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Abstract
Polymer-grafted nanopores are widely used for controlled material transportation and flow
regulation. Using atomistic nonequilibrium molecular dynamics simulations, we
systematically investigate the effect of external flow on the morphological and hydration
properties of poly(ethylene oxide) (PEO) grafted gold nanopore, and especially how this
effectis further regulated by the PEO chain length, grafting density, and pore sizes. We found
that PEO undergoes a coil-to-stretch transition and becomes more aligned with the flow
direction with increased pressure gradient imposed in the nanopore. PEO segment is found
to be nonuniformly stretched in general along the chain in flow, and the largest stretch is
located near grafting points. The PEO layer thickness is decreased as the flow strength
increases in most cases except that for compressed PEO layer (polymer size is larger than
the pore radius) where the thickness increases slightly (~5%), and that for systems with
very high grafting density under low pressure gradients, little change in the layer thickness
is observed. The hydration of PEO or the solvent quality is found to be increasingly poor as
the flow strength increases due to PEO conformational change and water depletion near the
pore surface. Water radial velocity profile is found to be exclusively Poiseuille-like without
slip when PEO is not fully stretched and water can penetrate into the PEO layer, while
transits into plug-like with slip when PEO chains are stretched to their rod-limit and water
is fully depleted in the PEO layer, leading to a nonmonotonic flow rate dependence on PEO

chain length or grafting density.



INTRODUCTION

Polymer-grafted solid nanopores have attracted intensive research interest, due to the
hybrid nature of the soft polymer layer and hard solid nanopores, that leads to unique
properties remarkably different from those of unmodified nanopores or bulk polymers. The
introduction of flow into the polymer-grafted nanopore gives rise to a more fascinating
system as the interaction between polymer, solid pore, and water can be very complicated
due to the nanoconfinement effect that depends on, for example, the flow strength, polymer
chain length and grafting density, which in turn can be used for design of desired polymer-
grafted solid nanopores with tailored properties. As a result, they have gained both
significant practical importance,! such as flow control,?? desalination,* drug delivery,>¢ and
petroleum engineering,” among others, and fundamental importance to understanding
polymer behavior under external shear flow8-11 and flow behavior near solid-fluid

interface.12-14

It is now established that the structure and dynamics of free polymer in flow is the result of
a delicate balance between the chain relaxation (entropic restoring force) and the shear
force experienced from flow.15> One typical observation is that polymer undergoes a coil-to-
stretch (or coil-to-rod) transition in shear flow,16-18 which is exploited in polymer
processing.19.20 [t is also found that the solvent quality decreases when shear rate increases,
causing polymer dehydration!” and even precipitation?? from aqueous solution for
hydrophilic polymers, such as poly(ethylene oxide) (PEO). Despite the progress for
understanding the general structural properties of free polymer, or polymerlayer grafted to
planar surface?1.22 in flow, the atomistic mechanism governing the structural and hydration

change of polymer brush confined in a nanopore has been missing. Without any doubt,



atomistic molecular dynamics (MD) simulation can probe such atomistic details. This
manuscript accomplishes this objective by examining the atomistic details of hydration (e.g,
hydrogen bonding) change associated with structural changes for PEO with various chain
lengths grafted to gold nanopore with different curvatures at a broad range of grafting

densities under different flow strengths.

While so far there has been extensive research on the structure of polymer grafted to
nanopore/nanochannel, there is still an ongoing debate on the precise change of the layer
height of the grafted polymer in shear flow.23 For example, by self-consistent field theory,
Suo and Whitmore?# showed that flow has little effect on the polymer layer, i.e., the layer
height is not changed in flow under experimentally achievable pressure gradients. Webber
et. al.2> also observed that the layer thickness is unchanged for poly(2-vinylpyridine)-
polystyrene (PVP-PS) diblock copolymer grafted micamembrane for shear rates up to 3x104
s'1. On the other hand, based on a free energy analysis using the Alexander-deGennes picture
by assuming that the chain ends sit the outmost of the layer and all chains are stretched
equally, Sevick?® found that the layer height is increased (layer swelling or thickening), and
nanopores with increased curvature leads to larger thickness swelling. In contrast, layer
thinning (thickness reduction) has also been reported. For example, using
poly(vinylpyrrolidone)-grafted silica nanopore, Castro and coworkers?? found that the layer
thickness is decreased inferred from an increased flow rate. Similar observations of layer
thickness reduction were also reported by coarse-grained molecular dynamics (CGMD)

simulations of polymer-grafted nanopore/nanochannel.?829



Those discrepancies clearly indicate the complication of the problem and may be attributed
to the broad materials design parameters (e.g., polymer grafting density, chain length and
nanopore sizes) and possible limitations associated with different study methods. The
limitations in theoretical models, as argued by Ivkov et. al.,?3 include the assumptions of a
specific monomer density distribution (step-like or parabolic like), uniform stretch of
polymer along the chain, and chain ends residing outermost of the layer etc. While for
experimental studies, it is hard to precisely control the system, such as the chain length as
the chain polydispersity normally exists in experiments.3? Results in MD simulations with
limited system setup (e.g., constant polymer chain length, grafting density, pore size or flow
strength) are also highly restricted to the specific system studied. Undoubtedly, systematic
MD simulations covering a wide parameter space are a crucial tool to address the conflicting
views of brush height dependence, as all the design parameters can be well controlled unlike
experiments, and those assumptions used in theoretical models can be directly tested. Most
importantly, it can provide molecular-level insights connecting to property changes that are
challenging or impossible to get by experiments or theoretical models alone. In this
manuscript, we investigate the molecular details of polymer distribution, including the
volume fraction and chain ends distribution, polymer stretch along the chains, the size and
its orientation, and brush height as a function of pressure gradient, chain length, grafting
density and pore sizes. The data presented in this work will be beneficial for understanding
the structural changes of the PEO layer and clarifying their precise dependences on the

design parameters.

