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Abstract
Polymer-grafted nanopores allow control of pore permittivity, which can be exploited in
many nanotechnological applications. Using atomistic molecular dynamics simulations, we
investigate the effect of cosolvents on the structural properties and gating capability of
polyethylene oxide (PEO) grafted gold nanopores filled with cosolvent- aqueous solution. We
found that all cosolvents, tetrahydrofuran (THF), ethanol, butanol, acetic acid (ATA) and
isobutyric acid (IBA) adsorb onto the nanopore surface releasing water and leading to PEO
desorption and expansion into the pore center. This can result in nanopore closure, which
occurs at different concentrations depending on cosolvent: ~30-35 volume % for THF and
butanol, which are predominantly excluded from the PEO layer and ~50 volume % for
ethanol, isobutyric or acetic acids, which interact with PEO chains via hydrogen bonding. We
show that further addition of THF or butanol can lead to nanopore reopening due to
cosolvent aggregation at the nanopore center compressing the PEO layer. A different
mechanism for nanopore opening is found for low concentrations (5% by volume) of acetic
and isobutyric acid, which can form hydrogen bonds with PEO and alter its hydration that
results in a more compact chain conformation. Lateral water diffusion within the nanopore
is shown to be mostly related to the open pore size, while cosolvent diffusion is found to

depend also on hydrogen bonding with PEO and cosolvent hydrophobicity.



INTRODUCTION

There is a growing interest in controlling the properties of polymer-grafted nanopores for
applications in material transport and separation with nano- or micrometer precision?,
including separation membranes, and selective nanofluidic devices.2-* Various triggers that
can induce a morphological change in grafted polymers have been investigated to achieve a
precise control of nanopore size including pH and voltage for polyelectrolyte brushes>-8,
light> and temperature for thermo-responsive polymer2210, Cosolvents can also be used as
a trigger to change the polymer conformation, e.g., the coil-globule transition, as has been
discussed in detail for solutions!!-14 and to a lesser extent for grafted planar brushes.1>-18
Experimental and theoretical/simulation investigations of cosolvent effects on the
conformation of polymers grafted inside the nanopore have so far been rather limited19-23
and typically have considered just one cosolvent-polymer pair. It would be of great
fundamental interest and practical importance to achieve a molecularly detailed
understanding of nanopore size control by different cosolvents by comparing the competing
interactions (e.g., hydrogen bonding) between polymer, cosolvent, pore surface, and
majority solvent (e.g., water), and the associated structural change of the polymer as well as
the solvent dynamics, which affects transport properties. To obtain such details atomistic
level resolution is required as can be achieved using atomistic molecular dynamics (MD)
simulations. This manuscript fulfills this mission by comparing the effects of five cosolvents
on the conformational and hydration properties of polyethylene oxide (PEO) grafted inside
a gold nanopore and evaluating their gating capability as a function of cosolvent content in

aqueous media.



The effect of cosolvent on the properties of a planar grafted polymer brush has been
investigated theoretically,1>2425 using classical density functional theory (dft),%6 coarse-
grained (CG),7 and atomistic MD simulations® by one of us. Analytically it has been
predicted that the polymer brush height depends on the effective chi-parameter that
describes the interactions of the polymer with both solvents and exhibits a nonlinear
dependence on cosolvent concentration.152425 Non-monotonic changes in the thickness of a
polymer layer with cosolvent addition has been also observed in CG simulations.1” The effect
of cosolvent size was analyzed by dft calculations which indicated that a larger cosolvent
molecule more effectively screens the excluded volume interactions of the polymer which
results in a decreased brush height compared to smaller cosolvents.26 Using experiments
and analytical modeling Yong et. al. found that increased hydrophobicity of different
cosolvents (alcohols) enhances a poly(N-isopropylacrylamide) (PNIPAAM) brush collapse.18
Dahal et. al. studied by atomistic MD simulations PEO planar brushes grafted to a gold
surface and found that addition of 80 vol% of tetrahydrofuran (THF) leads to cosolvent
adsorption onto the gold surface and THF exclusion from the PEO brush.1¢ These planar
polymer brush studies demonstrate that cosolvents can be used as an effective trigger by
changing the polymer conformation and brush height, even though the effect can be rather
complex. Confinement into a nanopore can make the balance of solvation/adsorption effects

even more complicated.

