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ABSTRACT

Understanding the transport properties of water in self-assembled block copolymer morphologies is important for furthering the use of
such materials as water-purifying membranes. In this study, we used coarse-grained dissipative particle dynamics simulations to clarify the
influence of pore morphology on the self-diffusion of water in linear-triblock-copolymer membranes. We considered representative lamellar,
cylindrical, and gyroid morphologies and present results for both the global and local diffusivities of water in the pores. Our results suggest
that the diffusivity of water in the confined, polymer-coated pores differs from that in the unconfined bulk. Explicitly, in confinement, the
mobility of water is reduced by the hydrodynamic friction arising from the hydrophilic blocks coating the pore walls. We demonstrate that in
lamella and cylindrical morphologies, the latter effects can be rendered as a universal function of the pore size relative to the brush height of

the hydrophilic blocks.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128119

. INTRODUCTION

Morphologies with continuous nanoporous pathways perco-
lated in one or more dimensions are important for technologies
such as water purification membranes and fuel cells. In this context,
particular interest has arisen in block copolymers (BCPs) because
they self-assemble into rich nanostructured morphologies, such as
lamellae, cylinders, and gyroids, with nanometer-sized domains."”
In such applications as desalination and reverse osmosis, the dynam-
ics and structure of water and other permeants in the polymer mem-
branes are expected to be perturbed by the morphology, pore size,
surface chemistry, and the interaction with the blocks that have
preferable water selectivity. An understanding of the transport prop-
erties of water with regard to these features is crucial to enable the
design and optimization of such membranes.

Relatively few studies’ ~ have investigated the influence of mor-
phology on the transport of small molecules and solvent in the
block copolymer. Winey and co-workers examined the morphology
and properties of a series of pentablock copolymer membranes and
demonstrated an impact of the morphology on water sorption of

the membrane.”” More recently, Oparaji et al.” quantified the effect
of morphology on crystallization, water sorption, and transport in
poly(styrene-b-ethylene oxide) block copolymers. Interestingly, they
found that at the same thermodynamic activity of water, the water
diffusivity in cylindrical morphologies was approximately half of
that of the lamellar phases.

There are even fewer theoretical or computer simulation stud-
ies of solvent transport in periodic, self-assembled block copoly-
mer membranes. Much of the work has been inspired by lithium
ion battery applications’ '’ and has focused on ion transport in
dry polymer electrolytes. For instance, Sethuraman et al.'""* com-
pared ion transport mechanisms in the lamellar phase of the salt-
doped poly(styrene-b-ethylene oxide) block copolymer to those in
the corresponding homopolymers and demonstrated the impor-
tance of interfacial segmental dynamics and ion partitioning in
the former. Recently, Shen et al."’ used a random walk model to
probe diffusion of a tracer in lamellar, cylindrical, and gyroid nanos-
tructures of block copolymers. They (and others) have shown that
the diffusion of ions is influenced mainly by the tortuosity of the
morphologies. "
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While the above-discussed computational studies have shed
light on some of the factors that influence ion transport in dry block
copolymers, it is not straightforward to translate such understand-
ing to solvated membranes. Indeed, since ion transport in dry block
copolymers occurs through a polymer-segment-mediated hopping
process, the resulting ion mobilities are influenced by the impact
of polymer morphology on local polymer segmental dynamics.'’
In contrast, the solvent dynamics are expected to involve (in addi-
tion to the polymer dynamics) a strong role for interactions with
the hydrophilic polymer domains exposed to the solvent. To our
knowledge, there has been no prior study that has computation-
ally investigated the influence of morphology on the structural and
dynamical properties of water in confined geometries such as lamel-
lae, cylinders, and gyroids that arise from the self-assembly of block
copolymers.

