {3,10}
(broken line).
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Figure 5. Interface width versus time for {ka4, kas}={1,1}
(dotted line), {1,10} (solid line), and {3,10} (dashed line).

in the structure since the surface tension for both
segments is the same (graph not shown).

The magnitude of the polymer density gradient at the
film/vapor interface affects the rate of solvent evapora-
tion from the system. Figure 4 shows the concentration
of solvent monomers ¢ remaining in the film normalized
by the initial solvent concentration co. It takes almost
the same amount of time to evaporate the first 94% of
the solvent and the next 4% of solvent. All three cases
show the same exponential solvent evaporation behav-
ior, but the rate of evaporation decreases slightly as the
stiffness of the polymer segments increases.

The dependence of the width of the polymer/vapor
interface on the stiffness of the polymer segments can
be found from

1 [
WAL, t) = —Z [h (&) — h(t)]? (3)
L?4

where L2 for our case is the number of grids on the
surface (L = 20), hi(t) is the height of the surface at grid

i and time ¢, and h(¢) is the average height at time ¢.
Figure 5 shows a plot of the interface width as a function
of time. The width of the interface is constant for the
{1,1} case but increases with time for the {3,10} and
{1,10} cases. The simulations were run longer for the
{3,10} and {1,10} cases until a steady-state value is
reached. The interface width depends on the relative
stiffness of the polymer segments.

2. Final Morphologies. The resulting morphologies
after evaporation for successively stiffer segments are
shown in Figure 6. Evaporation is a nonequilibrium
process, and the paths taken can differ between differ-
ent simulation runs. The morphologies shown are found
in a number of simulations. All parameter sets were at
least run for one “small” and one “large” system, the
latter equivalent to four runs for the small cell since
similar morphology is found in the four quadrants.
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Figure 6. Final morphologies for six cases of varying stiffness
and polydispersity. (Top) 3D perspective view of stiffnesses
{1,1}, {1,10}, and { 3,10}, respectively, and the simulation box
is partly shown. The 2D morphologies are slices at height 300
from the substrate that is close to the free surface, which is
about 360 from the substrate. (Middle, from left) {1,1},
{1,10}, {3,10}. (Bottom, from left) {1,1} polydispersed, {1,10}
polydispersed, and {1,3}.

There is a significant change in morphology with
increased stiffness. In more detail, the {1,1} case
exhibits a lamellar structure with long parallel domains
perpendicular to the substrate. Perfect ordering with
parallel domains is not reached, although that is not to
be expected given the complexity of the multiblock
polymers. Little change in the morphology is observed
in the time scale of our simulation, and thus the
configurations are in local, though not necessarily in
global, equilibrium. Though the systems are liquid like,
the morphologies can be frozen in by reducing the
temperature.

The {1,3} case is largely lamellar; however, the
domains are less parallel, shorter, and small domains
begin to form. {1,3} is clearly a transition case, it
exhibits partial properties from the flexible—flexible and
flexible—stiff systems. A case with stiff—very stiff seg-
ments {3,10} is also shown in Figure 6; it is character-
ized by a lamellar main structure, although the parallel
domains are wider and shorter than in the {1,1} case.

The flexible—very stiff case {1,10} displays a signifi-
cantly different morphology: the flexible component
constitutes a matrix for isolated domains of the stiff
component. Surprisingly, the stiff component (dark) does
not percolate the plane; the stiff domains are completely
surrounded by the flexible component. This is in stark
contrast to the other cases in Figure 6 which are
bicontinuous. These cylindrical features are not isolated
occurrences but have been observed in both small and
large systems with large stiffness differences. The small
systems with neutral solvent and stiffness {1,15} and
{3,15} (not shown) resulted in a similar morphology.
The large system with high aspect cell ratio 400 x 400
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Table 1. Average End—End Distance I = 4/ (r;—r;4)® of
Each Segment®

{kaa, kos} Zal(o) o)
(L1 401 4.04
(1.3} 3.96 5.42
{110} 3.93 7.84
{3.10} 476 7.86

@ For flexible segments the length is, as expected, smaller than
for stiff ones. For the stiffness 10 cases, the distances approach
the maximum limit, /p.x = 9.

Figure 7. Three rows from the top are for stiffnesses {1,1},
{1,10}, and {1,10} polydispersed, respectively, at three heights
from the substrate 150, 200, and 250. The cylindrical domains
are formed at the free surface and in the bulk; the substrate
is not necessary for formation. Several circular features are
sustained through more than three layers, which is longer than
the segment length. The differences in morphology are per-
sistent through the sample, see Figure 9.

x 3200 and stiffness {1,10} also showed the nonperco-
lating morphology. The difference in stiffness appears
to drive the transition since the {3,10} system exhibits
a mainly lamellar structure.

Table 1 gives the average end to end lengths of each
block for the main cases. As expected, stiff blocks are
more extended and therefore effectively longer than
flexible ones; however, when paired with a stiffer
segment, the average length is reduced, which can be
seen by comparing {1,1}, {1,3}, and {1,10} as well as
{1,3} with {3,10}. Although approaching the maximum
end—end distance in cases {1,10} and {3,10}, there is
some curvature; the stiff segments are not rods.

