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Abstract

Polymer-grafted nanopores are used in several nanotechnological applications which
demand control of structural and hydration properties of the grafted polymers. By means of
atomistic molecular dynamics simulations, we systematically investigate the chain length
and grafting density effects on the conformation and hydration of polyethylene oxide (PEO)
grafted to gold nanopores of different radii. We find that if the pore size exceeds the polymer
length, increasing grafting density or chain length for a given pore results in conformational
changes of the polymer from pancake-like shapes to well-hydrated overlapping mushrooms
to a denser less hydrated polymer brush. We demonstrate that an increase of pore curvature
results in considerable polymer crowding within the pore, which translates into an increase
of the effective grafting density, oetf which has to be taken into consideration when concave
nanopores, planar and convex surfaces are compared. We show that for a given polymer
grafting density and chain length a decrease in the pore radius R results in an increased
radial orientation and for a low grafting density in a slight increase of grafted layer height H
until polymer chains fill the pore (R~H) and start folding near the pore surface, conforming
into a cone-shape with a further brush height decrease until the high-density limit is reached.
The properties of polymer-grafted nanopores such as water exchange and gating capability
depend on the polymer conformation and hydration, which are strongly influenced by the

polymer grafting density and differ for polymer-filled and open nanopores.

INTRODUCTION
Polymer-grafted nanopores find an increasing range of nanotechnological applications

including membranes for selective ion/nanofluidic transport!-4, DNA translocation®, and



gated control.57 These applications require full control of chain morphology in grafted
polymer layers to enable an environment-specific gating capability and/or molecular
recognition. To this end understanding the structural properties of polymers grafted within
the nanopores, including molecular-level detail, is desirable. While significant progress has
been achieved in understanding the general effects of polymer length, grafting density and
nanopore size via theoretical,8-14 experimental’1516 and computer modeling research,11.17-22
no systematic study at the atomistic level has been attempted so far. In this paper we
investigate by means of atomistic molecular dynamics (MD) simulations cylindrical gold
nanopores grafted by polyethylene oxide (PEO) chains to understand the interplay of
grafting density, chain length and especially nanopore curvature on the structural properties
of grafted polymer layers and provide molecular level details on chain conformation and
hydration within the nanopores.

PEO has been widely and routinely used for grafting surfaces, including nanopores®15 due
to its superior water solubility, biocompatibility?3 and protein adsorption inhibitionZ42> in
biomedical applications. For example, Lim and Deng® grafted a gold nanoring by
poly(ethylene glycol) (PEG) for gated control by using 2-propanol as co-solvent exploiting
PEG collapse to open the pore. Further, Emilsson et. al.1> studied PEG (of molecular weights
2, 10 and 20 kg/mol) grafted gold coated nanocaves of different diameter to examine the
chain length and curvature effect by atomic force microscopy and fluorescent microscopy.
They found that longer chains provide a higher coverage of the pore, with a homogeneous
monomer density in the radial direction. In addition, they reported an increase and
saturation of brush height relative to the pore radius respectively when using PEG with a

molecular weight of 10 kg/mol at a grafting density of 0.68 nm-2 and 20 kg/mol at a grafting



density of 0.28 nm2. Thus, there is an evident influence of chain length and grafting density
on properties of grafted layers. Furthermore, experimental results for different nanopore
systems indicate that pore curvature effect can also be significant. For example, Bayat et. al.16
reported increased polymerization rates and pore filling of anodic aluminum oxide
nanopores with high pore curvatures when grafted by poly(diethylene glycol methylether
methacrylate), while for very large pore sizes the polymerization kinetics resemble that of
flat surfaces. Another study revealed that nanoconfinement effect can significantly affect
conductivity and chain conformation of polyelectrolyte brushes grafted to nanopores.2¢
Previous theoretical considerations and computer simulations provide a solid
background for understanding the behavior of polymer-grafted nanopores.?-162226 For
example, coarse-grained (CG) simulations have been applied to study the structural
properties of polymers grafted inside a cylindrical nanopore,11.1219.27 35 well as to investigate
the effect of solvent quality on the structural properties of grafted layers.1317.20 Different
regimes of polymer conformational behavior (mushroom, cigar, brush) have been
investigated by CG simulations as functions of chain length and grafting density. It was found
that grafted short polymers reside in the vicinity of the surface, while for longer chains the
volume fraction distribution is broader, decaying away from the surface and forming a
plateau for longer polymers. With an increase of grafting density the polymer volume
fraction and layer height increases following a linear dependence on the polymer chain
length and approaches the limit of a planar polymer brush for larger pores. Self-consistent
field theory and mean field theory1113.14 predict that the brush height of grafted polymer
layer scales as No1/3 for moderate and long chain lengths, similar to a planar brush. At the

same time the brush height changes non-monotonically with respect to the pore size and can