PEO is widely used in biomedical engineering due to its superior water solubility,

biocompatibility3! and protein adsorption inhibition.3233 The functionality of PEO-based



nanomaterials relies on good hydration of PEO. Though water is normally a good solvent to
PEOQ, the introduction of flow can change the solvent quality. As reported experimentally by
Dunderdale et.al,?® PEO precipitates from water at high shear rates. It is thus clear that
solvent quality depends on the flow strength even for hydrophilic polymer like PEO. To
examine the hydration detail such as the hydrogen bonding between polymer and solvent
(e.g., water), atomistic resolution is necessary which are not available from coarse-grained
MD simulations. However, so far atomistic simulations devoted to addressing this question
have been missing, which might be due to the technical difficulties in generating the systems.
To address this technical challenge, we have developed a python program (polyGraft)34 that
can generate the desired systems for the purpose of the current study. In this manuscript,
using systematic atomistic MD simulations of PEO-grafted gold nanopore, we also
investigate the effect of chain length, grafting density, nanopore curvature, and flow strength
on the average hydrogen bonds and formsof hydrogen bonding (i.e., singly bonded vs doubly

bonded) formed between PEO and water.

Apart from polymer morphological and hydration changes under flow, the presence of
polymer also changes the flow behavior as the modification of the solid bare nanopore with
polymer grafts introduces competing interactions (in addition to the solvent wall interaction
in bare nanopores), such as polymer water hydrogen bonding, that can change water
dynamics and behavior near the pore wall. For example, it's known that the radial velocity
profile of water through bare nanopore is plug-like with slip near the pore wall for
hydrophobic nanopores3® and even for hydrophilic nanopores.2” However, with polymer
grafts, the velocity profile of water is found as Poiseuille-like with nonslip boundary,3° which

further results in flow reduction compared to flow through bare nanopores.3® The change of



boundary conditions was found to be affected by the solid-fluid interaction strength
(adhesion) which give rise to different frictions to fluid near the surface,'3 and thereby
different flow behaviors (plug-like vs Poiseuille-like). Furthermore, since the polymer water
interaction also depends on design parameters or external conditions, the flow behavior is
thus dependent on them, such as the graft length and grafting density. Therefore, they can
be used as a controllable approach for size selective transportation and flow regulation.3>.
For example, CGMD simulations based on the bead-spring model3° and dissipative particle
dynamics (DPD)#0 found that solvent permeability decreases with increasing grafting
density or chain length. It was also reported that 100-fold flow reduction can be achieved in
polymer-grafted nanochannel by controlling the polymer chain length and grafting density.4!
Notably, as stressed by Lanotte et. al., the flow reduction cannot be predicted directly from
a geometrical argument using the effective pore size (subtracting layer thickness from the
pore radius),38 suggesting that the grafted polymer layer has an important role in regulating
the fluid flow and cannot be treated as a “fixed” region. Indeed, as pointed out by Milner,*2
solvent can penetrate into the brush layer in good solvent condition. On the other hand, by
DPD simulations, Huang et. al.*! found that in poor solvent conditions, the flow is not affected
by the graft length and grafting density as the polymer layer is excluded from the solvent (i.e.,
the polymer layer can be treated as a “fixed” wall). However, so far there is no direct report
relating polymer conformational to the flow behavior which originates from polymer solvent
(e.g., PEO-water) interaction changes under external conditions and varies with different
design parameters, that could be used to regulate flow through the nanopore. In this work,
using atomistic nonequilibrium MD (NEMD) simulations of PEO-grafted gold nanopore

under external flow, we also investigate the influence of the chain length, grating density,



and pore curvatures on the radial velocity profile and flow rate. Our results provide atomistic
details of the local arrangement of polymer and water, polymer-water interaction, and flow

regulation, which is important for both practical applications and fundamental

understanding of polymer behavior in external flow.

SIMULATION DETAILS

We have carried out nonequilibrium molecular dynamics (NEMD) simulations of methyl-
terminated PEO with various chain lengths (repeat units N=12/20/26/36) at low-to-high
grafting densities (0.30~1.20nm"2) grafted through sulfur bonds to gold nanopores with
different sizes (2~5 nm radii). The initial molecular structure and topology of all PEO-
grafted gold nanopore systems were prepared using the polyGraft program.3* To model the
flow, weapplied the method that has been successfully applied for study of pressurized flows
through bare nanopores*34#4 by atomistic MD simulations and through polymer-grafted
nanopores28.29:4546 hy CGMD simulations. Specifically, external forces are applied on water
molecules along the nanopore axial directions (flow direction) to develop a quasi-steady
flow through the nanopore. The flow strength is normally evaluated by the pressure drop
AP =nf/A, where n and f are the number of fluid atoms selected to add forces and the
exerted force on each atom, and A is the cross-sectional area of the nanopore. We note that
in the literature, slice of partial fluid atoms#*347 along the nanopore or all fluids atoms29:4546
selected to add external forces were both reported. However, as noted by Herrera-Rodriguez
et.al. the length of the slice has an influences on the properties, and their results suggested
that the larger the length, the less sensitive of the properties such as fluid density.*8
Therefore, in this work, all water atoms are selected to add forces to develop the flow.

