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Origins of the non-exponential reorientation dynamics
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The dynamics of water are dramatically modified upon confinement in nanoscale hydrophilic silica
pores. In particular, the OH reorientation dynamics of the interfacial water are non-exponential and
dramatically slowed relative to the bulk liquid. A detailed analysis of molecular dynamics simula-
tions is carried out to elucidate the microscopic origins of this behavior. The results are analyzed
in the context of the extended jump model for water that describes the reorientation as a combina-
tion of hydrogen-bond exchanges, or jumps, and rotation of intact hydrogen bonds, with the former
representing the dominant contribution. Within this model, the roles of surface and dynamical het-
erogeneities are considered by spatially resolving the hydrogen-bond jump dynamics into individual
sites on the silica pore surface. For each site the dynamics is nearly mono-exponential, indicating
that dynamical heterogeneity is at most a minor influence, while the distribution of these individ-
ual site jump times is broad. The non-exponential dynamics can also not be attributed to enthalpic
contributions to the barriers to hydrogen-bond exchanges. Two entropic effects related to the surface
roughness are found to explain the retarded and diverse dynamics: those associated with the approach
of a new hydrogen-bond acceptor and with the breaking of the initial hydrogen-bond. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4896983]

. INTRODUCTION

When water molecules are confined within nanoscale
spaces, their properties and especially their dynamics become
very different from those of bulk liquid water.!™ This occurs
in a wide range of situations of importance in chemistry, bio-
chemistry, geology, and engineering. This includes, for ex-
ample, heterogeneous catalysis in mesoporous materials and
molecular sieves,>© water transport in nanofluidic devices’ as
well as through porous rocks,® water confinement within re-
verse micelles*°!? and lipid membranes,'® and permeation
through membrane channels.'*

One of the paradigm systems that has been considered to
investigate the effects of confinement on water is the family of
hydrophilic silica nanopores, which includes materials such
as sol-gels,?>?3 MCM-41,"5'% and Vycor glass.!'*?! The dy-
namics of water within these silica cylindrical pores is found
to be retarded with respect to bulk water, both from experi-
ments, e.g., quasi-elastic neutron scattering (QENS)'> and op-
tical Kerr-effect (OKE) spectroscopy,’>? and from molecular
dynamics (MD) simulations.’*?

In a prior study,?* two of us established that this dynam-
ical perturbation affects mainly the vicinal water molecules
at the pore interface, while the remaining water molecules
further inside the pore display almost bulk-like properties.
The hydrophilic or hydrophobic nature of the pore interface
was shown to dramatically change the extent of the dynami-
cal perturbation. However, a specific determination of the key
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molecular features of the silica pore that govern the dynamical
perturbation is still missing. Fundamental questions remain
unresolved, including, for example, the relative importances
of the pore surface topology and of the different chemical
groups present at the silica interface, and the enthalpic and
entropic contributions to the dynamical perturbation. A fur-
ther puzzle is added by the pronounced non-exponential decay
in the water relaxation dynamics obtained, e.g., from OKE
measurements>>?3 and from simulations,?*% which suggests
a broad range of relaxation time scales covering up to two
orders of magnitude.

In this paper, we combine molecular dynamics simula-
tions and analytical modeling to analyze the reorientation and
hydrogen-bond (H-bond) dynamics of water confined within
amorphous silica pores. We first present a site-resolved anal-
ysis of water reorientation dynamics at the pore interface. We
show that this dynamics can be fruitfully analyzed through
the extended jump model, whose key features are specifi-
cally calculated next to each individual pore site. We then de-
termine the temperature-dependence of the perturbation and
its enthalpic and entropic components. We finally suggest a
molecular picture which highlights the importance of the pore
roughness in the magnitude of the dynamical perturbation af-
fecting interfacial water molecules.

Il. COMPUTATIONAL METHODOLOGY
A. Molecular dynamics simulations

Classical molecular dynamics simulations were carried
out using the LAMMPS code.?’-?® Water-filled silica pores
used a rectangular periodic simulation box with dimensions

© 2014 AIP Publishing LLC
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of 30 A along the pore axis and 44 A in the perpendicular
directions. The number of water molecules was determined by
grand canonical Monte Carlo simulations using the Towhee
program® with a chemical potential of —30 kJ/mol, a value
that gives a fully water-filled pore (441 molecules).