deviate from No1/3 scaling for nanopores of large curvature.11.17.28 [ndeed, a Monte Carlo
study of CG polymers grafted to nanopores?2 found that the brush height H follows N084g0.26
dependence within statistical errors. Theoretically, at high pore curvature (small pore sizes),
the thickness of grafted polymer layer should be limited by the pore radius R (H~R),
regardless of the chain length or grafting density1°. So far there have been a limited number
of studies devoted to a systematic investigation of the pore curvature effect on the properties
of grafted polymers and in particular on chain conformation. The results of a self-consistent
mean-field (SCMF) study showed that depending on the definition of brush height ( e.g., using
the first moment vs. the second moment of volume fraction distribution) it either decreases
monotonically with a decrease in pore size or exhibits a maximum when chains start to reach
the pore center.2! Similar observations of a non-monotonic dependence of the brush height
on nanopore radius was observed in bead-string MD simulations and is expected based on
the SCMF model in the strong stretching limit.2° On the other hand, in Monte Carlo
simulations of polymer-grafted nanopores it was found that pore curvature has a rather
weak effect on the brush height at least in the range of large pore sizes studied.22 We note
that these studies have not considered explicit solvent, which may affect polymer
conformation, and will be one of the subjects investigated in this paper.

To date there have been only a very few studies of polymer grafted nanopores at the
atomistic level with explicit solvent consideration, which allows investigation of the solvent
distribution within the pore, its interactions with the pore surface and polymer solvation,
which can affect the polymer conformation and grafted layer properties, especially in
connection to the polymer length, grafting density and pore size. This is especially important

for the polymers for which solubility relies on the ability to form hydrogen bonds with water.



Atomistic molecular dynamics simulations of Poly(N-isopropylacrylamide) (PNIPAM)
grafted onto the interior of a carbon nanotube (with a radius comparable to the polymer size)
at a low grafting density as a function of the temperature, surface-polymer interaction
strength and pore water content have been carried out for the purpose of elucidating
thermo-responsive control.30 In this study a collapsed conformation of the polymer with
diminished hydrogen bonding between the PNIPAM and water was observed upon a
temperature increase above the PNIPAM lower critical solution temperature (LCST). In a
very recent study,l3! by atomistic MD simulations the effects of the surface properties
(hydrophilic vs. hydrophobic) of a carbon nanopore on the grafted PEG conformation and
ion transport have been studied. It was found that the presence of urea results in a slightly
more compact conformation of PEG which in turn affects the ion transport within the pore,
depending on the ion type. So far atomistic MD simulations have been limited to a low
grafting density of polymers, and therefore explored only the mushroom regime.

In this paper we investigate by means of atomistic MD simulations the structural and
hydration properties of PEO grafted gold nanopores and systematically investigate the
effects of grafting density, PEO length and pore curvature. In particular, we aim to explore
the pore curvature effect on the PEO conformation within the pore and the properties of the
grafted PEO layer. The obtained results will also be compared to that for PEO grafted
planar3233 and convex spherical surfaces34-36. Qur results provide a molecular picture of the
local chain/water arrangement, polymer conformation and hydration, which is essential for
both fundamental understanding of macromolecular behavior under confinement and

practical applications like nanopore-gated control devices.



SIMULATION DETAILS

We have performed all-atom molecular dynamics simulations of PEO-grafted gold nanopore
of varying pore sizes, PEO chain length, and grafting densities. All simulations were carried
out using the GPU accelerated Gromacs version 2020.437 on the Extreme Science and
Engineering Discovery Environment (XSEDE).38 The gold nanopore was constructed using
the fcc lattice with a lattice constant of 4.08 A, with the force field adopted from the
literature,3° and which was also used in the previous simulations of planar and spherical PEO
brush323435hy one of us. The gold nanopore radius R was varied from 2.0 to 6.0 nm. The force
field parameters of PEO and the van der Waals interactions were the same as in previous
PEO brush studies.323435>We studied PEO with the number of repeat units (N) 12, 20, 26, and
36. The PEO chains were approximately homogeneously end-grafted to the gold nanopore
inner surface via sulfur bonds of thiol-terminated PEO
(-S-CH2-CH2-[0-CH2-CH2]n-0-CHs3). The parameters for the sulfur atom are from the
standard OPLS-AA force field.#0 The PEO grafting density, i.e., the number of chains per unit
area, was varied (depending on chain length) from ¢ = 0.30 nm=2to ¢ = 1.20 nm=2. In all
simulations the SPCE water model*! was used. All simulations were performed at T=300K
and pressure of 1 bar.

All systems were first energy minimized by the steepest descent algorithm, which was
followed by a three-step equilibration protocol for at least 100 ns, as described in the
Supporting Information. For the production run NPT simulations using the V-rescale
thermostat (time constant of 0.1 ps) and the Berendsen barostat (time constant of 5.0 ps)
were performed for at least 80 ns (for dense systems approximately 300 ns). The

electrostatic interactions were calculated by the PME method with a Fourier spacing of 0.12



nm. All hydrogens were constrained using the LINCS algorithm such that a timestep of 2 fs
was enabled. Periodic boundary conditions in all directions were applied. In all simulations
Newton'’s equation of motion was integrated by the leap-frog algorithm.