Despite the obvious potential of a cosolvent to control grafted polymer conformations, there
are only a few studies on the role of cosolvent as a trigger for polymer grafted nanopore
gating. It has been shown analytically and experimentally!® that addition of a small amount

(5~15% by volume) of ethanol to PNIPAAM grafted nanopores can lead to gated control of



a nanopore due to the coil-globule transition of PNIPAMM brush analogous to that observed
for planar PNIPAM brushes in earlier expeirments.2? To investigate gated control Lim and
Deng?’ grafted a gold nanoring with poly(ethylene glycol) (PEG) and studied the PEG
collapse by adding 2-propanol as a cosolvent to open the pore. It has also been
experimentally demonstrated that polyamide membranes can gain a 4-fold flux increase
after 2 wt.% acetone addition (with hexane as the majority solvent), because of the increased
pore size (i.e., diminished polymer layer thickness).2122 Using CGMD simulations, Li et. al.23
studied the effects of co-nonsolvent addition (CG beads) on the transport of nanoparticles
through a polymer grafted nanopore and obtained the relationships between an effective
pore size and monomer-co-nonsolvent interaction strength, that determine the degree of
polymer collapse. Using self-consistent field theory and Langevin dynamics simulations
Coalson et. al.28 investigated the role of attractive nanoparticles on a strongly stretched
polymer brush and determined that nanoparticles can infiltrate and relax the brush thereby
opening the nanopore. While experimentally analyzing ion conductance in PEO-grafted
nanopore Ma et. al. found that presence of urea changes the ion flow, which can be attributed
to the change in PEO conformation near the nanopore surface, as was indicated by atomistic
molecular dynamic simulations.2? These findings indicate that cosolvent-polymer
interactions play an important role and furthermore for amphiphilic polymers such as
PNIPAAM, the cosolvent may also change its solubility in water via a change in hydrogen
bonding. To gain such details an atomistic level of resolution is required, while so far
atomistic MD simulations of cosolvent effects on grafted polymer nanopore gating have been
missing. Furthermore, it would be desirable to compare the influence of several cosolvents

on the nanopore gating to gain perspective on the effect of the relative hydrophobicity and



propensity for hydrogen bond formation. These are some of the goals of the present

manuscript.

PEO has been actively used for nanomaterial modification including grafting within
nanopores27.30 due to its strong water solubility, biocompatibility3! and protein adsorption
inhibition3233 as required for biomedical applications. We have previously investigated
different regimes of a concave PEO brush grafted within a gold nanopore.3# For the present
study we have chosen a weak PEO brush (overlapping mushrooms) hydrated by water as is
achieved at an intermediate grafting density of polymer and a nanopore diameter of 8nm as
a reference system to study the gating capability of different cosolvents. Using atomistic
molecular dynamics simulations, we investigated the effect of five cosolvents:
tetrahydrofuran (THF), ethanol, butanol, acetic acid (ATA) and isobutyric acid (IBA). These
cosolvents were chosen to investigate their role in competitive hydrogen bonding with PEO
and water, their relative hydrophobicity and ultimately their impact on nanopore gating.
THF is a common solvent which is a proton-acceptor like PEO and competes with PEO for
hydrogen bonding with water. In our earlier studies we observed the exclusion of THF from
a planar PEO brush exposed to a high concentration of THF (80 vol%).1® Here we will
systematically vary the concentration of THF and investigate the effect of THF addition on
the properties of PEO brush grafted to a concave surface. Ethanol and butanol are proton
donors of different hydrophobicity that are capable of forming hydrogen bonds with PEO,
water and themselves. It will be informative to compare the effects of these cosolvents on
the PEO layer properties and investigate the similarities and differences in cosolvent
distribution within the nanopore as a function of cosolvent concentration. Acetic and

isobutyric acids (ATA and IBA respectively) also possess different hydrophilicities and are



capable of hydrogen bond formation with PEO, water and themselves via the carboxylic
group. Our previous observations show that IBA addition to PEO aqueous solutions3536
resulted in a nonmonotonic change of PEO conformation due to competitive hydrogen
bonding and it is interesting to investigate the effects of ATA and IBA on the behavior of PEO
grafted within the nanopore. Furthermore, comparing five cosolvents over a broad range of
concentrations allows us to provide a molecular picture with atomistic resolution of the local
cosolvent/water/PEO distribution within the nanopore, analyze the PEO chain
conformation and hydration, and study cosolvent and water dynamics. These are essential
static and dynamic details for both a fundamental understanding of grafted polymer
behavior under confinement in mixed solvents and providing guidance in the design of

nanomaterials with cosolvent controlled polymer-grafted nanopores.

