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ABSTRACT: We present an investigation of the dynamics of water confined among
rigid carbon rods and between parallel graphene sheets with molecular dynamics
simulations. Diffusion coefficients, activation energy of diffusion, and residence-time
correlation functions as a function of confinement geometry reveal a retardation of
water dynamics under hydrophobic confinement compared to bulk water. In fact,
water under various confinements possesses longer associations with its neighbors
and exhibits diffusion dynamics characteristic of a lower temperature. Analysis of the
residence-time correlation functions reveals long and short residence times, which
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we relate to the diffusion coeflicient and activation energy of diffusion, respectively. o

Additional investigations reveal how the level of confining surface hydrophobicity

affects water dynamics, further broadening our understanding of water diffusion inside diverse media. Overall, this study sheds light
on the physical origin of retarded water dynamics under hydrophobic confinement and the close relationship between residence

times and diffusion behavior.

B INTRODUCTION

Water is the most abundant molecule on the surface of Earth.
While the majority of water is present in the form of liquid
bulk water, nanoconfinement of water molecules holds rich
implications for a variety of fields such as inorganic porous
materials,' ™ water desalination,” and biological systems.(’_8
Confining water into structures on the nanometer lengthscale
has a sharp effect on several of its properties compared to those
of bulk water.”'" The physical properties of confined water
such as phase transitions,”'”"" density,'”"* energy landscape,'”
structural features,”*™'® and dynamics'>'” have received
intense study in the past few decades. Specifically, the
dynamics of confined water impacts a wide range of interests
including transport in biological systems,'”'®'” flow through
inorganic materials such as nanoporous silica and cement,**~**
and transport in polymer membranes such as ion-exchange and
reverse-osmosis membranes.”” >’

The dynamics of confined water depends on the hydro-
philicity/hydrophobicity of the confining medium. On the one
hand, retarded water dynamics usually dominates under
hydrophilic confinement.”*°™*>* On the other hand, studies
of the motions of water molecules confined inside a
hydrophobic environment have provided mixed results.
Majumder et al.>> reported enhanced water flow through
carbon nanotubes (CNTs) of 7 nm in diameter. Holt et al.'’
reported measurements of water motion through 2 nm CNT
composite membranes and also observed a flow enhancement
as compared to bulk water. Zaragoza et al.'” simulated the
diffusion of water inside CNTs and between graphene walls,
with both tube diameter and wall separation above 2 nm, and
found enhanced water diffusion in both structures. Layfield and
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Troya™ conducted simulations of water confined between
hydrophobic alkanethiol monolayers and observed enhanced
diffusion of water near the hydrophobic surface. In other
publications, retarded water dynamics dominates under
hydrophobic confinement. Choudhury et al.***° simulated
water confined between hydrophobic solutes and observed
retarded translational and rotational dynamics of water. Liu et
al.’” and Farimani and Aluru®® reported diffusion coefficients
of water confined in CNTs with varying diameters and
observed retarded water dynamics when the tube diameter was
below 2 nm. In previous work by our group,39 we investigated
the activation energy of diffusion (E,) of confined liquid water
with both experimental and computational techniques and
concluded that nanoconfinement prompts the formation of
partially structured water as well as an elevation of E,.
Retarded water dynamics under hydrophobic confinement,
which usually happens under a relatively small confinement
size (smaller than 2 nm), has not received sufficient
justification. Understanding impeded water motion under
hydrophobic confinement provides new fundamental under-
standing and illuminates new directions toward practical
applications of nanoporous materials. In this work, we aim to
address the origin of slowed water dynamics under hydro-
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Figure 1. Schematic representations of the simulation models involved in this work. Panel (a) represents the rigid-rod model. The rod—rod
distance in the figure is 1.2 nm. Sixteen 16.8 nm-long rigid rods are present in a hexagonal packing pattern in all the rigid-rod simulations. Panel (b)
represents the parallel-sheet model. The layer-to-layer distance shown in the figure is 1 nm. The graphene layers are 16 nm in length and 6 nm in
width. Panel (c) is the CNT model adapted from previous work.*® Water reservoirs are used in all three models (see the text). Alternate views of

these models are available in Figure SI.

phobic confinement. We describe a remarkable connection
between the effect of hydrophobic confinement and temper-
ature: in terms of dynamics, water molecules under hydro-
phobic confinement behave as if they are at lower temper-
atures. As far as we know, there is no recognition of whether
hydrophobic confinement lowers the effective temperature of
water molecules, nor is there qualitative justification of the
connections between the effect of hydrophobic confinement
and the effect of lowering the actual temperature.