To calculate the polymer volume fraction and hydrogen bond profiles the positions of
atoms within a cylindrical shell of 0.4 nm width starting from the gold surface to the center
of the pore were analyzed. The volume for the PEO and sulfur atoms were the same as our
previous publications,323435j.e., 0.03 nm3 for water, 0.02 nm3 for PEO oxygen and -CHz/-CH3
group and 0.0236 nm3 for sulfur. The hydrogen bonds between water and PEO were
determined based on a geometrical criterion for the distance between oxygens of water and
PEO rpa< 3.5 A and the angle 2HDA < 30°with H being a hydrogen atom of water, D the water
oxygen atom (donor) and A the PEO oxygen atoms (acceptor). For the end-group distribution,

we calculated the radial distance of the end group —CHs to the gold surface.

Figure 1: Cross-sectional MD simulation snapshots of a PEO-grafted gold nanopore of 4 nm
radius at different grafting densities (0.30, 0.46, 0.67, 0.90, and 1.20 nm~2 from the left to the
right) for PEO of N=20 repeat units at T=300 K. Gold nanopores are shown in yellow, PEO
backbone chains are represented as lines (top panel) and water molecules in red (bottom

panel). The snapshots were produced using VMD.42



RESULTS AND DISCUSSION

PEO Grafting Density Effect. Grafting density plays a crucial role in determining the
properties of grafted polymer layers. We systematically investigated the effect of grafting
density o on the properties of PEO grafted to gold nanopores. As is seen in Figure 1 for a gold
nanopore of 4nm radius, the equilibrated structure of grafted PEO layer varies from a dilute
mushroom-like structure at low o to a dense brush upon increasing the grafting density. One
can also see that in the mushroom regime (eg., 0.30 nm-2 in Figure 1 for N=20) in a
sufficiently large pore, PEO chains tend to adsorb on the gold surface replacing layered water,
as in the case of PEO chains grafted on planar and spherical surfaces.323435 At higher grafting
densities PEO chains become more stretched and have less tendency for surface adsorption
as they orient away from the surface and eventually enter the brush regime. The change in
the aspectratio of end-to-end distance (Renp) to the radius of gyration (Rg) and the expansion
ratio of the Rg to Rgo (in aqueous solution) with grafting density increase is consistent with
this observation (Figure S1 in the Supporting Information). The aspect ratio increases with
an increase of the grafting density and is comparable to PEO grafted on planar surfaces
except at the highest grafting density where the aspect ratio is about 1.1 times that of
polymers grafted on planar surfaces, indicating enhanced chain stretching. The expansion

ratio of PEO at lower grafting densities (0<0.67nm-2) is comparable to planar surfaces.
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Figure 2: Polymer grafting density effects. (a) PEO volume fraction as a function of distance
to the surface of a gold nanopore of 4nm radius grafted by PEO chains of 20 repeat units at
different grafting densities: 1.2 nm-2 (diamonds), 0.90 nm-2 (down triangles), 0.67 nm~2 (up
triangles), 0.46 nm~2 (circles) and 0.30 nm-2 (squares); (b) The end group distribution of the
grafted polymer to the surface of gold nanopore of 4nm radius at different grafting densities:
0.30, 0.46, 0.67, 0.90, and 1.20 nm-2. Inset: computer simulation snapshot for 6=0.46 nm~2

showing the grafted polymer conformation and the end group (magenta beads) distribution.

To quantitatively characterize the structural properties of grafted polymer layers, we
analyzed the volume fraction of PEO polymers as a function of the distance to the gold surface.
The results for a gold nanopore of 4nm in radius grafted by PEO with a chain length of 20

repeat units for various grafting densities are shown in Figure 2(a). As can be seen, at low
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grafting density (0.30 nm~2) the polymer volume fraction decreases quickly away from the
surface, implying that polymer chains exclusively reside near the gold surface and there are
no polymers that reach the pore center. As the grafting density increases polymer chains
start to stretch out due to the excluded volume interactions and the volume fraction
increases away from the gold surface, as can be seen in the snapshots shown in Figure 1. At
the highest grafting density considered (1.20 nm-2), a step-like dependence is seen in Figure
2(a) with a high-volume fraction plateau value of 0.6. A similar density profile has also been
observed (at high grafting density) in Monte Carlo simulations of coarse grained polymers
grafted on the inner surface of cylindrical pores?? and atomistic MD simulations of a planar
PEO brush.32 [t is interesting to note that in all cases shown in Figure 2(a) the polymer
volume fraction is high in the immediate vicinity of gold surfaces which is due to polymer
adsorption on the surface at low grafting density and chain crowding at high grafting density.
Similar behavior has also been observed in MD simulations of planar3Z and spherical PEO
brushes.3435 In contrast to convex surfaces where volume available for polymer chains
expands with increased distance from the surface, in the case of concave surfaces there is
more volume near the surface, so there are pockets of water at approximately 0.6nm from
the surface, as indicated by the polymer volume fraction plot (Fig. 2(a)).

The end-group density distribution provides a more direct indication of the structural
properties of the PEO layer, as shown in Figure 2(b). At the lowest grafting density (0.30
nm-~2) the majority of the end-groups reside in the vicinity of the gold surface, signaling chain
adsorption. As the grafting density increases some chains with corresponding ends groups
remain adsorbed on the surface, but other chains start to elongate away from the surface

and a second peak of end group distribution at large distance from the surface is observed.
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With an increase of grafting density chains become more crowded and the end-groups are
distributed further away from the gold surface with the dominant peak value shifting
towards the center of the gold nanopore. At the largest grafting density (1.20 nm=2), no
polymer chain ends remain near the gold surface but are distributed within the nanopore
interior with a peak value at about 2.85 nm from the surface. One can also see that the end
group density does not vanish in the center at high grafting densities, suggesting that
polymer fills the pore for o = 0.90 nm—2.