Next, we focus on the cylindrical features in the
{1,10} case and investigate the morphology in more
detail, comparing it to the {1,1} and {1,10} polydis-
persed systems. The dominating pattern persists through
the film, as illustrated in Figure 7. Note that the
substrate is by design nondiscriminant between A and
B segments. In the {1,10} case cylinders are formed at
the surface. How these patterns propagate through the
film is shown in Figure 7, which also shows how the
polydispersity reduces ordering. Forming domains at the
surface was confirmed by simulations in the high-aspect
ratio cell.

In Figure 8 we show perpendicular slices of the
{kaa, kos}={1,10} system. The structure persists through
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Figure 8. Vertical morphology cuts for {1,10} yz plane at x
= 250, 300, and 350 followed by xz plane at y = 250, 300, and
350. Together with Figures 7 and 9 they suggest cylindrical
features, although not directed perfectly perpendicular to the
surface.

Figure 9. Density, ps, of stiff component in the {1,1} (A) and
{1,10} (B) cases, integrated over all z. Dark regions are for
low density, while light regions are for high density.

the sample. The domains shown in Figure 6 for the
{1,10} case are not lamellar; they are more like cylin-
ders, extending more than one segment length from the
surface.

A third view of the {1,10} and {1,1} systems is
presented in Figure 9, showing the density, ps, of the
stiff component (type 3) integrated over z: ps(x, y) =
Sps(x, y, z) dz. The lamellar character of the flexible—
flexible case is evident even after the averaging through
the film since the lamellars are perpendicular to the
substrate, as noted earlier in the section. In contrast,
the {1,10} system exhibits circular symmetry; dense
regions are surrounded by low-density regions. Note
that there are regions comprised of solely stiff segments,
percolating the film from substrate to surface. The
substrate—surface distance is 400, implying that seg-
ments from multiple chains are combined. Figures 6—9
are all consistent with mainly cylindrical features of the
stiff component dominating the morphology.

Of interest is the stability of the resulting films: can
they be interconverted after evaporation by simply
changing the bending stiffness and then annealing it
for a reasonable time? When investigating this aspect
we discovered asymmetry in changes in morphology of
postevaporation. We compared the two main cases, { 1,1}
and {1,10}, by interchanging their stiffnesses after
evaporation and subsequently annealing the systems.
The final, mainly lamellar phase of {1,1} is largely
unaffected by interchanging stiffness to {1,10} and
annealing for 53 0007. However, the final, isolated
domain phase of { 1,10} behaves differently; it is rapidly
destroyed when the stiffness is changed to {1,1} and
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Figure 10. Core distribution plot showing the distribution
of 1D length of the phases parallel to the surface (top) and
perpendicular to the surface (bottom). In both figures the solid
line is for stiffness {1,1} and type 2 monomers and the dashed
line and dotted line are for stiffness {1,10} and type 2 and
type 3 monomers, respectively. For the {1,1} case, type 3 has
the same solid curve within the error of the simulation.

annealed for 50007; a lamellar phase is formed. This
behavior is in line with the finding that even small
polydispersion can perturb the microdomain separated
phase discussed earlier.

3. Core Size Distribution. The one-dimensional
(1D) distribution of domain lengths, known as the core
distribution, is shown in Figure 10 for stiffness {1,1}
and {1,10}. The distribution is calculated by partitioning
the system volume into small cubes (0.80 x 0.80 x 0.80),
basically one bead per cube, and counting in 1D (%, 7,
or 2 direction) type i monomers that are adjacent to each
other, i.e., no other type of monomer in between. This
defines the core size. The distribution is thus the
number of occurrences of the core sizes over many lines
either parallel or perpendicular to the surface. Cores
in the direction parallel to the surface are taken along
either the & or § direction.

The core distribution gives information about the
domain sizes, in particular in isotropic systems. How-
ever, it may not fully describe a lamellar phase with
lamellar orientation at an angle with the %, 9, and 2
directions. The smallest significant structure in the
distribution is the lamellar spacing; it is followed by a
broader distribution stemming from lines at an angle
with the lamellar domains and, when applicable, ad-
ditional features. The distribution for type 2 and type
3 for the {1,1} case are the same. When comparing the
two main cases, {1,1} and {1,10}, we make three
observations. First, in the distribution parallel to the
substrate, the {1,1} structure shows two peaks, corre-
sponding to one and two average segment lengths from
Table 1. Type 2 of {1,10} also shows similar behavior.
Second, also in the parallel direction, the stiff part of
the {1,10} case (type 3) shows a wide bell-shaped
distribution around the average end—end distance of
~'7; it is consistent with the cylindrical features, de-
pending on the specific cut through the cylinder the core
distribution varies around a mean value. Third, the
perpendicular distribution is, compared to the parallel
one, shifted toward longer domains for both the {1,1}
and {1,10} cases. This shift is caused by the orientation
of both lamellar and cylindrical features being oriented
perpendicular to the substrate. The {1,1} case exhibits
slightly stretched segments; however, the distributions
for long lengths are very similar.