Inspired by previous studies on the dynamics of confined
water and supercooled water,""”* we quantify the water
dynamics under nanoconfinement and with changing temper-
ature by calculating the residence time of water around water.
This residence time evaluates the timescale of associations
between neighboring molecules. The simulation geometries we
investigated are inspired by the structures of actual nanoporous
materials, including nanochannels in ionomer membranes**
and nanoporous silica,”’ the lamellar structure of block
copolymers™ or minerals such as tungsten oxide,* and
assemblies formed by rigid-rod polymer backbones.””** We
observe an increase in the residence time of water around
water either when lowering the temperature or when
decreasing the confinement size under various confinement
geometries, including parallel graphene sheets, parallel rigid
rods, and CNTs. In all cases, we observe a clear relation

between the translational dynamics/energetics (diffusion
coefficients and activation energies of diffusion) and the
residence time of water around water. These results emphasize
the importance of the residence time as a useful tool to study
condensed-phase dynamics and to shed light on the physical
origin of retarded water motion under hydrophobic confine-
ment.

B METHODS

Simulation Details. We performed all molecular dynamics
simulations using the GROMACS 5.0.5 package.*” ™" Figure 1
provides schematics of the simulation models used in this
work. Figure 1a is the rigid-rod model. In this model, we place
parallel rigid carbon rods in a hexagonal pattern. Each rod
consists of 80 stacked carbon-atom rings with six atoms per
ring. The distance between the adjacent ring layers is 0.21 nm,
providing a total rod length of 16.8 nm, and the distance
between the adjacent carbon atoms in each ring is 0.173 nm.
We vary the distance between the carbon rods to give different
confinement sizes for the solvating water. The rod—rod
distances (taken from the center of the rods) range from 1.2
to 2.8 nm. Two water reservoirs are present at each end of the
rods, with the total number of water molecules ranging from
11,000 to 42,000 depending on the overall volume of the
system. Figure 1b illustrates the parallel-sheet model. This

https://doi.org/10.1021/acs.jpcb.1c06810
J. Phys. Chem. B 2021, 125, 13767—13777



The Journal of Physical Chemistry B

pubs.acs.org/JPCB

model consists of two graphene sheets, which are 16 nm long
and 6 nm wide. We obtain different confinement sizes in this
model by varying the layer-to-layer distance from 0.7 to 1.8
nm. We immerse the parallel sheets in a water reservoir whose
size is 4 nm X 8 nm X 18 nm. The total number of water
molecules in the parallel-sheet model is 16,000. Figure Ic
represents the CN'T model, which we adapt from our previous
publication.”” The length of the nanotube is 20 nm, and its
diameter ranges from 1.4 to 3.2 nm. Water reservoirs are
present on both ends of the CNTs, and the total number of
molecules in the CNT model ranges from 4000 to 8000. We
use SPC/E water®” in these models for most of the production
runs. Nonetheless, the results with TIP4P/200S water™ are
also presented for a few representative models (included in the
Supporting Information).

The simulation systems are periodic in all three directions.
We immobilize the confinement structure (rods, sheets, and
CNT) using position restraints and assign a large mass (1x
10%° amu) to each carbon atom. The cut-off distance for
Lennard-Jones interactions is 1.2 nm, with the interactions
between carbon atoms switched off. We apply particle-mesh
Ewald summations to calculate the long-range electrostatic
interactions. The force field parameters for carbon atoms are
adapted from our previous publication.”” The equations of
motion are solved with a 1 fs timestep, and the calculation of
diffusion coefficients employs coordinates recorded each 1 ps.
We equilibrate all systems with at least 1 ns NPT simulations
followed by multiple 4—8 ns NVT production runs.