The motivation for our present study draws from recent exper-
imental efforts in our groups that aim to utilize the self-assembly of
block copolymers to create functionalized nanoporous materials for
water purification. Specifically, our framework, as shown in Fig. 1,
envisions the use of self-assembled morphologies of poly(styrene-b-
ethylene oxide-b-lactide) (PS-PEO-PLA) linear triblock copolymers,
in which the PLA block is etched out'®"” to create nanoporous mem-
branes and facilitate transport of water. Such experimental pursuits
have raised the following questions: (a) Do the dynamical properties
of water exhibit a dependence on the morphology of the nanoporous
membrane? (b) How does confinement influence the local and global
transport properties of the solvent molecules? (c) How are the struc-
tural and dynamical characteristics of water influenced by the chain
length of PEO blocks in the pore?

To address the above questions, we used computer simula-
tions to investigate the role of the nanopore morphology and the
influence of the PEO blocks that coat their walls on the transport
properties of water. We adopted a coarse-grained model for the PS-
PEO-PLA triblock copolymers [Fig. 1(a)] based on the dissipative
particle dynamics (DPD)'**' method, which has proven to be an
efficient tool for studying the structural and dynamical properties of
polymer solutions and melts at long time and length scales.”” We
mimicked the experimental strategy with the simulations to create

@ ool ok

'o . ® °°° o
Removing PLA blocks

FIG. 1. (a) Chemical structure of poly(styrene)-b-ethylene oxide-b-lactide) triblock
copolymer. (b) The schematic framework for the process of creating a pore in the
membranes of triblock copolymers. Representative color: green for the PS block,
blue for the PEO block, and red for the PLA block.
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unit cells of nanoporous lamellar, cylindrical, and gyroid morpholo-
gies. Such pores were then filled with water to probe their transport
properties.

The rest of the article is organized as follows. Details of the
simulation methodology and characterization methods are given in
Sec. 11. Results and discussion are presented in Sec. I1I. We provide
evidence for the influence of the morphology and the water selective
block on the transport of water. We rationalize the latter results by
discussing phenomena that arise in the context of solvent dynamics
near polymer brushes. We conclude with a summary of our findings
in Sec. I'V.

1. MODEL AND METHODOLOGY
A. DPD simulations

All the reported simulations were carried out for a constant
number of total particles, fixed volume, and temperature using the
LAMMPS package.” To model the self-assembled morphologies
arising in the triblock copolymer, we employed a coarse- gralned
DPD framework, proposed by Hoogerbrugge and Koelman®* and
outlined by Groot and Waren,'” to study the self-assembled phases
of copolymers.'””**" All particles interact via three pairwise forces:
a soft repulsive force, a velocity dependent drag force, and a
random force. The soft repulsive force was computed from the
potential*

2
aji(r=r,
](er) , r<reg )
0, >t

u(r) =

where r is the distance between particles i and j, . is the pairwise
truncation distance for the interaction, and aj; is the DPD inter-
action parameter. Following standard approaches to DPD simula-
tions'*'**” with the reduced particle-number density of pr; = 3, the
repulsive parameters between different beads a;; are related to the
Flory-Huggins parameter (y;) as

aij ® Aij + 3.27)(1']'. (2)

The y;; parameters were adopted from experimental studies (see
Table S1).***” Following an approach similar to that proposed in
Ref. 30, we adopted a coarse-graining framework in which one bead
represented four water molecules (N,, = 4), giving a bead volume
comparable to the size of a monomer in our block copolymers.
We set the same-type repulsion parameters a; to 106.1 kgT/r. in
order to match the compressibility of the DPD fluid to that of
water.”’ A full table of repulsion parameters between same or dif-
ferent beads is presented in the supplementary material. The drag
and friction forces satisfied the fluctuation-dissipation theorem for
a friction factor y = 4.5 m7™" to maintain constant temperature at
T, with the time unit T = r.\/m/kgT and m being the mass of a

bead.'®"”