The hydration properties of the grafted PEO polymers are interconnected with the chain
conformation and are important for practical applications, such as protein adsorption
inhibition and solvent-induced gate control of pore opening/closing. In Figure 3(a) the
average number of hydrogen bonds with water per PEO oxygen are shown as a function of
the distance to the gold surface for different grafting densities. As can be seen, the average
number of hydrogen bonds reaches 1.2 (expected for PEO in aqueous solutions*3) at low
grafting density, o < 0.46 nm, implying a well-hydrated state of the polymer, except in the
vicinity of the gold surface (~0.5 nm) where the polymer is adsorbed on the surface. With
an increase of grafting density, the average number of hydrogen bonds formed between PEO
and water decreases as PEO chains more densely pack, forming a brush. At the highest
grafting density (1.20 nm-2), the average number of hydrogen bonds drops to 0.7, signaling
a somewhat dehydrated state, as the polymer volume fraction significantly exceeds that of
water. We note that at high grafting densities (0 20.9 nm-2), the average fraction of hydrogen
bonds increases near the pore center indicating the higher volume fraction of water and

accordingly higher polymer hydration.
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Figure 3: (a) The average number of hydrogen bonds with water per PEO oxygen as a
function of the distance to the gold surface at different grafting densities: 1.20 nm-2
(diamonds), 0.90 nm-2 (down triangles), 0.67 nm-2 (up triangles), 0.46 nm~2 (circles) and
0.30 nm~2 (squares); (b-c) Water residence correlation functions calculated using Eq. 1 for
the water located within 1 nm of the center for a nanopore (b) and the water located within

1 nm of the nanopore surface (c) of radius 4 nm grafted by PEO chain of 20 repeat units
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(N=20) at different grafting densities: 0.30, 0.46, 0.67, 0.90 and 1.20 nm~2; Insets in b) and c)
for 6=0.67 nm-2 show the 1nm region near the nanopore center (b) or surface (c) for which

correlation functions were calculated.

In polymer-grafted nanopore-based transportation and control applications solvent
mobility within the pore and especially the pore center is of practical importance. To
examine this property and its dependence on grafting density, we carried out an analysis of
the water residence correlation function (C(t)) within 1 nm of the pore center and within
1nm of the pore surface:

Nw ()
Nw(0)

c() = ( ) (1)

where Nw(0) is the number of waters at time zero and Nw(t) the number of waters remaining
in the shell at time t. As is seen in Figure 3(b), at low grafting densities (0.30 nm~2 to 0.46
nm-2), the center of the pore is open, and water is very mobile with most of the water
exchanged within 0.5ns. Fitting the water residence correlation data with a biexponential
function shows that the initial decay occurs with an effective lifetime of ~200ps at low
grafting densities (Table S2 of Supporting Information). As the grafting density increases, the
open portion of the pore starts to shrink as the polymer expands towards the pore center
(Figure 1). This slows down the water exchange with the decay time increasing nearly 10-
fold and at high grafting densities (larger than 0.90 nm-2), more than 70 percent of original
water remains within 1nm from the pore center after 2ns. At the highest grafting density
considered (1.20 nm-2) the water is practically stagnant, consistent with the visually

observed closed pore (Figure 1).
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In contrast, water mobility near the gold surface is much slower than that in the nanopore
center at the same grafting density, as shown in Figure 3(c). The initial decay of water near
the nanopore surface is at least twice slower compared to that at the center for all grafting
densities considered (Table S2 of Supporting Information). With an increase of grafting
density water exchange near the surface slows down more significantly than at the pore
center by a factor of 4. Two main factors contribute to this effect: a higher polymer volume
fraction and water layering near the nanopore surface, both of which slow down the water

exchange.

R

6.0nm

5.0nm

4.0nm

3.0nm

N=12 N=20 N=26 N=36

Figure 4: Cross-sectional MD simulation snapshots of PEO-grafted gold nanopores of
different sizes with a grafting density of 0.46 nm~2for PEO chains with different numbers of
repeat units N at T=300 K. Gold nanopores are shown in yellow, and PEO backbone chains

are represented as lines. The snapshots were produced using VMD.#2
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PEO Chain Length Effect. Another factor which strongly influences the properties of grafted
polymer layers is chain length. At a given grafting density short polymer chains may be in a
mushroom regime, while longer chains start to overlap on the surface and with a further
increase of chain length form a dense brush. To investigate the interplay of the chain length
and nanopore size effect, we held the grafting density constant at 0.46 nm~2 and varied the
length of grafted PEO chains: N=12, 20, 26, and 36 for nanopores of different radii: 3, 4, 5 and
6 nm. Computer simulation snapshots of equilibrated structures are shown in Figure 4. As is
seen for the shortest chains, polymers are in the mushroom regime and adsorb on the gold
surface (Figure 5a), as discussed above. As the chain length increases, polymers are stretched
out from the gold surface towards the pore center forming a brush, which eventually fills the
whole pore.