SIMULATION DETAILS

Atomistic molecular dynamics simulations of PEO-grafted gold nanopores with different
cosolvents were performed using the GPU-accelerated Gromacs3”7 2020.4 on the Extreme
Science and Engineering Discovery Environment (XSEDE)38 and the Advanced
Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS). The gold
nanopore was constructed using a fcc lattice with a 4.08 A lattice constant. The force field
parameter of gold atoms was adopted from the literature.3° Methyl-terminated PEO chains
of 20 repeat units (-S-[CH2-CH2-0]20-CH3) were homogeneously grafted via the sulfur bond
to the inner surface of gold nanopore of 4.0 nm radii using the polyGraft Program.#? The PEO
chain length, grafting density of 0.46 nm2 and the pore size were selected to obtain an
overlapping mushroom grafted chain conformation or a weak brush34 that would be more

susceptible to conformational changes and therefore more relevant for the study of



nanopore gating. Cosolvents were added to the PEO-grafted nanopore system using Gromacs
embedded module (gmx insert-molecules) by specifying the number of molecules to add,
(listed in Table S1 of the Supporting Information) based on which the volume of cosolvent

was calculated.

The SPC/E model*! was used for water, and the modified OPLS-AA force field was employed
for PEO chains, as in our previous PEO-grafted gold nanopore paper.34 For the cosolvent, the
standard OPLS-AA#2 parameters were used for ethanol, acetic acid (ATA), and isobutyric acid
(IBA). Modified OPLS-AA parameters were used for tetrahydrofuran (THF)!6 and butanol*3
which have been shown to better reproduce the solution properties. The geometric mixing

rule was used for unlike pair interaction.

All systems were firstly energy minimized followed by 10 ns of NVT equilibration at 300 K
using the Berendsen thermostat and 10 ns of NPT equilibration at 300 K and 1 bar pressure
using the Berendsen thermostat and the Berendsen barostat. All production run NPT
simulations were carried out for 100 ns at 300 K and 1 bar pressure using the V-rescale
thermostat (time constant of 0.1 ps) and Berendsen barostat (time constant of 5.0 ps). For
short-ranged pair and electrostatic interactions, a 1.0 nm cut-off distance was used with
long-range electrostatic interactions calculated using the PME method. Long-range
corrections for pair interactions were applied for the pressure and energy. All chemical
bonds connected with hydrogen atoms were constrained using the LINCS algorithm to
enable a time step of 2 fs. The equation of motion was evolved using the leapfrog algorithm

with periodic boundary conditions in all directions.



For data analysis, such as PEO/water/cosolvent volume fraction and hydrogen bond
distribution, the positions of atoms within cylindrical shells of 0.4 nm width were analyzed
starting from the pore surface to the center. For volume fraction analysis, 0.030 nm3 was
used for the water volume, 0.025 nm3 for CHz, 0.035 nm3 for CHs, 0.016 nm?3 for the oxygen
of PEO, and 0.0184 nm3 for the sulfur atom. Cosolvent volume fraction was obtained by
subtracting the volume of PEO and water for each shell. For hydrogen bonding analysis (PEO
with water/cosolvent), the following geometrical criteria were adopted: the distance
between a hydrogen bond donor (D) and acceptor (A) is less than 0.35 nm (rpa < 0.35 nm);
and the angle between a hydrogen (H) atom bonded to a donor, the donor and the acceptor
(£¢HDA) is less than 30° (2HDA < 30°). For the PEO chain conformation analysis, we
employed the Gromacs embedded module (gmx polystat). Statistical data analysis was
performed on the final 5 ns of simulation trajectory with the data saved every 10 ps. The
data plotted and discussed in the text are the time averages (and ensemble average for the
radius of gyration and end-to-end distance) with the error bars calculated as a standard
deviation, except for the diffusion coefficient data, where an ensemble average have been

calculated.



RESULTS AND DISCUSSION

Figure 1. Cross-sectional MD simulation snapshots of PEO-grafted gold nanopore at different
THF concentrations: 0.00%, 13.4%, 26.6%, 38.0%, 47.5% by volume from the left to the right.
Gold nanopores are shown in yellow, PEO backbone (top panel) is shown in cyan (carbon
atoms) and red (oxygen atoms); water (bottom panel) is shown in red (oxygens) and white
(hydrogens), while THF (bottom panel) is shown in green. The nanopore radius is 4.0 nm,
grafting density of PEO (of 20 repeat units) is 0.46 nm-2.

The equilibrated structure of PEO- grafted gold nanopore (4nm in radius) solvated by water
is shown in the left column of Figure 1 for grafting density 0.46 nm2 and represents our
reference system. As is seen, the PEO chains assume an overlapping mushroom-like
conformation with an average radius of gyration 0.92 nm and are partially adsorbed on the
nanopore surface, replacing water.3* Using this reference system, we investigate the change
of PEO conformation and distribution of polymer and solvent(s) within the nanopore upon

addition of different cosolvents.