B. Methods for modeling polymers, creating pores,
and adding water particles

The schematic structures of the PS-PEO-PLA linear triblock
copolymers and the coarse-grained representations adopted in our
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study are depicted in Fig. 1(a). Specifically, we divided the chem-
ical units of the polymer into three types of DPD beads, corre-
sponding to the styrene, ethylene oxide, and lactic acid units. The
mass of each bead was taken as a unit mass, and the beads in the
chains were connected by harmonic bonds with spring constant
K = 50 kgT/r* and equilibrium distance r, = 0.85 r.. Based on
guidance from theoretical predictions’ and the DPD framework™®
for the morphologies of triblock copolymers, we considered the
block lengths of each block with the following compositions: (i)
lamellae (fps = 0.4, fpeo = 0.28, and fpra = 0.32); (ii) cylinder (fps
= 0.70, pro = 0.04, and fPLA = 0.26); (iii) gyroid (fps = 0.65,pro
= 0.04, and fpra = 0.31). We simulated 1000 polymer chains each
with 100 beads in the systems in a cubic simulation cell with an edge
length of ~ 32.2 r.. Periodic boundary conditions were applied in all
directions.

Before adding water particles into the system, the lamellae,
cylinder, and gyroid morphologies were obtained by simulating the
corresponding systems from random initial conditions. In corre-
spondence with the experimental strategy,'”'” after equilibration of
the triblock copolymers to the desired morphology, membranes with
pores were created by removing the PLA beads. For instance, the
images in Figs. 2(a)-2(d) depict the methodology for the case of
lamella morphology. The pores arising in the above morphologies
were then filled with water molecules, as shown in Fig. 1(c). To
probe the impact of the chain length of the PEO block on water
mobility, we converted some or all of the PLA/PEO beads into water
molecules, depending on the chain length of PEO blocks in the
systems. For example, all PEO and PLA beads were converted to
water beads to render a system in which PEO was absent (referred
to as PEO = 0) in the results. To probe the influence of the chain
length of PEO blocks on water mobility in the smaller pore size,
we converted some of the PLA beads connected to PS into PEO
beads.

Since the polymer membranes are intended for use at a tem-
perature below the glass transition of the PS block, in our simu-
lations, the PS blocks were rendered immobile after the water was
introduced. Equilibration after water addition was considered to be
reached when the density profile of PEO blocks and water particles
in the solvated pores exhibited no variations with further simulation
time (supplementary material Fig. S1). Simulations in all cases were
then run further, for 10 x 10° steps in 0.04 T time steps, to collect
data for analysis.

Removed PLA blocks

ARTICLE scitation.org/journalljcp

C. Analysis

The primary quantity of interest in the present study is the self-
diffusion coefficient of water.

1. Global diffusion

The isotropically averaged global diffusion coefficient (D) was
extracted from the slope of the long-time mean squared displace-
ment (MSD) of water (supplementary material Fig. S2) using Ein-
stein’s relation

D lim ld((lri(f) -1(0)]*))
t—>o0 6 dt

) 3)

where 7;(t) is the position of particles at time t. We also simu-
lated separately the pure bulk water systems and extracted the self-
diffusion of bulk water (Dp) = 0.132 &/t (accounting for the sim-
ulation box length, as shown in supplementary material Fig. S3).
For the diffusivity results that quantify the impact of morpholo-
gies along with the PEO chain length, the global diffusion of water
(D) is normalized by Dg. In addition, for the systems that vary the
chain length of PEO blocks and pore sizes, D is normalized by the
diffusivity values (Do) for the different pore sizes when the PEO
chains are absent (PEO = 0). In addition, the solvent-swollen PEO
layer heights (H,) were extracted by averaging the end to end dis-
tance of PEO chains in the systems relative to the dry PEO layer
heights (Hp_gry).