Calculated Quantities. We calculate the mean squared
displacement (MSD) and diffusion coefficient (D)** from
NVT simulations using eq I:

D= <|”(t0 +t) — "(to)|2>
2nt (1)

Here, t is the time of diffusion, r(t) is the atomic coordinates at
time ¢, and # is the dimension factor (n equals 1 in the CNT
model, 2 in the parallel-sheet model, and 3 in the rigid-rod
model). In all models, we calculate the MSD of only water
molecules moving within the confined region and ignore the
water molecules in the reservoirs. The time interval to calculate
the MSD reaches 4 ns, and the diffusion coefficients are
extracted from a linear region of MSD vs t plots.

To obtain activation energies of diffusion, we run
simulations from 300 to 340 K at 10 K intervals. The
activation energy is then obtained from the diffusion
coefficients at each temperature following an Arrhenius
representation

E
InD=InD, - —
RT )
where D is the diffusion coefficient, D, is the pre-exponential
factor, E, is the activation energy of diffusion, R is the gas
constant, and T is the temperature.

To calculate the residence time of water, we adapt from the

literature the residence-time correlation function S(t)*°

S(t) = (h(t)h(0))/(h) (3)

where h(t) is unity if two water molecules are located within a
certain cut-off distance at time 0 and remain continuously in
that region through time t; otherwise, h(t) equals 0. We
evaluate (h(£)h(0)) by taking 1000 different starting points
throughout the simulations and averaging over the number of

starting points. (h) is a normalization factor such that S(0)
provides the average number of water molecules around a
central molecule within the cut-off distance, which is around 4
for both bulk and confined water. The correlation function
S(t) evaluates the timescale of water molecules continuously
within the cut-off distance of the target molecule and has been
used to quantify the residence time of water molecules around
each other*°™*® and the timescale for ionic association in
solution.’”®" In the present study, we set the cut-off distance
for water association to 0.33 nm (between oxygen atoms)
based on the location of the first solvation shell of bulk water.
Nevertheless, we discuss the effect of using alternative cut-off
distances in Figure S7.

Additionally, we use S(t) to evaluate the associations
between water molecules and the hydrophobic rigid rods.
Our calculations reveal that the S(t) time correlation function
of this work can be well fit with a double exponential decay

S(t) = Ae™/% 4 Be™!/" (4)

where A and B are the amplitude fitting parameters and 7, and
7, stand for short and long residence times, respectively.”® This
fitting model has been used in several previous studies. ">
In the stepwise calculation of S(t), the length of the chosen
time interval affects the decay time. The correlation function
S(t) will fail to capture certain association/dissociation events
if the time interval is too long but is computationally intensive
if the time step is too short. After trials on different time
intervals (see more details in Figure S12), we were able to
balance the computational cost and accuracy by evaluating S(#)
along the 20—80 ps trajectories with a time interval of 10 fs.

B RESULTS AND DISCUSSION

Diffusion Anisotropy and Retarded Water Dynamics
in the Rigid-Rod Model. In the rigid-rod model (Figure 1a),
we calculated both the diffusion coefficient parallel to the axial
direction of the rods (referred to as Dy) and the diffusion
coefficient in the perpendicular plane (D, ). Figure 2 shows the
temperature dependence of D and D, as well as the average
diffusion coeflicient D, for simulations with various rod—
rod distances. Note that D, is a two-dimensional diffusion
coefficient and therefore has a larger contribution to D,y In
all cases, D is larger than D, which is expected considering
that the rods are physically restricting the diffusive motions
perpendicular to them. This diffusion anisotropy becomes
more prominent with shorter rod—rod distance. Remarkably,
the activation energies obtained from the temperature
dependence of D and D, are the same, even if the diffusion
coefficients are different, which agrees with our conclusion in
prior work that the activation energy of diffusion arises from
local intermolecular (sub-nm) interactions and is not sensitive
to longer range structural features.”*>%*