Additionally, to make it convenient to compare our results with other work, we adopted the



pressure gradient, namely AP/L where L is the length of the slice, to evaluate the flow
strength throughout this work. Namely, the pressure gradient presented here denotes the
pressure differences along the nanopore in 1nm distance. The details of the system settings
are listed in Table S1 of the Supporting Information. We note that when interpreting the data,
one cannot directly relate the pressure gradient applied in this study to experiments, due to
the time and length scale limitations in an atomistic MD simulation that usually involves high

rate changes.

The OPLS-AA force field with modified charge was used for PEO which has been shown to
reproduce correctly experimentally observable properties for PEO brushes and was also
used in our previous PEO brush studies.**->1 The SPC/E model was used for water>2 along
with the SHAKE algorithm to keep water molecule rigid. The force field parameters related
to gold atoms were adopted from Tay and Bresme.>3 A cutoff distance of 1.0 nm was used for
both van de Walls interaction and electrostatic interactions. The PPPM method was adopted
for long range electrostatic interactions and the pressure and energy correction were
applied for long range pair interactions. The periodic boundary conditions were used for all
directions. All systems were firstly equilibrated (equilibrium MD) using the NPT ensemble
by the Berendsen thermostat and barostat at 300K and 1bar for at least 100 ns.#° All
production NEMD simulations were then performed for 20 ns using the NVT ensemble by
the Nosé-Hoover thermostat at 300K. The velocity component of water along flow direction
is excluded in thermostating, such that the flow is not artificially obstructed.'?.°4 The Velocity
Verlet time integration was applied to integrate the equation of motion with a time step of 2
fs with all bonds connected with hydrogen atoms being constrained using the SHAKE

algorithm. The NEMD simulations were performed using the LAMMPS program (version



2020-July-21) with GPU acceleration®> on the Extreme Science and Engineering Discovery

Environment (XSEDE).56

For data analysis (the last 5ns trajectory with data saved every 10 ps), the nanopore is
divided into a series of cylindrical shells (binning) with a thickness of 0.4nm starting from
the gold nanopore surface to the center of the pore. For volume fraction calculation, we have
used 0.03 nm3 forwater, 0.02 nm3 for PEO oxygen and -CHz/-CH3 group, and 0.0236 nm?3 for
sulfur atoms, the same as our previous equilibrium study of PEO-grafted gold nanopore.*°
For hydrogen bonding analysis, a geometrical criterion was employed with the distance
between donor (D) and acceptor (A) rpa<0.35 nm and the angle ZHDA < 30° with H being
water hydrogen atoms. We calculated the radial distance of the -CH3 tail group to the
nanopore surface for the end-group distribution of grafted polymers. The flow velocity

profile was obtained by averaging all atoms of water in each bin.

RESULTS AND DISCUSSION
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Figure 1: MD simulation snapshots of PEO-grafted gold nanopore under different pressure
gradients from 4.90MPa to 147.06MPa compared to the equilibrium structure (0 MPa). Top
panel: top view, bottom panel: side view. PEO chains of 20 repeat units were grafted to the
pore size of 4.0 nm radii at the grafting density of 0.46nm-2. Gold atoms are shown in yellow,
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PEO carbon and oxygen atoms in cyan and red. Two representative PEO chains are shown in
violet on the side view. Water is not shown for clarity.

Polymer conformation changes under flow. We begin with PEO grafted to a nanopore of
4.0 nm radii at a moderate grafting density (0.46 nm-?) where the PEO chains are overlapping
mushroom-like,#? similar to experimental conditions.3> The morphological changes of
grafted PEO (of 20 repeat units) under different pressure gradients are show in Figure 1.
One can see that under external flow, PEO tends to deviate from its normal coil conformation
in equilibrium condition and becomes elongated and aligned with the flow direction when
the external pressure gradient increases. At the highest pressure gradient of 147.06 MPa,
PEO chains mostly assume a rod-like conformation, with the segments dominant in trans
configurations, which are consistent with the findings by Sommer and Donets'8 and Milner
and Mkandawire!” who studied the morphological change of PEO under flow using ends-

pulling techniques (simulating flow by using pulling forces on PEO chain ends).

To analyze the polymer and water distribution change under flow and their dependence on
flow strength forthe system discussed above (PEO of 20 repeat units grafted to nanopore of
4.0 nm radii at the grafting density of 0.46 nm-2), we calculated the volume fraction of PEO
and water as a function of distance to the nanopore surface, as shown in Figure 2. One can
see that when flow strength increases, PEO volume fraction drastically decreases near the
nanopore center (beyond 1.0 nm distances to the nanopore surface) while increases near
the pore surface (within 1.0 nm distances to the nanopore surface), indicating that PEO
moves closer to the surface when flow becomes stronger. Correspondingly, water is
squeezed out of the nanopore surface with the volume fraction decreases (within 1.0nm

distance to the pore surface) and even depleted at the pressure gradient of 147.06 MPa (near