THF addition. THF is water soluble and a proton acceptor, just like PEO, and is a good
solvent for PEO. Figure 1 shows that upon initial THF addition it tends to adsorb on the gold

nanopore surface, as is seen in Figure 1, where the morphology of the PEO layer and
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water/THF distribution within the nanopore are shown at various THF concentrations. THF
adsorption on the gold surface occurs at all concentrations studied and is consistent with
previous experimental observations of adsorption of liquid THF on a gold surface** and our
previous observations for planar PEO-grafted gold surfaces.1®¢ The origin of the effect is in
replacement of adsorbed PEO and water at the nanopore surface. Accordingly, PEO extends
towards the nanopore center resulting effectively in nanopore closure. Indeed, upon an
increase of THF concentration in solution its volume fraction near the pore surface increased
reaching about 0.75 volume faction, while the corresponding volume fractions of PEO and
water decreased from 0.65 to 0.2 and 0.3 to 0.05, respectively, as shown in Figure 2. As PEO
desorbs from the nanopore surface its volume fraction in the middle of the nanopore
increases from 0 to 0.1, while the water fraction decreases to about 0.6 at the THF volume
fraction of 0.3. Interestingly, THF is mostly excluded from the PEO layer (Figure 1, Figure 2),
where the PEO volume fraction reaches 0.4 surrounded by water. A similar observation has
been made previously by one of us for a planar PEO-grafted gold surface,!® for a higher
polymer grafting density and larger fraction of THF in solution (80 vol%). Because THF
competes with PEO for hydrogen bonding with water, exclusion from the PEO layer ensures
good solvation of THF. Further addition of THF results in its saturation at the nanopore
surface and the excess THF starts to concentrate at the center of the nanopore, driving away
PEO together with some water (Figure 2). As a result, PEO assumes a more compact
conformation concentrating in the middle area between the nanopore surface and nanopore

center and resulting in reopening the nanopore (Figure 1, Figure 2).
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To characterize numerically the nanopore open/closed states, i.e. gating capability, we

quantified the PEO layer thickness, or height (H):34
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where ®(r) is the volume fraction of PEO at a radial distance r from the pore center shown
in Figure 2a, and R = 4 nm is the radius of the nanopore. We note that Eq. (1) takes into
account the curvature effect of the cylindrical nanopore and the coefficient 3 originates from
the normalization of the layer height for a constant polymer density.3* The change of the
polymer layer height as a function of the THF concentration is shown in Figure 3. One can
see that the brush height firstly increases from about 2.4 nm (without THF) to about the
radius of the pore (H = R = 4.0 nm) at intermediate THF concentration (30% by volume),
which corresponds to nanopore closing and at higher THF concentration the height is
decreased, consistent with reopening of the nanopore. The layer thickness change is
essentially caused by the conformation change of PEQ, e.g., the radius of gyration (R,) or the
end-to-end distance Rend change, as is shown in Figure S1 of the Supporting Information,
which also firstly increase (when PEO is desorbed and extended to the pore center) and then

decrease (when PEO is pushed back due to aggregation of THF).

In summary, THF addition firstly causes PEO desorption from the nanopore surface and
extension towards the nanopore center effectively leading to nanopore closure. When the
nanopore surface is saturated by THF, the excess resides at the nanopore center

compressing PEO layer and resulting in reopening of the nanopore.
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Figure 3. PEO layer height as a function of the cosolvent volume fraction for THF (green
square), butanol (blue dot) and ethanol (red up-triangle). Dashed lines are guides for the eye.
The nanopore radius is 4.0 nm, grafting density of PEO (of 20 repeat units) is 0.46 nm-2.

Ethanol and butanol addition. In contrast to THF which is a proton-acceptor, ethanol and
butanol can also be proton donors and form hydrogen bonds both with water and PEO.
Having different hydrophobicity due to the length of the aliphatic segment for ethanol and
butanol (see Table S2 of the Supporting Information), it is interesting to compare the
morphological changes of PEO layer and cosolvent distribution upon alcohol addition.
Computer simulation snapshots of PEO-grafted nanopore at various alcohol concentrations
are shown in Figure 4. One can see that, similar to THF, ethanol and butanol also adsorb onto
the nanopore surface, replacing PEO which results in PEO extension towards the center,
effectively closing the pore at some intermediate concentrations, ~ 40 volume % of butanol
and 50 volume % of ethanol. The volume fraction of ethanol and butanol near the nanopore
surface saturates as their concentration increases, as shown in Figure S2 of the Supporting

Information, in a very similar manner as THF (Figure 2b). However, the distributions of
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ethanol and butanol within the grafted PEO layer and near the nanopore center are very
different, as is seen in the snapshots presented in Figure 4. Compared to butanol, ethanol is
more homogeneously distributed in the PEO layer as it readily forms hydrogen bonds with
PEO (Figure 5). Only at high ethanol concentrations does ethanol start to aggregate near the
nanopore center of the pore while maintaining its presence within the PEO layer. In contrast,
the more hydrophobic butanol resides primarily at the nanopore surface and in the center
and has a minimal presence within the PEO layer where it forms very few hydrogen bonds
(Figure 5). With an increase of butanol concentration, it saturates near the nanopore surface
and strongly aggregates at the nanopore center like THF. Accordingly, PEO firstly desorbs
from the nanopore surface closing the nanopore and with an increase of butanol content at
the center, PEO layer becomes compressed, reopening the pore in a manner very similar to