4. Angular Orientation. The differences in lamellar
spacings appearing in Figures 6 and 10 have two causes.
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Figure 11. (Top) Distribution of angle between the z axis and
the vector between the first and last bead of the stiff segment
(type 3). 90° is perpendicular to the evaporation direction.
Symbols are as follows: {1,1} (circle/dotted); {1,3} (x/dashed);
{1,10} (square/dashed); {3,10} (diamond/dot—dashed); (random
distribution) (triangles/solid). Both cases with stiff segments
exhibit a large degree of orientation. (Bottom) Angular distri-
bution for the {1,10} case for 18¢ thick slices taken at three
different heights from the substrate: at the substrate (circles/
dotted), midway between surface and substrate (i.e., 100 above
the substrate) (square/dashed), at the surface (i.e., 18 above
the substrate) (diamond/dot—dashed). Also shown are random
distribution (triangles/full) and in solvent before evaporation
(x/dot—dashed).

First, the stiffer segments are more extended (see Table
1); second, stiff segments are more ordered, as evident
from Figure 11. The figure shows the probability
distribution of angles with the normal plane for the
segment end—end vectors. When compared to a random
distribution, also shown in the figure, we find that the
stiff case deviates significantly from a random distribu-
tion. The main distribution is around 90°; the segments
are thus oriented parallel to the surface and the
substrate, perpendicular to the direction of evaporation.
The second panel shows the distribution at different
distances from the substrate; with the exception of the
90° ordering imposed by the substrate in the lowest
slice, the distributions are similar. The lamellar packing
thus persists through the sample, beyond the extent of
individual segments, and is not suppressed at the
surface. For comparison, the distribution of the seg-
ments in the equilibrated solution is also shown in the
figure and as expected has the form of a random
distribution.

4. Summary and Discussion

We have shown that it is possible to computationally
produce model polymer films by dissolving the polymer
in a solvent and subsequently evaporating the solvent.
This method is applicable when, as in most cases, the
structure of the film is not a priori known. It is also a
method to produce, as in experiments, structures that
are only in local equilibrium. For diblock copolymer
films formed in this way, a global lamellar phase was
found in approximately the same time it took to
equilibrate a pure melt. For multiblock copolymers, we
showed how this method, as in experiment, can be used
to produce films that are in local, not necessarily in
global, equilibrium. For fully flexible multiblock copoly-
mers mainly lamellar phase is formed, but an ordered
microphase- separated phase is formed when stiff seg-
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ments are combined with flexible ones. The cylinder-
like phase, which is probably a nonequilibrium state,
is not straightforward to form. Initially, in solvent, the
system is disordered, for example, the distribution of
vertical angle for the end to end vectors is very close to
a random distribution, see Figure 11. After evaporation,
on the other hand, the angular correlation is dominant
and the percolating cylinders are comprised of stiff
segments from multiple polymer chains, excluding the
flexible component into a surrounding matrix. Selective
etching of the flexible surrounding matrix has potential
to result in a periodic pattern on the nanoscale. The
resulting system is highly anisotropic; the stiff compo-
nent percolates the system in the direction perpendicu-
lar to the surface; however, it does not percolate in the
plane parallel to the surface, as is evident from Figure
6. Properties depending on the morphology, for example,
proton conduction and interdiffusion of small molecules,
are likely to show similar anisotropy. However, the
degree of anisotropy is very sensitive to, for example,
weak, polydispersion. Additionally, as discussed in
section 3.1, we observe that evaporation slows down
with increased stiffness of the blocks while the surface
roughness depends on the difference in stiffness be-
tween the blocks.

It is difficult to quantitatively compare our multiblock
simulation results with experiment since there have
been few experiments on the morphology of multiblock
(n > 3) copolymers. Spontak and Smith*é examined the
morphologies of symmetric poly(styrene-b-isoprene),
multiblock copolymers (for n < 4) cast into a Teflon mold
followed by solvent evaporation and found a lamellar
morphology to all symmetric copolymers investigated,
similar to our flexible—flexible multiblock case. They
also found a decrease in lamellar spacing with increas-
ing in n, which was also confirmed by self-consistent
mean-field theory.#” We observe a similar trend in our
simulation: the lamellar spacing for the diblock system
is about 100, while for the multiblock system it is about
70. The cylinder-like morphology we observed for a
symmetric stiff—flexible linear multiblock copolymer is
open for future experimental test.

The present study shows that even highly nonequi-
librium processes, like thin-film casting by evaporation,
not only can be simulated in a single “proof of principle”
simulation but it is feasible to explore trends. Here we
focused on the effects of stiffness on morphology; future
direction of this work includes investigating how side
branches affect the morphology, temperature cycling
during evaporation, as well as interdiffusion of selective
solvent into the various morphologies and effect of rate
of evaporation. The resulting morphologies can be
utilized as templates for atomistic simulations to explore
pathways for ionic conduction in atomistic studies.
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