Figure 2c,d presents the D, and the E, obtained from
D yerage @s a function of rod—rod distance. We observe retarded
water dynamics at all rod—rod distances as D, is lower than
the bulk water diffusion coefficient (dashed lines). The
slowdown of water molecules becomes more significant as
the confinement size decreases. One apparent reason for the
decrease of diffusion coeflicients is the physical restrictions
from the rigid rods. However, the increase of E, with
decreasing rod—rod distances reveals that the retarded water
dynamics originates from not only the tortuous pathways of
diffusion but also the increased energy barriers for diffusion.
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Figure 2. Anisotropic diffusion in the rigid-rod model and change of
D and E, with rod—rod distance. Panels (a, b) show variable-
temperature diffusion coefficients at rod—rod distances of 1.2 and 2.2
nm, respectively. The temperature ranges from 300 to 340 K with a 10
K interval. The difference between D) and D, decreases as the rod—
rod distance increases. The activation energies labeling the Arrhenius
plots are insensitive to the diffusion direction. Panels (c, d)
respectively show the evolution of Dy, and E, with rod—rod
distance. With decreasing confinement size, D, decreases while E,
increases, suggesting retarded water dynamics in tightly confined
media.

The trend of E, vs confinement size is consistent in all the
confining geometries, as E, increases with decreasing confine-
ment sizes in all models (Figure S4). Interestingly, we observe
a more gradual increase of E, in the rigid-rod model compared
to the much sharper increase of E, when decreasing the
nanotube radius in the CNT model. In addition, while partially
ordered water with very low diffusion coeflicients exists for the
narrower nanotubes, highly ordered water is absent in all the
rigid-rod models examined. Nonetheless, the elevation of E,
with decreasing confinement size is common to all three
simulation models. In this work, we investigate the origin of
the increase of E, with decreasing confinement size in an

attempt to understand more deeply the observed retarded
water dynamics under hydrophobic confinement.

Parallels between Confinement and Temperature in
the Rigid-Rod Model. Figure 3a shows the temperature
dependence of all diffusion coefficients in the rigid-rod model
at varying rod—rod distance. In Figure 3b, we artificially offset
the temperatures of the rigid-rod model diffusion coefficients
to make them match the value of bulk water. Remarkably, most
of the data points fit very well after the offset. We plot the
offset in terms of reciprocal temperature 6, vs rod—rod
distance, porosity, and water’s surface-to-volume ratio in
Figure S5 and find a strong linear correlation between o,
and rod—rod distance. The definition of §, is that when
- L). The

comparing two temperatures T and T, 0, = (% .
analogous effects of the decreasing confinement size and
lowering temperature imply that the hydrophobically confined
water diffuses as if it was at a lower effective temperature,
suggesting that one can gain insight into the confinement effect
by studying the temperature dependence of water dynamics.

The Arrhenius plot for the diffusion coefficient of water in
Figure 3b is nonlinear over the temperature range examined,
signaling an expected variation of E, with temperature. While
the dependence of E, on temperature is usually weak in a
narrow temperature range around room temperature, we posit
that the larger variation seen here might be connected with a
change of the local environment due to the changing
temperature.”” Indeed, the non-Arrhenius behavior of
molecular motions near the solid—liquid phase transition has
been attributed to an increased association timescale and
lengthscale between molecules.""*>® We quantify the
connection between the molecular environment experienced
by water and the residence time of water around water in the
next few sections, where we show that both a lowered
temperature and/or a smaller confinement size can increase
the residence time of water around water. We therefore
propose that the associations among water molecules provide
the origin of the observed retarded water dynamics under
hydrophobic confinement.

Temperature-Dependent Associations between
Water Molecules in the Bulk. We now examine the
residence-time correlation function S(t) between water
molecules in bulk water with temperatures ranging between
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Figure 3. Arrhenius plots of In D vs 1000/ T for bulk and confined water in the rigid-rod model (the legend shows the rod—rod distance). Panel (a)
represents the original data for diffusion coefficients at varying temperature. The temperature range is 300—340 K for confined water and 260—340
K for bulk water, both with 10 K intervals. Panel (b) represents the offset plots of the same data as in panel (a) such that there is an overlap
between the confined and bulk water. The offset diffusion coefficients of confined water largely overlap those of free water, except the modest