2. Local diffusion

We also computed, as a function of distance from the pore
walls, the short-time self-diffusion coefficient of water parallel (D))
to the PS interface. Toward this objective, the MSDs of water
molecules were spatially resolved as a function of distance from
the PS interface by averaging over the particle’s position at each
time origin, using a bin width of 1 . and 1000 configurations sam-
pled every 1.0 T. We computed Dy from the time derivative of
the MSD for 2t < t < 37, which was chosen as the interval dur-
ing which the particle motion became nearly diffusive but the MSD
was still less than the bin width (supplementary material Fig. S4).
The extracted local diffusion coefficient of water was normalized
by the diffusion coefficient of water in bulk over this same time
window (0.124 r.%/t). This value was 6% lower than that measured

® rs

PEO
PLA
. Water

Added Water Particles

FIG. 2. Images of the process for creating and adding water particles in the pore in the (a) lamellae morphology, (b) pore created after removing PLA blocks, (c) initial system
(right after adding water particles inside the pore), and (d) final configuration of the system in water. Representative color: green for the PS block, blue for the PEO block, red

for the PLA block, and purple for water particles.
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from the long-time MSD because the motion was not yet fully dif-
fusive in this window, due in part to the finite time required to
propagate hydrodynamic interactions though the periodic bound-
aries. Nonetheless, when normalized in this way, these short-time
measurements provide a reasonable estimate of the local diffusion
coefficients.

Ill. RESULTS AND DISCUSSION
A. Diffusivity of water in different morphologies

We begin our discussion by presenting results that compare the
transport properties of water in the pores arising in lamellae, cylin-
der, and gyroid morphologies (Fig. 3). Comparing the water mobil-
ities in different systems, we observe that the diffusivities follow the
order Drameliae > DGyroid > DCylinder~

To unravel the physics underlying the above results, we first
note that in all three morphologies, the transport of the solvent is
expected to be constrained to the direction parallel to the inter-
faces. Hence, transport in lamellar morphologies is expected to
closely resemble the diffusion of a penetrant that is constrained to
move in only two dimensions. This dimensionality reduction alone
is expected to lead to a diffusivity that is two-thirds of the bulk
value. Similarly, transport in cylindrical morphologies is expected
to resemble diffusion of penetrants confined to move in a single
dimension, reducing the diffusivity to one-third of the bulk value.
For the case of gyroid morphologies, a combination of dimen-
sionality and tortuosity effects is expected to be in play. A recent
study by Shen et al."” examined the diffusion of a penetrant in
gyroid morphologies, and for the construct considered in our study
(i.e., the transporting phase corresponding to the inner regions of
the gyroid, and for the volume fraction considered), they found
that the tortuosity/dimensionality-induced reduction in the diffu-
sivity is on the order of a factor of 0.49. However, we note that
the results of Shen et al. were based on a periodic gyroid config-
uration with equilibrium domain spacings; in contrast, our results
were baﬁed on a single morphology having some nonequilibrium
defects.

Lamellae  Cylinder

Gyroid

1D I
0 I

Cylinder Gyroid

Lamellae

FIG. 3. Normalized diffusion coefficient of water in lamellae, cylinders, and gyroids
with corresponding images of systems with PEO = 4. Dotted lines in the image
show the expected mobility in lamellae and cylinders based on dimensionality
considerations.
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In comparing the above expectations with our simulation
results (the diffusivities, based purely on dimensionality/tortuosity
considerations, are indicated by dotted lines in Fig. 3), we observe
that a majority of the reductions observed in the diffusivities of
water in different morphologies can indeed be explained by the
arguments discussed in the previous paragraph. Such results demon-
strate that dimensionality/tortuosity considerations constitute the
primary origin of the influence of morphology on the transport
properties.

However, in Fig. 3, we do observe deviations from the
dimensionality-based predictions for lamellae and cylinders. Such
results contrast with the outcomes of Shen et al.'” in the context
of ion transport in various block copolymer morphologies. Therein,
the mobilities probed by the random walk of a point tracer matched
with their molecular dynamics results for ion/penetrant diffusion in
different morphologies. Such considerations suggest the existence of
additional physics that influence the impact of morphology on sol-
vent transport in block copolymer membranes. In Secs. III B and
[T C, we unravel the mechanisms underlying the deviations noted in
Fig. 3 by focusing on the PEO chains and their impact on the dynam-
ics of water molecules. In the remainder of this article, we will use the
terminology “ideal” to refer to the diffusivity values expected based
solely on dimensionality and tortuosity considerations.