11



zero volume fraction) and redistributed towards the nanopore center, where water is more
densely packed (reaching a high volume fraction of 1.2, signaling phase separation of PEO
from water or solvent quality changes, discussed more below). The change of polymer
volume fraction under external flow for shorter grafts (N=12) and longer grafts (N=36)
demonstrate similar trend (Figure S1 of the Supporting Information), but with different
transition distances to the nanopore surface, which is about 0.6 nm and 2.0 nm to the
nanopore surface for short (N=12) and long (N=36) grafts, due to the initial nanopore

coverage differences for PEO with different chain lengths.*°

The end group distribution of PEO chains provides a more direct measure of the structural
changes under flow with different strengths, as shown in Figure 3. One can see that in
equilibrium condition (AP=0 MPa), the end group distribution is bimodal, with comparable
amount of ends adsorbed to the surface and sitting in the nanopore.#® As the external
pressure gradient increases from 0 to 147.06 MPa, the second peak is shifted towards the
pore surface from about 2.3 to 0.7 nm distance to the nanopore surface, indicating that chain
ends initially sitting near the nanopore center move closer to the surface, driven by external
flow. On the other hand, the first peak (adsorbed ends) almost locates at 0.3 nm distance to
the surface, but the probability density changes, showing that polymer adsorption becomes
stronger under intermediate external flow but then a small fraction of the adsorbed ends is
desorbed under strong external flow (AP =147.06 MPa), which was also reported in a
previous neutron reflectivity study of PS-PEO grafted quartz brush under shear flow that
showed the desorption of polymer only happens at high shear flows owning to the dragging
of the strongly extended chains.>7-58 This demonstrates the changes in static adsorption and

flow induced adsorption as well as flow induced desorption, which are important in

12



petroleum engineering.” One insight from our result is that the chain ends are not always

sitting outermost of the layer, which is normally assumed in theoretical models.*2
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Figure 2: PEO (a) and water volume fraction (b) as a function of distance to the nanopore
surface at different pressure gradients. The nanopore radius is 4.0 nm, grafted with PEO of
20 repeat units at the grafting density of 0.46 nm-2.
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Figure 3: PEO end group distribution as a function of distance to the nanopore surface at
different pressure gradients compared to the equilibrium structure. PEO chains of 20 repeat
units were grafted to the nanopore of 4.0 nm radii at the grafting density of 0.46 nm-2. The
snapshot shows PEO in cyan and the chain ends in red in equilibrium.

To directly quantify how much PEO changes its conformation from equilibrium coil-like
chains under different pressure gradients and examine the chain length effect, we show in
Figure 4a the end-to-end distance, Rend, of the grafted PEO with different chain lengths as a
function of pressure gradient. As can be seen, Rena of PEO chains, regardless of the chain
length, increases as the pressure gradient increases, and approaches their rod limits (all-
trans configuration) under high pressure gradients, as indicated by the dashed lines in
Figure 4a. One also notices that for short chains (N=12 and N=20), PEO almost reaches the
rod limit while does not for longer chains (N=26 and N=36) at the highest pressure gradient
0f 147.06 MPa. Itis therefore evident that the shape of PEO changes under flow (coil-to-rod),
which was also reported experimentally of PS-grafted ceramic nanopores.3> To characterize

the shape change, we calculated the PEO aspect ratio defined by the ratio of the end-to-end

14



distance to the radius of gyration, Rend/Rg, shown in Figure S2 of the Supporting Information.

Under low pressure gradient for PEO of all lengths, the aspect ratio is approximately 2.4,
close to the value v/6 expected for a random coil, while reaches 3.4 at the highest pressure

gradient, close to /12 expected for a rod-like chain.>? This shape change is consistent with

the structural changes seen in Figure 1 (coil-to-rod transition).

To evaluate the alignment of PEO chain (orientation) to the flow direction as shown in Figure
1, we calculated the P2 order parameter, based on the angle (6 ) between neighboring

oxygen-to-oxygen vectors of PEO to the flow direction:
P, = ! 3cos?6—1
2 =5 (3cos*0— 1) (1)

The average P2 order parameter among all PEO segments of all chains as a function of the
pressure gradient is shown in Figure 4b. One can see that in equilibrium condition (no
pressure gradient), the order parameters of PEO for all chain lengths are close to 0,
indicating an isotropic orientation, which is indeed the case when PEO chains assume
mushroom-like conformation.#® As the pressure gradient increases, the order parameter
increases forall cases, indicating an increasing alignment of PEO chains to the flow direction,
and approaches 0.9 at the highest pressure gradient when PEO chains are mostly aligned to
the flow direction. This is consistent with previous experimental observations of alignment
of isotactic polypropylene in increased shear flows.1® One can also notice that due to the
denser packing of PEO chains with longer chain length (N=26 or N=36) in the nanopore, the

P2 value increases slower for long chains than that for short chains (N=12 or N=20).
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Figure 4: PEO end-to-end distance, Rend (@) and P2 order parameter (b) as a function of
pressure gradient for different chain lengths: N=12 black squares, N=20 red circles, N=26
blue up-triangles, and N=36 green down-triangles. Grafting density is 0.46 nm= and
nanopore size is 4.0 nm radii. Dashed lines in Figure (a) are the rod-limit length of PEO of
different chain lengths.