The polymer volume fraction profiles are shown in Figure 5(b) for a nanopore of 4nm
radius. For the shortest chain length, PEO chains are mainly adsorbed on the surface with the
polymer volume fraction rapidly decreasing away from the gold surface. Accordingly, the
end-group distribution (Figure S2 in the Supporting Information) shows than the majority
of chain ends reside near the gold surface and polymers remain well-hydrated (Figure S3),
except in the very vicinity of the surface. An increase in chain length results in a broader
polymer volume fraction distribution as the chains start to overlap and extend away from
the surface (Figures 5a-b) and the end-group distribution becomes broader and bimodal
with some chains ends remaining in the surface vicinity but with the majority of the chains
ends extending towards the pore center (Figure S2 in the Supporting Information). For the
longest chain length considered (N=36) the polymer volume fraction levels off at about 0.5

throughout the pore and hydrogen bonding decreases (by 12-15%) except for the vicinity of
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the gold surface, where some chain adsorption (with a low level of hydration) still occurs.
The end-group distribution remains broad with a shallow maximum located within the
middle of the grafted layer in agreement with results of CGMD simulations for polymer
grafted nanopores.t’

Comparing the effect of grafting density (Figure 2a) and chain length (Figure 5b) increase
for a given pore size, one observes a qualitatively similar trend: the monomer density in the
pore interior increases with grafting density or chain length increase. In both cases polymers
stretch away from the surface due to chain crowding resulting in a somewhat dense brush
which can fill the whole pore, depending on polymer chain length and grafting density. At the
same time, it is important to note the effect of chain length and grafting density are not inter-
changeable: e.g. an increase in grafting density (for a given chain length) can lead to chain
stretching, while an increase in chain length (for a given grafting density) may not (Figure
S4). In general, significant differences in chain conformation and polymer distribution are
achieved by PEO chains of different lengths and grafting densities, especially when surface

curvature comes into play, which will be discussed below.
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Figure 5: (a) Simulation snapshots showing the time evolution of typical PEO chain
conformation for different PEO chain lengths N=12, 20, 26 and 36 grafted with 0.46 nm-
grafting density to the gold nanopore of 4nm radius (b) Polymer volume fraction as a
function of the distance to the surface of gold nanopore of 4nm radius grafted by PEO chains
with different number of repeat units: N=12 (squares), 20 (circles), 26 (up triangles) and 36
(down triangles) at a grafting density of 0.46 nm~2; (c) water residence correlation functions

calculated using Eq. 1 for the water located within 1 nm of the nanopore surface.
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The water residence correlation function for water within 1nm of the nanopore surface
calculated using Eq. 1 is shown in Figure 5(c). Even though the polymer volume fraction at
the surface is nearly the same (Figure 5b), one can see that water exchanges considerably
quicker for the nanopores grafted by shorter polymer chains with an effective exchange time
of 550ps. The main reason for this behavior is that away from the surface the polymer
volume fraction decreases considerably faster for shorter chains (eg., N=12), while for
longer chains (N=36) it remains at nearly the same level thereby slowing down the water
exchange. In all cases, the water exchange near the nanopore surface occurs 2-4 time more
slowly than at the nanopore center (Table S3 and Figure S5 of Supporting Information),
where the volume fraction of water is higher. It is also interesting to note the differences in
the chain mobility for different chain lengths, as illustrated by time span of conformations
shown in Figure 5a. One could expect that the shortest chains (N=12) could be the most
mobile, but this is not the case: chain adsorption to the nanopore walls (replacing layered
water) diminishes chain mobility and chain conformation changes very little despite the
quick water exchange near the surface (Figure 5c). With an increase of chain length, only a
small portion of the chain remains near the surface and the rest of the chain changes
conformation freely (Figure 5a). A further increase in chain length results in an increase of
polymer density in the grafted layer, which in turn slows down chain mobility, especially
when chains start to fill the pore (N=36).

To quantify the thickness of the grafted polymer layers, we calculated using cylindrical

coordinates brush height based on the polymer volume fraction:1221.22
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H

fOR(R —r)®(r)ridr

=3 fOR & (r)rdr )

where ®(r) is the polymer volume fraction at the radial distance r from the pore center and
R is the pore radius.

One can see that Eq. 2 takes into account the curvature effect of the cylindrical nanopore

and the coefficient 3 originates from the normalization of the brush height for a constant

polymer density. We note that the first moment integration of the volume fraction (H, =

fOR(R —r)®(r)dr/ fOR ®(r)dr) has been applied for brush height estimation.1121 However,

this expression does not account for cylindrical symmetry of the system studied here and is
commonly applied for a planar brush geometry. Therefore, we choose to use Eq. 2 for the

polymer brush height calculation.
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Figure 6. Polymer brush height as a function of the number of PEO repeat units, N, at the
grafting density of 0.46 nm~2 for different pore radii. Inset is the brush height as a function

of 01/3 for PEO chain length N=20 for different pore sizes.
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The polymer brush height as a function of the chain length is plotted in Figure 6. As is
seen, the brush height follows a nearly linear dependence on the chain length H ~ N, as was
previously reported in coarse grained MD simulations,!” self-consistent field predictions1421
of polymers grafted to concave nanopores and as expected for planar brushes.** However we
note that for longer chain lengths there is a deviation from this linear dependence, which is
related to confinement effects, as will be discussed below and was previously reported in a
Monte Carlo study of coarse grained polymers grafted to nanopores22where the brush height
H was found to follow a N%84g0-26 dependence (chain length N in 30~100). We also analyzed
the brush height dependence on the grafting density, as shown in inset of Figure 6. While our
data are consistent with 01/3 scaling expected for planar brush** and observed in coarse
grained MD simulations!” and self-consistent field predictionsi421 of polymers grafted in
nanopores, it is hard to definitively support it, as high grafting densities cannot be attained

for the small nanopores studied here due to confinement effects, as discussed below.