B. Influence of PEO chains decorating the pore walls

In an effort to understand the mechanistic origins of deviations
from ideality of water diffusivities, we focused on the role of the PEO
chains decorating the pore walls. We first considered the lamellar
morphology and characterized the averaged diffusivity of water as a
function of the PEO chain length in the pores. These results are dis-
played in Fig. 4, in which deviations from the “ideal” values are seen
to increase with an increase in the PEO block length. Such results
suggest that the presence of PEO chains plays an important role in
influencing deviations from ideal solvent diffusivities and that such
deviations increase with an increase in the PEO chain molecular
weights.

03 F

0.2

0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60
PEO Chain Length (N)

FIG. 4. The normalized diffusion coefficient of water as a function of PEO chain
lengths in lamellae systems. Inset images show representative lamellae systems
for PEO = 0, 8, and 24, as labeled. The dotted line is the expected mobility of
particles in an ideal lamella.
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To understand the above results, we probed the local densi-
ties and the parallel diffusivities of water inside the lamella pores.
Figs. 5(a) and 5(b) present the local density profiles of water and
PEO inside the pores. By comparing the densities of water and PEO,
we see that there is penetration of water into the PEO layer of the
pores, which leads to a swelling of the PEO layer. Broadly, three
regimes can be noted in the displayed results. At small values of PEO
chain lengths (PEO chain lengths <8), water nearly penetrates into
the PS interface. With an increase in the PEO chain length, the inter-
penetration between water and PEO is seen to increase, leading to
a swelling of the PEO layer relative to the dry PEO brush condi-
tions. The latter result is clearly evident in the normalized swollen
brush heights presented in Fig. 5(c), which display a strong depen-
dence on the PEO chain length. However, for PEO chain lengths
up to 28, the PEO segments from the opposite layers do not over-
lap, and hence, the density of water in the middle of the layer is
the same as the bulk density of water. For PEO chain lengths >28,
the PEO segments do overlap, leading to a reduction in the density
of water in the middle of the layer. Interestingly, for a PEO chain
length of 56, we observe that both the PEO segments and the water
molecules exhibit an almost constant density profile, indicative of a
“blocked” PEO pore filled uniformly with water. In this third regime
of PEO chain lengths, we note that the normalized brush heights
[Fig. 5(c)] display a less sensitive dependence on the PEO chain
length.

In Fig. 5(d), we present the local, parallel diffusivities of water
as a function of distance from the PS interfaces. For all PEO chain
lengths, the diffusivities of water exhibit strong inhomogeneities
as a function of distance from the interface. Explicitly, the diffu-
sivities are the lowest near the lamella interface and increase to
bulk/unperturbed values as we move toward the middle region of
the lamellae. More pertinently, we observe that the local diffusivities
exhibit parallels to the regimes noted in our discussion of water and
PEO density profiles.

ARTICLE scitation.org/journalljcp

We hypothesize that the results seen in Fig. 5(d) arise from
interactions between water and the water selective PEO blocks
present in the pores of the membrane. Indeed, as a consequence
of being attached to the PS block, the PEO chains act akin to a
grafted polymer layer immersed in a good solvent. In such a sce-
nario, the solvent penetrates the brush and swells the grafted layer
[Figs. 5(a)-5(c)]. The solvent beads® " that are present inside the
brush experience an additional hydrodynamical frictional force aris-
ing from the polymer bead force centers. As a consequence of
this hydrodynamical drag, the mobilities of the water molecules
inside and in the vicinity of the polymer brush are expected to be
lowered.

In qualitative support of the above hypothesis, we note a strong
correlation between the inhomogeneities observed in the water dif-
fusivities [Fig. 5(d)] and the density profile of PEO chains, as shown
in Fig. 5(b). Moreover, if indeed the reduction in water mobil-
ities arises from friction created by the PEO blocks, we expect
that the range of modulation of the local water diffusivities will
increase with the length of the PEO blocks. The results displayed in
Fig. 5(d) confirm such expectations, thereby lending further support
to our hypothesis regarding the mechanism of influence of the PEO
chains.