To examine the grafting density effecton the conformational changes of PEO under flow and
compare it to the chain length effect discussed above, we changed the grafting density from
very low 0.30nm2 (pancake-like chain in equilibrium) to very high 1.20nm-2 (dense brush
in equilibrium)#4° for PEO of 20 repeat units grafted to the nanopore with 4.0 nm radii. The
change of Rend as a function of pressure gradient is shown in Figure 5a. One can see that while

Rend of PEO increases for all cases as the pressure gradient increases, consistent with the coil-
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to-rod transition, the trend is different. At low grafting densities (0.30 and 0.46 nm-2), the
trend is similar to that seen in different chain lengths (Figure 4), as the chain conformation
in equilibrium is comparable, namely, coil-like. However, at high grafting densities (0.67,
0.90, and especially 1.20 nm-2), PEO chains assume brush-like conformation in equilibrium,
and therefore are packed more densely. This can be seen from the P2 order parameter plot
as a function of pressure gradients, as shown in Figure 5b. For PEO in equilibrium at the
highest grafting density (1.20nm2), the Pz order parameter is about -0.1, as they are packed
in dense brush, perpendicular to the nanopore axial direction, which can be also seen from
the aspect ratio of about 3.25, close to /12 expected for a rod-like chain (Figure S2 of the
Supporting Information). In this case, the order parameter is unchanged until high pressure
gradients (above 73.53MPa). Even under the highest pressure gradient considered
(147.06MPa) PEO chains still do not reach the full rod-limit nor fully align with flow as the

P> value is about 0.5.

Therefore, PEO chain conformation change under flow depends on its equilibrium
conformation, which further depends on the grafting density and chain length.*® Densely
packed chains (long chains or high grafting densities) require higher pressure gradient to
reach their full rod-limit compared to less densely packed chains (short chains or low

grafting density).
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of 0.46 nm-2 under different pressure gradients.

As noted by Milner,*2 one assumption in theoretical models of polymer brush, such as self-
consistent mean field theories, is that the chains are assumed to be uniformly stretched along
the chain. To test this assumption, we have calculated the expansion ratio a? = r2/r# of
neighboring oxygen-oxygen distance (r2) to that of PEO single chain in equilibrium (7) from
the grafting points to chain ends at different pressure gradients for PEO of 20 repeat units
grafted to a nanopore of 4.0 nm radii at the grafting density of 0.46 nm-2, as shown in Figure
6. One can see that at a very low pressure gradient (4.90 or 12.25 MPa), chain segments are
somewhat uniformly stretched (a = 1.05). At intermediate pressure gradients (36.76 MPa),
chain segments are stretched more near the grafting points (a = 1.22), and are less
stretched further away till the chain ends (@ = 1.05),in an approximately linearly decreased
fashion. Further increase of the pressure gradient (above 73.53MPa) leads to nonlinear

stretch along the chain (a somewhat bi-linear relation). At high pressure gradients
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(110.29MPa and 147.06MPa) when the PEO chains are in their rod-limit (Figure 4), chain
segments are uniformly stretched close to the grafting points (a = 1.32) except the last 6

repeat units which are less stretched and decreased in a hyperbolic fashion.

We also calculated the expansion ratio at the same high pressure gradient (110.29MPa) for
different chain lengths and grafting densities, corresponding to the systems shown in Figure
4 and Figure 5, respectively, shown in Figure S3 of the Supporting Information. For all cases,
PEO chains near the grafting points are stretched the most, while this local stretch ratio
depends on chain length, and grafting density. The longer the chain or the higher the grafting
density, the less the local stretch near the grafting points. It also shows that only when chains
reach their rod-limit can a somewhat uniform stretch be expected for segments near the
grafting points except the last portions (~25%) of the chain where the stretch is decreased

in a hyperbolic form till the ends.

Nanopore coverage changes under flow.

As discussed above, polymer moves towards the pore surface and becomes more aligned
with the flow direction when flow strength increases, leading to change of the nanopore
coverage. To quantify the coverage of nanopore changes as pressure gradient increases, we

have calculated the layer thickness or height (H) by:

Ha f(f?(R —7r)®(r)rdr

= 2
fORCI)(r)rdr )

where ®(r) is the volume fraction of PEO as a function of radial distance r to the pore center.
The prefactor 3 is originated from the normalization of the layer thickness from a uniform

polymer density profile.#° The layer thickness change as a function of pressure gradient is
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shown in Figure 7, covering PEO of different chain lengths and grafting densities. One can
see that the brush height change under external flow is strongly dependent on the pressure
gradient, chain length and grafting density. For short chains (N<26 in Figure 7a) and low
grafting densities (0<0.67nm in Figure 7b) where the nanopore is open in equilibrium
condition,* namely the layer thickness is less than or equal to the pore radius, the brush
height decreases with a AP~%2 power law under low pressure gradients (AP<36.76MPa) as
shown in Figure S4 of the Supporting Information, but then it becomes saturated under high
pressure gradients when all chains reach their rod limit. While for initially closed nanopore
systems (N=36 or 620.90nm2), the change of brush height is very small under low pressure
gradients. For example, at the highest grafting density (1.20nm-), the layer thickness
decreases less than 5% even at a high pressure gradient of 110.29MPa. Indeed, it requires
higher pressure gradients to make the polymer change their conformation for these densely
packed systems than that for loosely packed systems, inferred from Renqd changes as a
function of pressure gradient (Figure 4 and Figure 5), consistent with the result found in a
previous DPD simulation of planar brushes®® under shear flow which suggested that

decrease of brush height is more significant for low grafting density systems.