disagreement when the rod—rod distance is 1.2 nm.
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Figure 4. Panel (a) shows representative In(S(t))vs  plots generated from bulk water over a range of temperatures. The decay of S(t) indicates loss
of associations between neighboring water molecules. As temperature rises, the association lifetimes between adjacent molecules become
increasingly short. Panel (b) shows the long and short residence times as a function of temperature. Both 7, and 7; show a monotonic decrease with
the increasing temperature. The errors in 7, and 7; are estimated to be +0.02 and +0.0S ps, respectively. Panels (c) and (d) plot the diffusion
coeflicients of bulk water as a function of 1/7; and 1/7,, respectively. The diffusion coefficients scale linearly with 1/7;, signaling a strong correlation
between D and 7;. The diffusion coeflicients do not scale linearly with 1/7,, which supports that 7, and 7; carry different physical meanings.

260 and 340 K. Figure 4a shows In(S(¢)) as a function of time
at a few selected temperatures. We notice fast- and slow-
decaying regions at short and long times, respectively, which
can be nicely fitted with a double exponential decay model (see
Methods). Figure 4b summarizes the numerical values of
and 7; extracted from the double exponential model, which
quantify the residence times of the fast- and slow-decaying
regions of the correlation function, respectively. Clearly, both
residence times increase with decreasing temperature, implying
that lowering the temperature prompts extended associations
between water molecules in the bulk state.

When comparing the residence times of bulk water to the
diffusion metrics D and E,, longer residence times correlate
with slower diffusion coefficients and higher activation
energies. Intuitively, we argue that when longer timescale
associations are at play, water molecules remain longer in the
shell of their immediate neighbors, and diffusion becomes
consequently slower. The lengthened associations between
molecules are also responsible for the slowed molecular
motions in supercooled liquids,“’62 which agrees with what we
observe here.

Further insight into the long and short residence times can
be gained by visualizing the molecular motions on a
picosecond timescale, where we notice two types of
neighboring water molecules. One type of neighbor,
corresponding to 7, resides relatively close to a central water
molecule with which they associate for a relatively long period
of time. Further analysis reveals that the diffusion coefficient,
D, scales linearly with 1/7; (Figure 4c), strongly suggesting a
correlation between these two properties. The other type of
neighbor, corresponding to 7, is on the edge of the cut-off
distance, and these molecules experience interactions with the
central molecule that quickly push them out of the solvation

shell.

13771

In this manuscript, we propose that these long and short
residence times can be further understood in the context of the
archetypal ballistic (inertial) and diffusive motions used to
characterize bulk molecular motion.”>** On the timescale of
picoseconds, the motion of water molecules transitions from
ballistic to diffusive. Ballistic motion involves momentum-
driven collisions with immediate neighboring molecules, while
diffusive motion involves longer timescale evolution of the
local solvation shell. Toward the end of 7, molecules are
starting to disassociate from their initial neighbors or locally
coordinated cage. Thus, 7; indicates the timescale at which
diffusive motions become dominant (we include a more in-
depth analysis of the relation between D and 7; in Figure S10).
Contrary to the long residence-time behavior, the diffusion
coefficients scale nonlinearly with 1/7, (Figure 4d), which
indicates that 7, may report on a different metric of molecular
dynamics from D. On the timescale of 7, the motions of
molecules have not entered the diffusive regime and are
therefore squarely in the pre-diffusive, ballistic stage.”%° In
previous work, we noticed (based on NMR experiments and
simulations) that the activation energy of diffusion, E,, arises
from molecular interactions and motions on a short pico-
second timescale.””*” Thus, we propose that 7, is correlated
with E, rather than with D, and we elaborate on this
correlation in the later sections.