While the above arguments provide a qualitative explanation
for the observations in Fig. 5(d), we examine in the Appendix
a simple “toy” model for the hydrodynamical effects experienced
by the solvent molecules in the PEO lamella pores. The model,
continuum by nature, adapts ideas proposed by Milner in a dif-
ferent context and envisions the solvent molecule as a sphere
moving through a Brinkman medium of the polymer brush.”
The mesh size of the latter is abstracted based on the corre-
lation of a polymer solution with a concentration equal to the
local PEO monomer concentration. Using the simulation results
for the PEO monomer concentration, we obtain the local mobil-
ity/diffusivity of the solvent “sphere.” A pore-averaged diffusivity is

FIG. 5. (a) Density profile of water.
(b) Density profile of PEO blocks. (c)
Swollen PEO brush height normalized
by dry brush height. (d) The normal-
ized local diffusion coefficient of water

parallel to the lamellae systems in the
x-direction, in the lamellae systems for
PEO chain lengths from 0 to 56. The
light green shaded region marks the PS
interface in the figure.
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obtained by averaging the local diffusivity with respect to the solvent
density.

The predictions of the above model are compared in Figs. 6(a)-
6(c) to simulation results for local diffusivities (results for PEO chain
lengths of 44 and 56 are presented in supplementary material Fig. S5)
and in Fig. 6(d) to the averaged diffusivities of the solvent. Despite
the simplistic nature of the model, its predictions match quantita-
tively with computer simulation results, which lend support to our
hypothesis regarding the influence of the hydrodynamical friction
that arises from the PEO layers.

Since the envisioned experimental framework motivating our
study can individually vary the PLA and PEO block sizes (for
a fixed volume fraction and size of the PS block), it is possi-
ble to exercise independent control over the PEO block size and
the width of the lamellae. A relevant issue is whether the PEO-
induced deviations of solvent diffusivity from ideality vary inde-
pendently with the lamella pore size (R) and the PEO block size.
Since the hydrodynamical influence of PEO chains is expected to
scale with the (swollen) brush height H;, we expect the (normal-
ized) averaged solvent diffusivities to depend on the ratio H,/R.
To verify this hypothesis about the role of the pore size, we simu-
lated lamella of different pore sizes containing varying PEO chain
lengths and probed the averaged solvent diffusivities as a function
of pore sizes and brush heights. Shown in Fig. 7 are our results for
these diffusivities (normalized by the respective values for the dif-
ferent pores when PEO chains are absent) depicted as a function
of Hy/R. The results for different pore sizes indeed collapse onto
a universal function in this representation, thereby confirming our
hypothesis.

Together, the results presented in Figs. 5-7 serve to explain
the trends evident in Fig. 4 and demonstrate that the hydrody-
namical friction/drag arising from interaction between the sol-
vent and the solvent selective blocks serves as the main source of

® Simulation @ Model
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0.4 0.6 0.8 1
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FIG. 7. Normalized diffusion coefficient of water as a function of normalized PEO
brush height by the pore size in lamellae systems. Inset images show systems
with PEO = 8, where the pore size increases from the top to the bottom.

deviation from ideality of solvent diffusivities in block copoly-
mer membranes. Moreover, the results in Fig. 7 demonstrate that
the effects of lamella width and PEO chain length can be com-
bined into a single parameter to unravel their influences on solvent
diffusivity.

C. Influence of morphology

To close this discussion of our results, we address the influ-
ence of morphology on macroscopic solvent diffusivities. Since the
hydrodynamic drag depends on the molecular weight of the PEO
chains, decoupling the role of morphology in deviations from ideal
values requires that we achieve different morphologies containing
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the same number of PEO chains and pore sizes. However, the
self-assembly of block copolymers into different morphologies is
intimately tied to the volume fraction of the different blocks and,
as a consequence, restricts the range of molecular weights of the
PEO blocks and pore sizes that can be probed for a specified
morphology.