THF.
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ethanol butanol

Figure 4. Cross-sectional MD simulation snapshots of PEO-grafted gold nanopore in mixed
ethanol/water (left two panels) and butanol/water (right two panels) solutions at different
cosolvent content (by volume, low to high from the top to the bottom). Gold nanopores are
shown in yellow, PEO backbone is shown in cyan (carbon atoms) and red (oxygen atoms),
ethanol and butanol are shown in magenta and blue, respectively.

The PEO layer height in the presence of ethanol and butanol are shown in Figure 3 in
comparison to that for THF (see eq.1). The PEO layer height firstly increases with the
cosolvent concentration at a higher rate for butanol and THF than for ethanol (Figure 3) due
to the differences of their interactions with PEO (ethanol better solvates PEO than butanol

or THF). The PEO layer height reaches a maximum corresponding to pore closure at about
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40% by volume for butanol and at about 50% of ethanol, which exhibits a weaker nanopore-
closing. At higher butanol content its aggregation at the nanopore center results in reopening
of the nanopore similar to THF. This behavior is reflected in the radius of gyration and end-

to-end distance changes of PEO, shown in Figure S1 of the Supporting Information.

0.14 " T T : i '
012 —@— butanol -

= —A— ethanol

T di==y: -isobutyric acid -

o 0.10 acetic acid

c

% 0.08 | 1

©

4

3 0.06 | ]

(2] /A &

S 0.04 | =
0.02 | A ]
0.00f v, . : : : .~

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Cosolvent volume fraction
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size.
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acetic acid isobutyric acid

Figure 6. Cross-sectional MD simulation snapshots of PEO-grafted gold nanopore in mixed
aceticacid (ATA)/water (left two panels) and isobutyric acid (IBA)/water (right two panels)
solutions at different cosolvent content (by volume, low to high from the top to the bottom).
Gold nanopores are shown in yellow, PEO backbone is shown in cyan (carbon atoms) and
red (oxygen atoms), ATA and IBA are shown in red and violet, respectively.

ATA and IBA addition. Similar to ethanol and butanol, acetic acid (ATA) and isobutyric acid
(IBA) can also form hydrogen bonds with water and PEO, but via the carboxylic group. We
compared the morphological changes of PEO layers upon addition of ATA and IBA and
cosolvent distribution within the nanopore at different concentrations as shown in Figure 6.
As is seen, similar to the other cosolvents discussed above, ATA and IBA are also absorbed
to the gold surface. What is more striking and different from other cosolvents discussed
above, is that the PEO layer shrinks upon addition of a small amount (about 5% by volume)

of IBA and ATA effectively opening the pore, as indicated by the change of the PEO volume
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fraction distribution shown in Figure S3 of the Supporting Information. The PEO volume
fraction decreased closer to the pore center and increased within 1~2 nm of the pore surface.
A similar effect has been reported by one of us for PEO (and polypropylene oxide, PPO) in
mixed IBA/water solution3® in the absence of confinement and originates from the partial
decrease and exchange of PEO-water hydrogen bonds for IBA-PEO (or ATA-PEO) ones (cf.
Figure 5 and Figure S4 of the Supporting Information). As the concentration of ATA or IBA
increases, the ATA-PEO and IBA-PEO hydrogen bonds (including some bridges to water via
=0) stabilize the PEO conformation and as a consequence the PEO layer extends to the pore
center. At all concentrations, ATA preferentially resides homogenously within the PEO layer,
while IBA firstly saturates the nanopore surface and then aggregates near the nanopore
center at high concentrations (Figure 6 and Figure S3 of the Supporting Information). The
difference in the behavior is due to the weaker hydrophobicity of ATA (Table S2 of the
Supporting Information) and stronger tendency for hydrogen bonding with PEO compared
to IBA. Consistent with the discussion above and the snapshots shown in Figure 6, the height
of PEO layer firstly decreases upon addition of a small amount of IBA and especially ATA,
opening the pore (Figure 7a). Accordingly, the radius of gyration of PEO decreases to a larger
extent upon ATA addition compared to IBA, as shown in Figure 7b. Further addition of
carboxylic acids results in a systematic increase of the radius of gyration and PEO layer
height thereby reducing the gap at the center of the nanopore. The change of end-to-end

distance of PEO shows a similar trend, as shown in Figure S5 of the Supporting Information.
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Figure 7. PEO layer height (a) and PEO radius of gyration (b) as a function of the IBA and ATA
volume fraction. The black dashed line is a guide for the eye.