Water Associations in the Rigid-Rod Model. In the
previous section, we quantified the effect of temperature on
water dynamics by calculating the residence times over a range
of temperatures for bulk water. In this section, we turn our
attention to examining the dynamics of water molecules in a
nanoconfined system using the same metrics. Figure §
summarizes the residence time of water around water in the
rigid-rod model. The residence time clearly increases with the
decreasing rod—rod distance, which aligns with the parallelism

https://doi.org/10.1021/acs.jpcb.1c06810
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Figure S. Panel (a) plots 7; as a function of the rod—rod distance, while panel (b) plots 7, as a function of the rod—rod distance for various
temperatures. The residence time of confined water (circles) steadily decreases with the increasing rod—rod distance and converges to that of bulk
water (triangles). Errors in 7; and 7, are estimated to be +0.0S and +0.02 ps, respectively. Panels (c) and (d) plot the diffusion coefficients of
confined water as a function of 1/7 for rod—rod distances of 1.2 and 1.8 nm, respectively. The linear relationship between D and 1/7; remains valid

for confined water.

between confinement and decreasing temperature revealed
before. The trend in residence time of confined water supports
the notion that nanoconfinement prompts longer associations
between water molecules and furthers the concept that
prolonged water associations are responsible for retarded
water dynamics under rigid-rod confinement.

While the effects of reduced temperature and hydrophobic
confinement on the residence time are similar, we believe the
mechanisms behind the two effects are different. Lowering the
temperature reduces thermal motion, limiting the energy
available to a molecule to escape the shell of neighboring
molecules. Hydrophobic nanoconfinement, on the other hand,
physically limits the molecules’ freedom of motion, resulting in
more restrictions (in the direction of the confining wall) to
escape their hydration shell and thus longer aggregations with
their neighbors. In the rigid-rod model, highly retarded water
dynamics become apparent at relatively small rod—rod
distances (<1.6 nm) because the hydration shell of water,
whose radius is similar to the 0.33 nm cut-off distance, is also
small in size. Note that the rod—rod distance, which is the
distance between the rod centers, is not the size of the
confinement. Considering the excluded volume of the carbon
atoms, the size of the water pocket in the rigid-rod model is
around 0.8 nm at a rod—rod distance of 1.2 nm. Only when the
confinement size is similar to the size of the hydration shell,
the motions of the neighboring water molecules are limited
enough that long-time aggregations become prominent.

The decrease in the value of 7; with increasing rod—rod
distance (Figure Sa) matches nicely the increase in diffusion
coefficient in the same models (Figure 2c). Figure Sc,d plots
the diffusion coefficients of confined water in this model with
respect to 1/7, and we observe a linear relationship
reminiscent of that in bulk water (Figure 4c). On the other
hand, the diffusion coefficients do not scale linearly with 1/7,

13772

for confined water (see Figure 6a,b below), as in the case of
bulk water (Figure 4d).

There are subtle differences in the variation of 7, and 7; with
confinement size and temperature in Figure Sa,b that merit
further discussion. First, the relative increase in 7; with
decreasing rod—rod distance is smaller than that of 7, which
indicates that 7, is more sensitive to the confinement size. As
mentioned previously, 7, originates from the dynamics of the
outer-shell molecules, which rationalizes its larger dependence
on the confinement size than the inner-shell motions
responsible for 7. Second, the temperature dependence of 7,
is more sensitive to the rod—rod distance than that of 7, To
quantify this temperature dependence, we calculated the E, of
the 7, and 7; residence times using an Arrhenius representation
(shown in Figure 6¢ as a function of the rod—rod distance).

The activation energy in the figure is obtained from an
1 _E/RT
—e
T

interpreted as the activation energy of the residence rate
constant. The variation of E, of 7, with rod—rod distance in
Figure 6¢ is highly reminiscent of the variation of the activation
energy of diffusion with rod—rod distance in Figure 2d. In fact,

both activation energies do not change significantly in the 2—3

Arrhenius fit to the equation %= , so it can be

nm rod—rod distance range and then increase by less than 50%
up to 1.2 nm. On the other hand, the E, of 7; shows variation
with rod—rod distances beyond 2 nm, and it varies by a factor
of 2.5 between 3 and 1.2 nm rod—rod distance. These
observations further support that 7, is much better correlated
with E, than 7. Figure 7 summarizes the current understanding
of 7, and 7, based on the empirical correlations with the
diffusion coeflicient and activation energy of diffusion
discussed in this work.