While most of our results of the brush height dependence on pressure gradient indicate layer
thinning of polymer layer under flow as shown in Figure 7, we note that layer thickening
may happen for initially closed nanopore system in which the polymer layer is compressed
(ie., the polymer size in free solution is larger than the pore radius). One can see in Figure
7a that the brush height for PEO of 36 repeat units is increased about 4% when pressure
gradient increases from 110.29 to 147.06MPa, which are also supported by the polymer

volume fraction and end group distribution plot shown in Figure S5 of the Supporting
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Information (both polymer volume fraction and end groups move towards the nanopore
center, indicating an increased layer height). In addition, our simulation results for PEO of
20 repeat units grafted to a nanopore of 2.0 nm radii at the grafting density of 0.46 nm-2 also
support layer thickening (H increases from 1.63 to 1.72 nm) when the pressure gradient

changes from 12.25 to 36.76 MPa, as shown in Figure S6 of the Supporting Information.

We note that the debate of layer thickness change (thinning vs thickening or unchanged) of
polymer under shear flow in the literature?? may be due to the strength of the flow (pressure
gradient or shear rate), the structures of the grafted polymerlayer (chain length and grafting
density) and the size of the pore (compared to the size of the grafted polymer, ie.,
compressed layer or not). Our results suggest that the height of the layer can be increased
(thickening), decreased (thinning) or unchanged (0=1.20nm"2 and AP<73.53MPa, Figure 7b),

depending on the system setup and pressure gradient.

In summary, the brush height changes under external flow, and the degree of change strongly
depends on the nanopore system (i.e., initially open or closed), which further depends on the
polymer chain length, grafting density, and pore sizes.*° This has rich implications for flow

control through polymer-grafted nanopore, discussed below.
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Figure 7: PEO layer height as a function of pressure gradients for PEO with different chain
lengths at the grafting density of 0.46nm=2 (a) and for PEO of 20 repeat units at different
grafting densities (b). The nanopore size is 4.0 nm in radius. Error bars are smaller than the
symbol size.

Solvent quality changes under flow.

Experiments have shown that solvent quality deteriorates when PEO is presented in shear
flow, which further leads to PEO precipitation from water.2? Previous MD simulations also
suggested that water PEO interaction becomes less favorable as shear rate increases,
resulting from decreased number of hydrogen bonds formed between PEO and water.1” To

examine hydration change of the grafted PEO layer as the flow strength increases, we



calculated the average number of hydrogen bonds per PEO monomer between PEO and
water, as shown in Figure 8a, covering PEO with different chain lengths. One can see that as
the pressure gradient increases, the average number of hydrogen bonds formed between
PEO and water decreases, regardless of the chain length, indicating that PEO becomes
increasingly dehydrated when external flow strength increases. Under a low pressure
gradient (below 12.25MPa), the hydration differences between PEO of different chain
lengths are very small (within 0.1 hydrogen bonds per PEO monomer). However, at high
pressure gradients (above 73.53MPa), the differences are very significant. Strikingly, one
observes that PEO with short chains (N=12) and long chains (N=26 and 36) is better
hydrated than that with intermediate chain length (N=20). We note that this is due to water
distribution differences. For PEO with long chains (N=26 and 36), the PEO layer thickness is
larger than that for PEO with 20 repeat units, with considerable amount of water nearby (the
inset of Figure 8a), thereby better hydrated. While for PEO with short chains (N=12), PEO
layer is thinner than that with intermediate length (N=20), for which water near the pore
surface (the first shell of 0.4 nm width from the surface) is depleted. As can be seen from the
inset of Figure 8a, the volume fraction of water in the first cylindrical shell is close to 0 for
PEO of 20 repeat units, signaling strong water depletion, leaving PEO in the first shell
strongly dehydrated. Moreover, water volume fraction in the second shell for PEO of 20
repeat units is about 0.2, still much lower than 0.4 in that of longer chains (N=26 and 36),
and 0.8 in that of shorter chains (N=12). Though water depletion is also seen for PEO of short
chains (N=12), only in the first shell is PEO layer dehydrated since the layer thickness is

lower (i.e., the number of PEO monomers being dehydrated is smaller than that for PEO of
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20 repeat units). We shall use this factto explain the nonmonotonic dependence of flow rate

on PEO chain length at high pressure gradient, discussed below.

Water is known to form two types of hydrogen bonds with PEO, namely singly and doubly
hydrogen bonded, which can form single and double hydrogen bonds with PEO,
respectively.®! Toinvestigate the change of hydrogen bonding types between PEO and water,
we calculated the singly bonded water fraction (of all hydrogen bonded water with PEO),
shown in Figure 8b. One can see that as flow strength increases, singly hydrogen bonded
water becomes dominant for PEO of all lengths, with the fraction increasing from 35% to
over 80%. This hydration change is due to the structural change of PEO. As discussed, PEO
undergoes a coil-to-rod transition as flow strength increases and assumes more favorably a
trans-configuration than a cis-configuration. In an all-trans configuration, water can only
form single hydrogen bond with PEO as the doubly hydrogen bonded water with PEO can
only be established for a cis-configuration of PEO segment (normally i and i+2 oxygen of
PEO)®1,as shown in the snapshot in Figure 8b. Therefore, the forms of hydrogen bonding of
water with PEO depends on the structural properties of PEO, which further depends on the

flow strength.
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Figure 8: The average hydrogen bonds per PEO monomer (a) and the singly hydrogen
bonded water fraction (b) as a function of pressure gradient for different chain lengths: N=12
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PEO chains are grafted to nanopores of 4.0 nm radii at the grafting density of 0.46 nm-=2. The
inset of Figure (a) is the water volume fraction as a distance to the nanopore surface at the
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snapshot in Figure (b) demonstrates singly and doubly hydrogen bonded water with PEO.
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Flow behavior through polymer-grafted nanopore.