In an effort to address the above issues, we probed the aver-
aged solvent diffusivities in cylindrical morphologies by varying the
PEO chain lengths. In Fig. 8(a), we present the normalized solvent
diffusivities as a function of PEO chain lengths in cylinder sys-
tems. Consistent with the results in Fig. 4 for lamellar systems, the
deviation from the “ideal” values increases with an increase in the
PEO block length. These results suggest that the deviations from
ideality observed for cylindrical morphologies in Fig. 4 originate
in hydrodynamical interactions between the PEO chains and the
solvent.

We recall that the results in Fig. 7 demonstrated that, for lamel-
lar morphologies, the width of the pore and the PEO (swollen)
brush size can be combined into a single parameter to identify
their influence on solvent diffusivities. We argued that the physics
of solvent PEO interactions are similar in cylindrical morpholo-
gies, and we would anticipate similar scaling in quantifying the
deviations from ideality observed in cylindrical morphologies. Thus
motivated, in Fig. 8(b), we compare the normalized solvent diffu-
sivities for the lamellar and cylindrical morphologies as a function
of the ratio of swollen brush height H; to the pore diameter R.

(a)

—®
0 L L L . L L
0 4 8 12 16 20 24 28
12 PEQO Chain Length (N)
’ ()
1 e o0 % o
¢ o
°
<08 o®
Q [ ]
~ [ ] °
Q 0.6 | [ X
04 F
® Lamellae ® Cylinder
0.2 . .
0 0.1 0.2 0.3 04 0.5

H,/R

FIG. 8. (a) Normalized diffusion coefficient of water as a function of PEO chain
length in cylinder systems. Inset images show representative cylinder systems for
PEO = 0 and 16, as labeled. The dotted line provides a guideline for expected
mobility of particles in the cylinder. (b) Normalized diffusion coefficient of water as
a function of normalized PEO brush height by the pore size in cylinder systems.
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Surprisingly, it can be seen that the results for the normalized dif-
fusivities of the different morphologies match at a quantitative level
in this representation.

Together, the above results suggest that the deviations from
ideality noted in Fig. 3 for lamellae and cylinders exhibit a univer-
sal dependence on the (swollen) brush height relative to the pore
size of the respective morphology. Furthermore, in conjunction with
Fig. 3, these results demonstrate that the solvent diffusivities in dif-
ferent block copolymer morphologies are governed primarily by
two simple physical aspects, viz., the reduction in diffusivities aris-
ing from dimensionality/tortuosity considerations and the hydro-
dynamical interactions between the solvent and the hydrophilic
blocks.

One must however exercise caution in interpreting the out-
comes of Fig. 8. Indeed, the morphologies themselves differ in
the structural characteristics relating to local solvent densities, the
interpenetration between the solvent and PEO layers, and the
resulting swollen brush heights. Hence, the extent of deviation
from ideality of the averaged solvent diffusivity does exhibit a
dependence on the morphologies. However, the results of Fig. 8
demonstrate that, pending knowledge of the structural character-
istics specific to the morphology (i.e., H), the averaged diffusiv-
ities in different morphologies can be rendered onto a universal
function.

Do pore size effects similar to those seen for lamellae and
cylinders also manifest in gyroid morphologies? To address this
issue, we studied the dynamical properties of the gyroid, which has
a smaller pore size, and compared them to the results in Fig. 3
(cf. Fig. 9). We refer to “Gyroid-I” for the system shown in Fig. 3
(Npeo = 4) and “Gyroid-II” for the new system with a smaller
average pore size but the same chain length of PEO blocks (Npgo
= 4). Consistent with results presented in Fig. 6 for lamellar sys-
tems, we observe that narrowing the pore size (for a fixed PEO
chain length) reduces the macroscopic water diffusivities in such
morphologies.