Comparison of cosolvent effects. To compare numerically the changes in cosolvent
distribution within the nanopore for all studied cases, we show in Figure 8 the volume
fractions of cosolvents within 0.4 nm of the nanopore surface and within 0.4 nm of nanopore
center as functions of the total cosolvent volume fraction. As discussed above, all cosolvents
adsorb at the nanopore surface. Initially the increase in the volume fraction of cosolvent

adsorbed at the interface occurs for the most cosolvents in a linear matter ¢ads~4¢cs, where
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®cs is the total fraction of cosolvent within the nanopore, indicating a strong tendency to
replace PEO and water at the nanopore surface. Ethanol adsorbs somewhat less strongly due
to favorable interactions (hydrogen bonding) with water and PEO. When the cosolvent
volume fraction at the surface reaches about 0.3-0.4 a bifurcation in cosolvent behavior
appears. THF and butanol continue to populate the nanopore surface until reaching
saturation at 0.8 volume fraction at the interface, which is reached between 0.3 to 0.4 total
volume content of cosolvent in the nanopore. At higher cosolvent content the excess of THF
and butanol is concentrated at the nanopore center. For the other three cosolvents, ethanol,
acetic and isobutyric acids, adsorption at the interface slows after achieving ¢ads =0.4.
Ethanol and especially acetic acid, having favorable hydrogen bonding interactions with PEO
chains (Figure 5), spread more homogeneously throughout the polymer layer in addition to
their presence at the interface. Isobutyric acid, while also forming some hydrogen bonds
with PEO starts phase separating from water and forms a droplet near the nanopore center
when its total volume content exceeds 0.3, similar to what has been observed in solution.36
Overall, acetic and isobutyric acids saturate the nanopore surface at about 0.7 volume
fraction, while ethanol reaches 0.8 surface volume fraction at about 0.5 total volume content.
Acetic acid which forms the most hydrogen bonds with PEO among all cosolvents (Figure 5)

has the smallest presence at the center on nanopore followed by the ethanol (Figure 8b).

In Figure 9a we compare the distribution of cosolvents and PEO as functions of the distance
to the pore surface at the cosolvent content of 50% by volume. One can see that near the
pore surface (within 1.0 nm), the differences are very small with a slightly smaller fraction
of ATA and IBA, as discussed above. Within the polymer layer (1.0~2.5 nm from the surface),

the volume fractions start to differ. As can be seen, the ATA volume fraction is the highest,
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about 0.3, demonstrating stronger preference of ATA to reside within PEO layer compared
to, e.g., ethanol (volume fraction 0.2). This is due to the stronger capability of ATA to form
hydrogen bonds with PEQ, as shown in Figure 5. The average number of hydrogen bonds
formed per PEO oxygen with ATA is about 0.13 while twice smaller, 0.06, with ethanol. In
contrast, IBA has a volume fraction of 0.1 in this region and THF /butanol even less, 0.05.
Lastly, near the pore center (2.5~4.0 nm), ATA has a low volume fraction (0.05 in the pore
center), as it prefers to reside within the PEO layer rather than in water. IBA, on the other
hand, phase separates, with a high volume fraction of 0.85 in the pore center, similar to THF
and is exceeded only by butanol. Consequently, in the presence of ATA and IBA the PEO
volume fraction is higher near the pore surface (within 1.0nm of the surface), but is lower in
the middle layer (1.0~2.5nm) than with other cosolvents, as shown in Figure 9b. Near the
pore center (>2.5nm), the PEO volume fraction is the lowest and vanishes at pore center in
the presence of ATA; while PEO volume fraction at the center is higher in the presence of IBA