Nanopore Curvature Effect. The pore size/curvature has the most complicated influence
on the structural and hydration properties of the grafted polymers as the accessible volume
is drastically decreasing from the pore surface towards the pore center. Figure 7 shows the
volume fraction of PEO (N=20) grafted to nanopores of different radii with the same grafting
density 0.46 nm~2. As is seen, in the narrow pores, polymer chains are highly crowded and
fill the whole pore (Figure 4) with a volume fraction reaching 0.4-0.5 for R= 2.5 and 2.0 nm
(Figure 7). The PEO volume fraction can even reach up to 0.8 for R=3.0nm and R=4.0 nm at
a higher grafting density of 0.90 nm-2 and 1.20nm>, respectively (Figure S6 in the Supporting
Information). In all cases, with an increase of pore size, the volume fraction decreases away
from the surface (Figure 7), leaving a polymer-free region near the pore center (Figure 4).
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This implies that the critical polymer grafting density ¢* for the mushroom to brush
transition depends not only on polymer size, i.e., radius of gyration in solution, Rjo~N3/°[ (in
a good solvent with / being the segment length), but also on nanopore curvature. Considering
the overlap of grafted chains not just on the surface, but at distance Ry from the surface, we

arrive at the following relation for o*:

o (L 1
g = Rgo (Rgo R). (3)
Eq. 3 accounts for both the chain length and the nanopore curvature and should be applicable
when Ryo < R. It implies that a polymer grafted to smaller nanopores experiences a larger

effective grafting density, oeff= /(1 - Rgo/R) on account of being more crowded inside the

pore. As the pore size increases such that R > Ryo the contribution of surface curvature

2

g0, Where the chain

becomes negligible, and we approach the limit of a flat surface 6*~1/R
overlap is affected only by chain length, (eg. in a good solvent RZ,~N®/31?). Indeed,

comparing the polymer volume fraction profile obtained for PEO grafted to a planar gold
surface3? at the same grafting density 0.46 nm~2 (Figure 7), we notice that volume fraction
profiles obtained for a pore of R=5nm>> Rgo~2.4 nm is only somewhat larger than that for
the planar brush. Furthermore, compared to spherical nanoparticles grafted with PEO of the
same length3435>and at the same grafting density (0.46 nm~2) one can notice that the polymer
density decays even faster away from the surface for spherical nanoparticles of higher
curvature, as the space available for chains expands and the effective grafting density
decreases3> as geff = 0/(1+Rg0/R)2. In contrast, for concave nanopores, we find that the
effective grafting density that chains experience increases with an increase of curvature as
oeff= /(1 - Rgo/R), since the space available to chains diminishes with distance away from
the surface.
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Figure 7: Polymer volume fraction as a function of the distance to the gold surface for

surfaces of different curvature: spherical (open symbols) of radius 1nm (open hexagons),
and 3nm (open triangles); planar (dashed line) and nanopores of radius 2 nm (squares),
2.5nm (circles), 3nm (up triangles), 4nm (down triangles), 5nm (diamonds) grafted with

PEO chains of 20 repeat units (N=20) with grafting density of 0.46 nm2.

The average height of grafted PEO chains was calculated using Eq. 2 and is plotted in
Figure 8 as a function of nanopore radius. As discussed above, for a given PEO chain length
and pore size the average height of grafted chains increases with an increase in grafting
density. As to the effect of pore size on the height for a given PEO length and grafting density,
one can see that brush height remains at approximately the same level for sufficiently wide
pores, i.e., for R >> Ry, in agreement with results of MC and bead-spring MD
simulations.2122.29 As the nanopore size becomes comparable to the polymer, ie.,, Rx Ryo,
polymers fill the whole pore and the height of grafted chains becomes limited by the available
space, i.e., nanopore size H~R. We observe this pattern for different grafting densities and
chain lengths. For a given PEO length the critical pore size at which the limit H~R is reached
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systematically increases with grafting density, as chains are more stretched and fill the
correspondingly larger pore. Similarly, longer PEO chains reach the limit H~Rx Rgo at a larger
pore size. As the effective grafting density is affected by the curvature of the nanopore, as
described by Eq. 3, a somewhat more complex dependence of grafted polymer height on pore

radius can be observed for a low grafting density of polymer o < 1/R§0. In such cases, for

large pores a mushroom regime with H~ Rgo is expected. With a decrease in the pore size,
chain crowding can lead to the transition from the mushroom to brush regime and a
corresponding increase in brush height. With further decrease in pore size chains start to fill
the pore and the limit H~R~ Ryo is reached. In this scenario, the height would firstly increase,
reach a plateau, and then decrease with a decrease of the pore size, such as we observed for

PEO with N=20 for the grafting density 0.30 nm-2 (Figure 8).
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Figure 8: The average height (calculated using Eq. 2) of grafted PEO chains of different
lengths as a function of the nanopore radius at different grafting densities: N=20 (0=0.30

nm-2squares, 0=0.46 nm-2circles, 0=0.67 nm~2up triangles, 0=0.90 nm-2down triangles, and
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0=1.20 nm~2 diamonds), N=26 (0=0.46 nm~2 half-open circles, dashed line), N=36 (0=0.46

nm-2open circles, dotted line).