To get insights for flow regulation in nano/microfluidic devices, it is of vital importance to

study the flow behavior and especially its dependence on the pressure gradient, polymer
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chain length and grafting density. In Figure 9, we show the velocity profile v, (r) of water as
a function of radial distance r to the nanopore center, under an intermediate (73.53MPa)
and high (147.06MPa) pressure gradient for PEO with different chain lengths. As can be seen,
the velocity profile is well-defined Poiseuille-like flow under intermediate pressure gradient
(73.53MPa), regardless ofthe chain length, which was also reported by experiments of flow
through PS-PEO block copolymer grafted alumina nanopore.3® However, the flow is
obstructed to different degrees for PEO with different chain lengths. The longer the chain
length, the higher the coverage of the nanopore (Figure 7), and therefore the more slowdown
of the water flow (more than threefold differences between N=12 and N=36). For PEO with
the longest chain length (N=36), water flow is developed only near the pore center of about
2 nm range, beyond which water is stagnant. In this case (PEO of 36 repeat units grafted to
a nanopore of 4.0 nm radii under external pressure gradient of 73.53MPa), the layer
thickness is about 3 nm (Figure 7a). This means that water can develop flow even in the
polymer layer (about 1.0 nm), consistent with the observation of hydrodynamic penetration
of water into planar polymer brushes by Milner.#? This also explains that continuum models
for water flow through polymer-grafted nanopores with a geometric consideration of an
effective nanopore size (R-H) does not work well,38 as the flow can develop well beyond the

open pore region, ie., into the brush.

Under a higher pressure gradient (147.06MPa), stronger flow is developed within the
nanopore, with larger maximum velocity in the pore center (r=0nm) and wider flow range
(ie., the radial distance to the center at which the velocity vanishes), compared to that under
73.53MPa pressure gradient. One can also see from Figure 9b that the velocity profile for

PEO with long chains (N=26 and 36) is still Poiseuille-like, while is plug-like for that with
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short chains (N=12 and 20). One can also notice that for PEO of the shortest chains (N=12),
slip happens near the water-PEO boundary. This observation is consistent with an

experimental study of water flow through poly(vinyl alcohol) grafted mica channel which

reported that slip only happens under strong flow.62

Similar effect on the flow profile is observed by changing the grafting density, as shown in
Figure S7 of the Supporting Information, that is, PEO at higher grafting density forms a larger
barrier for water flow and therefore results in a smaller maximum velocity at pore center
and a narrower velocity range than that at low grafting densities, which is consistent with
the findings by Milner who showed that the hydrodynamic penetration length is decreased
for increased grafting density of polymer brush.#? At the highest grafting density (1.20 nm-
2), there is no effective flow developed in the nanopore under 73.53MPa pressure gradient,
indicating a densely packed nanopore blocking flow, while when the pressure gradient
increases to 147.06 MPa, flow is developed within 2.0 nm distance to the pore center.
Moreover, one observes similarly that at low grafting density (0<0.46nm2), the velocity

profile is also plug-like, and slip happens for the system at the grafting density of 0.30 nm-2.

Overall, five different types of velocity profile can be developed by controlling the pressure
gradient, chain length, and grafting density. For nanopore with high coverages (long chains
and high grafting densities) under small pressure gradient, the polymer layer serves as a
large barrier for water, therefore no flow can develop. For those systems at high pressure
gradient, or open nanopore systems (low coverage) at low pressure gradient, Poiseuille-like
flow can be developed near the pore center while water flow is obstructed away especially
in the brush due to the presence of polymer layer. Under high pressure gradients, either

initially open or closed nanopore system can form Poiseuille-like flow in the whole nanopore.
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Of course, this exact pressure gradient value depends on the chain length and grafting
density. Under even higher pressure gradient when polymers are stretched to their rod limit,
and water is depleted near the pore surface, plug-like flow can be developed with nonslip
boundary. Further increase of the pressure gradient leads to slip flow with the velocity

profile plug-like.

To investigate the flux changes through the polymer-grafted nanopore under external flow
with different strengths, and how it depends on the chain length and grafting density of the

graft, we calculated the flow rate (Q) through the nanopore using:

R
Q =f 2nrv, (r)dr (3)
0

The results of flow rate are shown in Figure 10. One can see that the flow rate strongly
depends on the pressure gradient, and is also affected by the chain length and grafting
density. Overall, by changing the chain length, grafting density, and pressure gradient, the

flow rate can be changed 100-fold, which is similar to the observation in a DPD simulation

of polymer-grafted nanochannels.*1
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PEO chains are grafted to nanopores of 4.0 nm radii at the grafting density of 0.46 nm-2.

Additionally, one can see that the larger the pressure gradient, the higher the flow rate, which
is consistent with a previous experimental study of poly(vinylpyrrolidone)-grafted silica
nanopore which found an increased water permeability under higher pressure gradients.?”
Moreover, the change of flow rate highly depends on the pressure gradient value. Under low
pressure gradient (below 36.76MPa), the dependence of flow rate on pressure gradient is
approximately linear for all cases, similar to the experimental observation (with pressure

gradient in 0~200KPa).®3 However, it becomes nonlinear at high pressure gradients,
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consistent with the observation in a previous CGMD simulation of flow through polymer-

grafted nanopore.4®
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Figure 10: Flow rate as a function of pressure gradient for PEO with different chain lengths
at the grafting density of 0.46nm-2 (a) and for PEO of 20 repeat units at different grafting
densities (b). Insets in Figure (a) and (b) are flow rate as a function of PEO chain length and
grafting density under various pressure gradients, respectively.