Can the results for gyroid morphologies be rendered in a repre-
sentation similar to that of Fig. 82 As evident in Fig. 9, the gyroids in

Gyroid II

Gyroid 1

Gyroid I Gyroid II

FIG. 9. Normalized diffusion coefficient of water for two systems of gyroids. Inset
images (top) show corresponding systems. We refer to Gyroid-I and Gyroid-Il for
systems with different pore shapes and sizes.
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our simulations possess nonuniform pore sizes and tortuous chan-
nels that arise from nonequilibrium effects (Gyroid I and Gyroid
II are themselves morphologically distinct). Even in the context of
equilibrated gyroid morphologies, the PEO conformations accom-
panying such nonuniform pores probably exert an influence on the
solvent mobilities that may not be captured by simple hydrodynam-
ical or scaling considerations. Unfortunately, resolving this issue
requires characterizing the local dynamics and structure in such
nonuniform pores of gyroid morphologies—a complex task that we
must defer to future work.

IV. CONCLUSIONS

Together, the results presented in this study clearly demon-
strate that transport characteristics of solvent in pores that arise from
the self-assembled morphologies of block copolymers are modulated
by the hydrodynamical influence of the solvent selective blocks in
the pore. As a consequence, the dynamical characteristics of solvent
inside the pores exhibit strong inhomogeneities relative to the inter-
face. Interestingly, our results demonstrate that, beyond the dimen-
sionality influence arising from confinement in pores, the hydrody-
namical effects from the PEO chains can be collapsed into a universal
dependence on pore size relative to the brush height. The results pre-
sented herein lay the groundwork for building simpler models and
coarse-grained approaches for predicting the transport properties of
solvents in such nanoporous membranes.

SUPPLEMENTARY MATERIAL

See the supplementary material for y; and interaction param-
eters between polymer blocks and water particles (see Tables S1
and S2, respectively), density profile of PEO blocks and water as
a function of time, mean squared displacement of water in differ-
ent directions, diffusion coefficient of bulk water as a function of
box length, parallel component of the mean squared displacement
of water in each bin size for the local diffusion coefficient, and the
local diffusion coefficient of water extracted from the toy model and
DPD simulation for PEO chain lengths 44 and 56 (see Figs. S1-S5,
respectively).
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APPENDIX: HYDRODYNAMIC MODEL FOR SOLVENT
DIFFUSIVITY IN THE PEO

In this section, we provide a short description of the continuum
hydrodynamical model underlying the results of Fig. 6. The basis for

ARTICLE scitation.org/journalljcp

such a model is inspired by the work of Milner,” who exam-
ined the penetration of the shear flow into polymer brushes. In
this context, Milner envisioned the polymer brush as a Brinkmann
medium with a mesh size equal to that of the correlation
length of the polymer solution at the concentration of the brush
monomers.

In the present work, we adopted the above picture and envi-
sioned the solvent as a “particle” or radius r* diffusing through a
Brinkmann medium with a mesh size equal to that of the correla-
tion length of the polymer solution at the concentration of the PEO
monomers. We used simulation results for the local concentration
of the PEO monomers. Unfortunately, the mesh size (&) for many of
the conditions examined in this study fell either in the range & ~ r*
or £ > r*, regimes that are beyond the limits where a continuum
picture of the Brinkmann medium is expected to apply.”® While new
theories and simulations have emerged for such “noncontinuum”
regimes,” ** we still lack a generally accepted picture. Moreover,
considering the simplistic nature of our framework, embedding such
complex theories was not consistent with our objective. In lieu of
such efforts, we used the continuum theory (strictly speaking, valid
only for r* > &) for the diffusivity of a sphere Din an unbounded
Brinkmann medium,

o (1ee5)
—=(l+a+ -« ,
Do 9

where Dy denotes the diffusivity of the sphere in a pure solvent and
a=r"[E

While corrections to the above model have been developed to
account for the presence of walls, “ results have been numerical and
beyond the scope of the present work. In lieu of such considerations,
in order to account for wall effects, we corrected the above local dif-
fusivities by the numerical values of the local solvent diffusivities
arising in the case where no PEO chains are present [PEO = 0 in
Fig. 5(d)]. Using the above model, a nominal value of r* = r./2, and
the local volume fractions of PEO, we estimated the local diffusivities
depicted in Figs. 6(a)-6(c).
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