Water Associations in the Parallel-Sheet and Nano-
tube Models. We now discuss the dynamics of water
confined between the two parallel graphene sheets. Within

https://doi.org/10.1021/acs.jpcb.1c06810
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Figure 6. Panels (a, b) plot the diffusion coefficients of confined water
in the rigid-rod model as a function of 1/7, for 1.2 and 1.8 nm rod—
rod distances, respectively. Similar to what is observed in bulk water,
D is nonlinear with 1/7,. Panel (c) shows the Arrhenius activation
energies (obtained from an Arrhenius fit to the equation
Lo 1 B/RTy

T T
rod—rod distance. For 1/7;, the temperature dependence drops
slightly when the rod—rod distance increases from 1.2 to 1.6 nm but
stays almost constant at the bulk-water value (triangle) at longer
distances. For 1/7,, the temperature dependence decreases continu-
ously toward the bulk-water value (triangle). When comparing the
trends of the activation energy of 1/7; and 1/7, with rod—rod distance
to that of E, of diffusion (Figure 2d), the variation of E, of 1/z,
matches that of E, of diffusion, again suggesting a correlation of 7,
with E,,.

of the two residence times as a function of the

the confined region, the diffusion coefficient of water
perpendicular to the sheets is zero. Thus, we only consider
the water diffusion parallel to the graphene sheets. Figure 8a
shows the Arrhenius plots of the diffusion coefficients of
confined water in this model compared to bulk water. This
parallel-sheet model also exhibits an increase of E, with a
smaller confinement size, reaching a maximum at a separation
of 0.7 nm. Note that the temperature range for a layer-to-layer
distance of 0.7 nm is different from the rest because at 300 and
310 K, we observe that water molecules form a partially
ordered “squared ice” structure.”®” This structured water
becomes disordered beyond 320 K, and we therefore have used
a 320—360 K temperature range for these simulations. Figure
8b shows the 7; of confined water in the parallel-sheet model.

Much as with the diffusion coefficients and activation energies
of diffusion, the residence time of confined water is slightly
longer than that of bulk water at the largest layer-to-layer
distance of 1.8 nm, signifying that confinement is active within
that range.

In addition to the parallel-sheet model, we have also
examined the water dynamics inside the CNTs. As previous
work has shown, water molecules inside CNT's form a partially
ordered structure when the tube diameter is close to 1.2
nm.'**’ This ordering strongly slows down the water
dynamics®®*” and impairs quantification of diffusion metrics.
Figure 8c shows the diffusion coefficients along the tube axis as
a function of the tube diameter. While the dependence of
diffusion coeflicients on tube diameter is quite slight, we
observe an increase in residence time with the decreasing tube
diameters (Figure 8d), which however is much more moderate
than in the other models.

An important emerging trend in our understanding of
confined water is that regardless of the geometry of
hydrophobic nanoconfinement, tighter confinement volumes
prompt longer associations between water molecules. The
prolonged water associations in turn justify the retarded water
dynamics under nanoconfinement. As pointed out in the
previous section, the local network of water molecules
becomes more enduring when the confinement size is
commensurate with the hydration shell (see Figure 9 for
illustrations). Longer associations imply longer survival of the
hydration shell and slower random diffusive motions.
Furthermore, molecules moving more slowly have a greater
propensity to sample the deepest regions of the intermolecular
attractive potential well, leading to an increase in the effective
energy barrier for diffusion.

Impact of Water—Surface Interactions on the Asso-
ciations between Water Molecules. We now explore how
the interaction potential between the atoms forming the
confinement medium and water affects the dynamics of
confined water. To shed light on this issue, we present the
results for the 1.2 and 1.8 nm rigid-rod models in which the C-
atom Lennard-Jones attraction well depths are 2 and 4 times
greater than that in the original simulation (parameters shown
in Table 1). The location of the potential well does not change
from the original setup to isolate the effect of the interaction
strength.