and especially ethanol.
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Figure 8: Cosolvent volume fraction near the pore surface (a) and near the pore center (b)
for THF (green squares), butanol (blue circles), ethanol (red up-triangles), isobutyric acid
(violet down-triangles), and acetic acid (yellow diamonds) as a function of cosolvent total
volume fraction. Error bars in (a) are smaller than the symbol size.
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Figure 9: Cosolvent volume fraction (a) and PEO volume fraction (b) as functions of the
distance to the nanopore surface at the cosolvent content of 50% by volume: THF (green
squares), butanol (blue circles), ethanol (red up-triangles), isobutyric acid (violet down-
triangles), and acetic acid (yellow diamonds).
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To compare the gating capabilities of all cosolvents, we analyze in Figure 10 the size of the
open pore region, estimated as the difference between the nanopore radius R and PEO layer
height H (calculated using eq.1), R — H, as a function of the cosolvent concentration. As is
seen, all cosolvents are capable of nanopore closure due to cosolvent adsorption and
polymer desorption from the nanopore surface. At the same, only ATA and IBA can open a
pore at low cosolvent content (~5% by volume) due to the interplay in carboxylic acid-PEO
and water-PEO hydrogen bonding, while THF and butanol are capable of pore reopening at
high concentrations (above 40% by volume) when cosolvent aggregation at the nanopore
center occurs. While both IBA and butanol phase separate at high concentrations, the open
pore size is larger with butanol than that with IBA, due to the presence of IBA within the PEO
layer while butanol is mostly excluded from it, as discussed above. On the other hand, for
nanopore closure a high concentration of ATA, IBA or ethanol is needed, while in contrast
only an intermediate concentration of THF or butanol is required. It is important to note that
the maximum PEO layer height and minimum of nanopore opening occurs at the cosolvent
content at which saturation of cosolvent at the nanopore surface is achieved and the excess
of cosolvent starts to accumulate at the nanopore center (Figure S6). For THF and butanol
this happens at the overall cosolvent volume fraction of about 0.30-0.35, while for ethanol,
ATA or IBA only at about 0.50 cosolvent volume fraction. One important insight from Figure
10 is the interaction strength between cosolvent and PEO can be ranked as follows: THF <

butanol < ethanol/IBA < ATA.
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coefficient (R, D,) (b) at the concentration of 0.35 by volume and T=300K.

Solvent Diffusion. While the above analysis of the structure of PEO layer, water and
cosolvent distribution provides detailed information on the interactions between PEO,
water, cosolvent, and gold surface, we have not discussed yet the solvent dynamics, which is
important for practical applications of nanopore-containing materials. To characterize this
property, we calculated the lateral diffusion coefficient (D,) along the nanopore long axis

based on the mean square displacement (MSD):
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N
1
MSD(t) = (|z;(t) — 2 (0)|*) = NZM’@) —z;(0)|? = 2D,t (2)
i=1

where z; is the location of an atom and N is the total number of atoms for that type. The
lateral diffusion coefficient (D,) can then be obtained from the MSD(t) curve. We note that
the calculation is done for all cosolvent or water molecules within the nanopore and
represents the ensemble average, while the solvent dynamics could be very different in
different regions of nanopore, e.g., very slow diffusion is expected for solvent molecules

adsorbed on the nanopore surface compared to the pore center.

The lateral diffusion coefficient for water molecules D, is shown in Figure 11a at an
intermediate cosolvent concentration of 35% by volume. One can see that the lateral
diffusion of water in the presence of cosolvents is slowed down in all cases compared to that
for the reference PEO-grafted nanopore in water (without cosolvent) which is about 1.03
(10->cm?/s). As a reference, SPC/E water diffusion coefficient in the bulk is about 2.6~3.18
(10-5cm?/s).4> Slowing down the water diffusion can be expected due to the increased
viscosity of the cosolvent. On the other hand, some fraction of water was adsorbed to the
nanopore surface its release can increase the average diffusivity of water. Comparing
different mixed solvents, the diffusion of water in IBA or ATA aqueous solution is relatively
faster (about two-fold) than that in ethanol, or butanol mixed solution, which in turn is
slightly faster than that in THF /water mixed solution (Figure 11a). These differences are
attributed to the degree of the pore opening (Figure 10). For example, in ATA/water and
IBA/water mixed solvents the opening is the largest and water experiences the least
obstruction. In addition, IBA, ethanol and especially ATA release more water from
interactions with PEO, while for THF and butanol hydrogen bonding between water and PEO
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is only weakly affected by the cosolvent (Figure S4). In contrast, the stability of hydrogen
bonding between water and cosolvent (Figure S7 of the Supporting Information) seems to

have less impact on the water dynamics but may influence the cosolvent diffusion.

We calculated the lateral diffusion coefficient of all cosolvents at the same solvent
composition (0.35 cosolvent volume fraction), as shown in Table S3 of the Supporting
Information. Since cosolvent molecules have different sizes, it is worthwhile to compare
diffusion coefficients scaled by their radius of gyration, i.e. obtained by multiplying the
diffusion coefficient, derived from Eq. (2), by the radius of gyration of the cosolvent Rg using
the Stocks-Einstein relation, i.e. DzRg as shown in Figure 11b. One can see that the scaled
diffusion coefficient of ethanol and butanol is higher (two-fold) than that for THF, IBA and
ATA. Water forms more stable hydrogen bonds with carboxylic acids than alcohols (Figure
S7 of the Supporting Information) and that can be a factor in the observed slower diffusion
of ATA and IBA. At the same time, the stability of water hydrogen bonded to THF is the lowest
among cosolvents, so hydrogen bonding between water and THF is not the main factor in
the results shown in Figure 11b. According to Figure 8, at this solvent composition there is
a considerable fraction of alcohol present in the open pore region, while the carboxylic acids
are mainly located within the PEO layer region (due to favorable hydrogen bonding) and
THF-containing nanopore has a minimal pore opening. Therefore, both, the state of the pore
opening and interaction of cosolvents with water and PEO layer affect the lateral diffusion
of solvents, which is another important property to take into consideration while designing

nanopore-containing materials for practical applications.
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CONCLUSIONS
In summary, using atomistic molecular dynamics simulations we have elucidated the effects
of cosolvent addition on the morphological change in PEO grafted gold nanopores,

understanding of which is essential for nanopore gating control.