Remarkably, one can see that under intermediate pressure gradients (AP<73.53MPa), the
flow rate is monotonically increased when polymer chain length or grafting density

decreases, consistent with previous experimental observations of poly(vinylpyrrolidone)-
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grafted silica nanopore that showed an increased polymer volume fraction leads to
decreased water permeability,2” due to the blocking effect of polymerlayer to flow, discussed
above. However, the flow rate dependence becomes nonmonotonic on polymer chain length
and grafting density at high pressure gradients (AP>110.29MPa). Specifically, the flow rate
is the maximum for an intermediate chain length (N=20 in Figure 10a) or grafting density
(0=0.46nm- in Figure 10b). We note this is due to the change of polymer morphology, and

water distribution (depletion or not), detailed as follows.

As discussed, under intermediate pressure gradient (AP<73.53MPa), PEO is not fully
stretched to the rod limit (Figure 4 and Figure 5) for all cases, and water is not fully depleted
from the polymer layer (Figure 2b). This is also true for systems with longer chains (N=26)
or higher grafting densities (620.67nm2) even at high pressure gradient (AP>110.29MPa).
Therefore, the flow rate is always decreased as PEO chain length or grafting density
increases under all pressure gradients when PEO is not in the rod-limit and water not
depleted. However, PEO chains reach their rod-limit for short chains (N<20) or low grafting
densities (o< 0.46nm-2) under high pressure gradients (AP>110.29MPa), and water is
squeezed out of the polymer layer or completely depleted (Figure 2b). Furthermore, the
depletion zone (or brush height) is larger for N=20 (or 6=0.46nm2) compared to N=12 (or
0=0.30nm"2), leading to an effectively smaller nanopore for systems with N=20 (chain length
cases) or 0=0.46nm2 (grafting density cases) than that with shorter chains or lower grafting
densities, therefore the flow rate is increased when chain length or grafting density is
increased up to an intermediate values (N=20 or 0=0.46nm2). We expect this trend to be
universal when nonmonotonic change of flux as a function of chain length or grafting density

can be observed (ie., flow rate is the highest for PEO with intermediate chain length or
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grafting density, for which the polymer is fully stretched and aligned to flow direction and

water is depleted in the polymer layer).

CONCLUSIONS

In summary, using atomistic nonequilibrium molecular dynamics simulations, we have
investigated the structural, solvent quality (hydration) and flow change of PEO-grafted gold
nanopore under external flow to reveal their dependences on pressure gradient, chain
length, grafting density and nanopore sizes. We found that PEO undergoes coil-to-stretch
transition under external flow, leading to more expanded conformations and redistribution
towards the pore surface as the pressure gradient increases until reaching their rod limit
(Figure 1). The end-to-end distance, Rend, and the orientational order parameters of PEO to
the flow direction increase and saturate as a function of pressure gradient, regardless of
polymer chain length, and grafting density (Figure 4 and Figure 5). The local chain stretch
was found to be dependent on the pressure gradient, chain length, and grafting density, and
is not uniform along the chain generally (Figure 6 and Figure S3 of the Supporting
Information), and it is the largest near the grafting point in all cases and may decrease for
segments further away. The coverage or the brush height (H) of the grafted layer strongly
depends on the external pressure gradient, chain length and grafting density. For initially
open nanopore system (in equilibrium condition), layer thinning is observed and the layer
height follows H~AP~%2 (Figure 7 and Figure S4 of the Supporting Information), regardless
of the chain length or grafting density, but the degree of layer thickness reduction depends
on the pressure gradient. For initially closed nanopore systems in which compressed
polymerlayer is presented, however, we observed slight layer thickening (up to 5%), namely

increased layer thickness (Figure 7 and Figures S5-S6 of the Supporting Information).
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The hydration of PEO deteriorates under increasingly strong external flow with decreased
average hydrogen bonds formed between PEO and water, due to the structural changes of
PEO and water redistribution (Figure 8). Moreover, water is depleted near the nanopore
surface where PEO resides. These factors make PEO layer highly dehydrated and even
precipitate especially under high pressure gradients where the polymerlayer can be treated

as a “fixed” wall.

The radial velocity profile of water through PEO-grafted nanopore is found to be Poiseuille-
like with no slip (Figure 9) under low pressure gradients. However, under high pressure
gradient, slip flow happens near the polymer fluid interface, leading to plug-like flow profile
(Figure 9). By controlling the pressure gradient, chain length and grafting density, we were
able to tune the flow rate through the nanopore in 100-fold difference (Figure 10). We note
that enhanced flow can happen at an intermediate grafting density or chain length when
polymer grafts are fully stretched to their rod-limit and water is depleted from polymer layer
(Figure 10), which leads to a smaller effective nanopore size than that with lower grafting

densities or shorter chains under the same pressure gradient.

Our MD simulation results with atomistic resolution provided a detailed molecular picture
of polymer structural changes (coil-to-rod transition, and layer thickness dependence),
water distribution and solvent quality change, and flow behavior under external flow. We
expect that the conclusions are general to hydrophilic and flexible polymers grafted
nanopore, while it might be different for semi-flexible polymer grafts as the rigidity of
polymer also plays a role. Overall, our results deliver valuable guidance for developing

realistic theoretical models, as well as for the design of polymer-grafted nanopores used for
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various nanotechnological applications, such as separation membranes and nanofluidic

devices.
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