To understand the molecular details of the PEO chain conformation in grafted polymer layers
of different curvature (i.e.,, nanopore size), we analyzed chain stretching, orientation, shape,
and hydration. As is seen from the computer simulation snapshots shown in Figure 9a-b for
a grafting density of 6=0.90 nm-2 for large pores (R=4 and 5 nm) the PEO chains are stretched
and radially oriented within the brush with an expansion ratio of about 1.1 (Figure 9c),
similar to that for planar brush (Figure S1 in the Supporting Information). Having a relatively
high polymer density within the brush, chains are somewhat less hydrated than in solution
(Figure S7 of the Supporting Information). In contrast, for smaller pores (R=3nm), i.e., higher
pore curvature at the same grafting density, PEO chains are not stretched, but rather slightly
compressed (Figure 9b-c) due to confinement, forming a cone-like conformation to adjust to
the available space. While the overall chain orientation remains radial, there is local chain
folding and orientation along the pore surface, especially in the vicinity of the pore surface
(Figure 9b and Figure S8 in the Supporting Information). The chain shape can be
characterized by the asphericity parameter describing the degree of deviation of the chain
shape from a sphere. [t shows that when grafted to a low curvature surface, PEO chains are
closer to a rod-like shape within the brush, while within a narrower pore they assume a more
coil-like shape (Figure 9b and Figure S9 in the Supporting Information). The strong
confinement effect in narrow pores means that the volume fraction of water is low, and the
polymer is also noticeably dehydrated (Figure S7 of the Supporting Information) and chain
mobility is low (Figure 9b). The overall pattern of chain conformational behavior with a

change of pore curvature remains the same for different grafting densities, except for higher
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hydration and lower chain stretching and orientation for chains grafted at lower grafting

densities on pores of larger sizes (Figure 9c and Figure S8 in the Supporting Information).

(@)

N=20, 6=0.90nm™

—
P
~

-
N

o
©
|_>|

Expansion ratio, Rg/Rgo
o

o
[}
T

1

15 20 25 3.0 3.5 40 45 50 55 6.0 6.5
Pore radius (nm)

Figure 9: (a) Cross-sectional MD simulation snapshots showing chain conformation of PEO-
grafted nanopores for different pore sizes (R=3, 4, and 5 nm) for chain length N=20 and
grafting density 6=0.90 nm-2, (b) Simulation snapshots showing the time evolution of typical
PEO chain conformations and polymer volume shape for different pore sizes (R=3, 4, and 5

nm) for chain length N=20 and grafting density 6=0.90 nm-2, (c) PEO expansion ratio Rg/Rgo
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as a function of pore radius for different grafting densities: 0=0.46 nm2 (squares), 0=0.67

nm-2 (circles), 0=0.90 nm-2 (up triangles) and 0=1.20 nm-2 (down triangles).

Diagram of states. To summarize the different regimes of behavior of grafted polymer
chains inside the nanopore, we present in Figure 10 snapshots of PEO-grafted nanopores of
varying pore size R and grafting density o for PEO of 20 repeat units (N=20). At low grafting
densities, when the pore size R well exceeds Rgo, i.e.,, R>> Rgo, grafted polymers are in the
mushroom state and the pore is open (region I). As discussed above, chains have a tendency
to adsorb on gold surface to replace layered water, thus it can be viewed as a
pancake/mushroom regime. As grafting density increases (while R>> Ry0) grafted chains start
to overlap (region II) and the height of the grafted layer increases, but chains remain mostly

unstretched H~ Rgo. The transition between mushroom to overlapping chains regime occurs
according to Eq. 3 at the critical grafting density ¢* = — <L — %) Using the coil dimension

of PEO (N=20) in aqueous solution of about 2.4 nm,3> the curve corresponding to Eq. 3 is
shown in Figure 10 as the boundary of the mushroom regime. At even higher grafting
densities, PEO chains start to stretch and form a brush regime (region III) with the brush
height increasing in a manner consistent with analytical predictions H~Ng1/3 (the planar
limit##4). While in the mushroom/pancake and overlapping grafted chain regimes PEO chains
remain well-hydrated, this is not the case in the brush regime where the hydration shell is

incomplete and degree of hydrogen bonding with water is less than that in aqueous solutions.
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Figure 10: Schematic diagram showing simulation snapshots and different regimes of
behavior of PEO chains of 20 repeat units grafted to nanopores: mushroom (region I),
overlapping grafted chains (region II) and brush (region III) with the boundary between
regions I and II given by Eq. 3. The closed pore region is indicated (region IV) as well as the

restricted region where higher grafting density is hard to achieve on small pores (region V).