Figure 10 summarizes the results obtained with a rod—rod
distance of 1.2 nm. Figure 10a,b shows the Arrhenius plots of
water diffusion under the two modified force fields. As the
water—rod attractions increase, the diffusion of water slows
down and the activation energy increases slightly. Figure 10c
plots the residence time of water around water comparing the
modified and original force fields. Interestingly, the associa-
tions between water molecules increase when the water—rod
interactions become stronger. Figure 10d plots the residence
time of water around rods with a cut-off distance of 0.55 nm
between the center of the rods and the O atom of the
neighboring molecules, which captures the first solvation layer
of the rods. Unsurprisingly, the water molecules become more
associated with the rods with enhanced water—rod attractions.
These results suggest that the increased carbon—water
Lennard-Jones interactions act to anchor the water molecules
within the surface layer of the rod. The residence time of water
around those anchored surface waters consequently increases,
justifying the results in Figure 10c. Additional calculations
reveal that the increased associations between water molecules
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Table 1. Modified Lennard-Jones Parameters of Carbon
Atoms in the Rigid-Rod Simulations

o, (nm) e, (kJ/mol)
original 0.355 0.293
model 1 0.355 0.586
model 2 0.355 1.172

are not exclusive to the small 1.2 nm rod—rod distance of
Figure 10 but still persist at a rod—rod distance of 1.8 nm
(Figure S11). Moreover, calculation of the residence time of
water as a function of the distance from the rod (Table S2)
shows that the increase of the carbon—water attractions mostly
strengthens the associations of water molecules in the first
surface layer while having a weaker impact on the water
molecules more removed from the rods. Clearly, increasing the
interactions between the confining medium surface and water
causes retarded dynamics and slower diffusion, but these
effects are relatively weak in comparison to the overall effect of
geometric confinement.

B CONCLUSIONS

The molecular dynamics simulations of this work reveal that
hydrophobic confinement retards water motion as long as the
confinement size is small enough (around 1 nm). Water
molecules under hydrophobic confinement geometries (in-
cluding CNTs, parallel sheets, and hexagonally packed rigid
rods) diffuse effectively as if they were at a lower temperature
and exhibit prolonged associations with the neighboring water
molecules. Analysis of the residence-time correlation function
of water around water demonstrates that residence times
increase with either lowering temperature or decreasing
confinement size. We argue that the associations between
water molecules in the confined systems result from the

physical restriction of the confinement medium, which limits
the number of possible pathways for molecular motion. The
associated molecular motions lower the diffusion coefficient
and increase the activation energy of diffusion. The nano-
confinement effect becomes more prominent at smaller
confinement sizes due to a direct impact on the hydration
shell of water molecules.

We extract two residence times, 7; and 7, from the
calculations of residence-time correlation functions. Through
visualization of molecular motions, we attribute 7; to the inner-
shell neighbors, which remain with a molecule for a relatively
long period of time, and 7, to the outer-shell neighbors, which
experience short-lived collisions with the molecule and leave
the vicinity of the central molecule more quickly. We observe
that 7, is more sensitive to the changing confinement size than
7. We also reveal that both 7; and 7, can be closely related to
distinct water diffusion metrics. For instance, the inverse long
residence time (1/7;) is linearly correlated with the diffusion
coefficient in both bulk and confined water. However, the
variation of the E, of 7, with confinement size mimics
reasonably well the variation of the E, of diffusion with
confinement size, suggesting a relationship between 7, and the
activation energy of diffusion instead. Further investigation is
needed to reveal the quantitative relations between E, and 7,.

Additional insight is provided via examination of the
association between water molecules with changing water—
surface Lennard-Jones interactions. Increased water—surface
attraction localizes water molecules in the surface layer,
resulting in modestly longer associations among water
molecules and further slowdown of water dynamics.

Overall, we show that the residence time of water around
water is strongly correlated with the diffusion behavior of water
molecules, either in bulk or in confinement. We reveal
increased residence time of water around water under various
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coeflicients of confined water in the rigid-rod models with a rod—rod distance of 1.2 nm and modified hydrophobicity. In panel (a), the modified
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confining geometries, which prompts retarded water dynamics
under hydrophobic confinement. Analysis of residence times
therefore appears to be an attractive tool in the future
characterization of diffusive behavior of mobile molecules in a
variety of local environments.
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