We have found that all cosolvents initially adsorb onto the nanopore surface (Figure 1, Figure
4, and Figure 6) in a similar manner, thereby releasing water and adsorbed PEO segments.
With an increase of cosolvent content, THF and butanol continue to strongly adsorb onto the
nanopore surface reaching 0.8 volume fraction at saturation, while ATA and IBA have a
slightly lower saturation volume fraction of 0.7. Further away from the pore surface
(1.0~2.5nm) but still within the PEO layer (Figure 8 and Figure 9), there is a considerable
amount of ATA (reaching a volume fraction of 0.3), and a somewhat smaller presence of
ethanol (~0.2 volume fraction) and IBA (~0.1 volume fraction). On the other hand, butanol
and THF are practically excluded from the PEO layer. This difference in cosolvent population
within the PEO layer is related to their capability for hydrogen bond formation with PEO
(Figure 5), as well as the strength of the cosolvent-water interactions. Indeed, acetic acid and
ethanol both form more hydrogen bonds with PEO than other cosolvents, but also hydrogen
bond with water and are distributed more homogeneously throughout the nanopore (Figure
5, Figure 8). In contrast butanol and isobutyric acid form a smaller number of hydrogen
bonds with PEO and phase separate from water at high cosolvent content and aggregate at
the center of the nanopore. THF competes with PEO for hydrogen bonds with water and

therefore becomes concentrated in the water-rich region near the pore center.
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The presence of cosolvents also changes the PEO conformation. In all cases, adsorption of
cosolvents at the nanopore surface results in PEO desorption and increases the thickness of
PEO layer such that the PEO chains extend towards the pore center. (Figure 2, Figure S6 of
the Supporting Information). When the cosolvent adsorption at the nanopore surface
reaches saturation, the PEO layer thickness approaches a maximum and can result in
nanopore closure. For THF and butanol this occurs at about 0.3-0.35 volume fraction, while
ethanol, IBA and ATA reach the adsorption saturation limit only at a high volume fraction
when the PEO layer expands, thereby reducing the polymer-free zone at the nanopore center
(Figure 10). At high volume fractions THF and butanol, aggregate in the nanopore center
compressing PEO layer and re-opening of the nanopore. In contrast, addition of a very small
amount of IBA or ATA causes shrinking of the PEO layer and opening of the pore due to the
change in solvation and redistribution of water-PEO, carboxylic acid-PEO hydrogen
bonding.3¢ With a further increase in ATA or IBA content the carboxylic acid-PEO hydrogen
bonding becomes more prominent leading to PEO expansion along with desorption from the

surface and closing of the nanopore (Figure 10).

Therefore, the nanopore gating capability of a cosolvent depends on its interactions with
PEO and water (Figure 10) and can follow different scenarios. ATA and IBA are able to open
the nanopore at low concentration through interactions with PEO and redistribution of
hydrogen bonding (solvation changes). In contrast, butanol, and THF have minimal
interactions with PEO and are capable of opening the nanopore at high concentrations due

to the cosolvent aggregation in the nanopore center.

The abovementioned structural properties also affect the dynamics of water and cosolvents

within the nanopore (Figure 11), which is relevant for regulating material transport or
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translocation through polymer-grafted nanopores. Lateral water diffusion along the
nanopore is mainly controlled by the size of the open region in the pore center (polymer-
free), where the least obstruction is experienced. Therefore, a cosolvent that is able to open
the pore can also speed up water diffusion. Cosolvent dynamics, on the other hand, are also
affected by their interactions with PEO and water. ATA and IBA can form more stable
hydrogen bonds with PEO than ethanol and butanol, thereby slowing down their dynamics.
In general, both the state of the pore opening and interaction between cosolvents and PEO
layer affect the lateral diffusion of solvents, which is important to take into consideration
while designing nanopore-containing materials. Our insights on cosolvent distribution
within the nanopore and cosolvent-initiated structural changes of a PEO layer provide
guidance for the selection of cosolvents in the design of cosolvent-induced gated control

devices based on a polymer-grafted nanopore system.
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