Another structural feature that is important for practical applications is whether the
polymer-grafted nanopore is open or closed (region IV) with the criteria given by R~H. For
mushroom/pancake and overlapping grafted chain regimes the nanopore remains open if
R>H~Rg0~N3/5] For the brush regime, the height depends not only on chain length, but also
on the grafting density, thus the pore is open when R>H~Ng1/3.14 We note that there is a
significant difference in the density and hydration of PEO within the closed pores (Figures
S6, S7 in the Supporting Information) - starting from a mushroom or overlapping brush
regime and decreasing the pore size, the polymer volume fraction within the closed pore

remains relatively low and the chains are hydrated; whereas decreasing the pore size while
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having a high grafting density yields dehydrated chains with a polymer volume fraction that
can be very high approaching 1 at small R, beyond which polymer grafting becomes
impossible (region V).11 The properties of closed pores with relatively low (weakly closed
pore) and high polymer volume fraction (densely closed pore) are obviously different with
respect to polymer hydration and transport properties, such as water exchange (Figure S10

in the Supporting Information).

CONCLUSIONS

Using atomistic molecular dynamics simulations, we have systematically investigated the
structural and hydration properties of PEO grafted gold nanopores varying grafting density,
chain length, and pore sizes. We found that for a given chain length and pore size, the grafting
density controls the properties of grafted PEO layers. At very low grafting density, PEO tends
to adsorb on the gold surface to alleviate water layering. As grafting density increases PEO
forms a mushroom-like conformation with chain ends shifting towards to the pore center
(Figure 2). At high grafting density polymer chains are densely packed in a brush and
somewhat stretched and oriented along the radial direction. PEO chains are well hydrated at
low and moderate grafting densities and become noticeably less hydrated as the grafting
density further increases (Figure 3). Accordingly, water exchange near the pore center
occurs quite rapidly at low grafting densities when the water dynamics are unobstructed by
the polymer presence, while at high grafting densities when the polymer extends to the
middle of the pore water exchange becomes stagnated (Figure 3). Water exchange near the
nanopore surface is even slower than at the pore center due to the higher polymer density

at the surface and water layering.
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Increasing polymer chain length for a given grafting density and pore size results in
structural changes from the mushroom conformation to overlapping grafted chains and
stretched brush and can result in pore closure (Figures 4, 5). For a given grafting density
water exchange occurs more rapidly for shorter chains grafted to the nanopore and
noticeably slows down as chain length increases together with polymer volume fraction
increase in the pore (Figure 5). Interestingly, chain conformations were more dynamically
stagnant for the shortest and longest chains considered due to surface adsorption of the
former and high polymer density within the pore for the latter (Figure 5). For open pores the
brush height increases with chain length and grafting density in a manner consistent with
expected scaling H ~ No1/3 (Figure 6).22

The nanopore curvature has strong effect on the properties of grafted PEO layers:
decrease of pore size for a given grafting density and chain length results in a significant
increase in polymer volume fraction and can lead to pore closure as well as polymer
dehydration. This is a result of considerable polymer crowding within the pore, which
translates into the higher effective grafting density for which we propose the relationship cesf
=0/(1 - Rgo/R). This curvature effect has to be taken into consideration if one wants to
compare grafted polymer layers at the same grafting density for concave nanopores, planar
and convex surfaces (Figure 7). For PEO grafted nanopores the increase of pore curvature,
i.e. decrease in pore radius, does not significantly affect brush height as long as the pore size
exceeds the polymer size (Rg). However, when the pore size becomes comparable to the
brush height, H~R, the polymer chains fill the pore and start folding near the pore surface,
forming a cone-shape and the brush height starts to decrease with decreasing pore size due

to chain crowding (Figures 8, 9). For the case of low polymer grafting density
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(mushroom/pancake regime) a decrease in pore size may result in an increase of layer height
(overlapping mushroom regime) followed by the height decrease when the layer thickness
reaches the pore radius (Figure 8). We anticipate that similar behavior can be expected for
other water-soluble polymers, but details of behavior may differ depending on the degree of
hydrophobicity of the polymer, its rigidity and capability for hydrogen bonding.

Our simulation results demonstrate different regimes of grafted PEO layers that can be
achieved depending on grafting density, chain length and pore size: mushroom/pancake,
overlapping mushrooms (with the height of the layer H~Rg) and brush (Figure 10).
Accordingly, the density of grafted layers changes from low to intermediate to high and the
polymer hydration decreases from well-hydrated (as in aqueous solution) to somewhat
dehydrated. Furthermore, polymer-grafted nanopores can be open or closed depending on
whether the radius of the pore exceeds the height of the grafted layer or not. The properties
of closed pores (e.g., water exchange in the pore center - Figure S10 in the Supporting
Information) depends on the polymer density in the pore, eg., whether the polymer
conformation remains mushroom-like for a weakly closed pore or brush-like for a densely
closed pore. Our results provide guidance for the design of polymer grafted nanopores with

desired properties e.g., for gated control devices or separation membrane technologies.
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