The SPC/E model® was used to describe the water in-
teractions. The parameters for the silica force field have been
given previously.*'3? Intermolecular interactions were evalu-
ated with a cutoff of 12 A and long-range electrostatic interac-
tions were included using three-dimensional periodic bound-
ary conditions with an Ewald summation with a tolerance
of 1074,

Five 20 ns trajectories were propagated for water con-
fined in the hydrophilic silica pore; the trajectories were ini-
tiated from a previously equilibrated configuration,”* and dif-
fered in the length of a further equilibration stage (which had a
duration of 0, 0.5, 1.0, 1.5, or 2.0 ns for each of the five trajec-
tories) during which velocity rescaling was used to maintain
the temperature at 298 K. Each trajectory was then further
equilibrated for 0.5 ns using a Nosé-Hoover thermostat’®34
with a time constant of 1 ps used to maintain the temperature
before and during the data collection stage. In all cases, a 1 fs
time step was used. To examine dependence on temperature,
three additional 20 ns trajectories were run at both 7 = 285
and 315 K.

B. Analysis of hydration dynamics

To gain insight into the non-exponential dynamics, a spa-
tially resolved analysis of hydration shell dynamics was per-
formed, taking a similar approach as recently used to study
protein hydration shells.*® The silica pore surface consists of
bridging oxygen and hydroxyl (silanol and geminal) oxygen
H-bond acceptor sites, hydroxyl (silanol and geminal) H-bond
donor sites, and non-H-bonding silicon atoms, as illustrated
in Figure 1. Note that, for the purposes of classifying site
types, silanol, SiOH, and geminal, Si(OH),, H-bonding part-
ners were grouped together. The hydration shell was defined
as containing all water OH groups that were H-bonded to a
pore surface site, or whose oxygen atom lay within the first
peak of the silicon-water oxygen radial distribution function
(rdf). Criteria were determined from the rdfs between water
oxygen or hydrogen atoms and nanopore atoms, and were as
follows:

® Roor < 3.6 A, Roy <25 A, and Buoor < 30° for a
H-bond between a water OH group and a nanopore
(bridging, silanol or geminal) oxygen H-bond accep-
tor site,

* Roor < 3.6 A, Ry < 2.6 A, and .. < 30° for a
H-bond between water and a nanopore silanol or gem-
inal hydrogen H-bond donor site,

* Rg < 5.1 A for the water population in the first hy-
dration shell not H-bonded to the pore,

where O and H denote water oxygen and hydrogen atoms and
Si, O", and H" denote nanopore silicon, oxygen, and hydro-
gen atoms, respectively. At each time step, each OH group
in the hydration shell was assigned to a particular H-bonding
surface site, or to the population of water molecules in the
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FIG. 1. The four types of sites into which the nanopore surface is decom-
posed: bridging oxygen H-bond acceptor sites, silanol (hydroxyl) H-bond ac-
ceptor sites, silanol (hydroxyl) H-bond donor sites, and sites that spatially
resolve the water molecules which are in the first hydration shell but not
H-bonded to the pore.

first hydration shell but not H-bonded to the pore. The latter
population was also spatially resolved via assignment of OH
groups to the nearest Si atom site. In cases of ambiguity in
the assignment of an OH group, it was assigned in the priority
order: acceptor site > donor site > non-H-bonded population.

For the calculation of quantities related to the exchange
of H-bond partners via large-amplitude jumps (namely jump
times and jumps angles as defined below), the following
tighter H-bond criteria were used to define stable H-bond

states in the Stable States Picture:3°

* Roo <3.0A, Ry <2.2 A, and 650, < 20° for a
H-bond between a water OH group and a nanopore
(bridging, silanol or geminal) oxygen H-bond accep-
tor site

* Roo <29 A, Ry < 22 A, and 09, < 20° for a
H-bond between two water molecules.

Using these definitions, all analysis presented in this
work was spatially resolved into the sub-population of OH
groups next to each surface site at the time origin. All prob-
ability distributions presented were constructed by weighting
each calculated value by the OH-group population next to that
site. Additionally, values characterizing bulk water dynamics
were extracted from the subset of water molecules which were
initially farther than 7.5 A from the nanopore surface.

All error bars reported, unless otherwise stated, were cal-
culated using block-averaging with five blocks (based on the
five trajectories) and reported at a 95% confidence level using
the Student ¢ distribution.’’

lll. REORIENTATION DYNAMICS IN THE HYDRATION
SHELL

We follow the reorientation dynamics of the water OH
bonds through the reorientation time-correlation function (tcf)

Gy (1) = (P,[e(0) - e(1)]), (1)
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FIG. 2. Water reorientation time correlation function, C,(#) in Eq. (1), at T
=298 K, for all water molecules initially H-bonded to the pore or otherwise
in the hydration shell. Also shown is a power law (r~%) fit to the long-time
part (¢ > 20 ps) of the function, with exponent « = 1.3 This exponent is
slightly larger than in our previous work>* because we focus here on only the
interfacial layer.

where P, is the second Legendre polynomial and e is the unit
vector along a water OH bond. The C,(¢) is a good approxi-
mation to the anisotropy decay measured in time-resolved in-
frared pump-probe experiments.* 38

Prior QENS'’, OKE,*>?* and MD?**?% studies have
shown that the average water orientational relaxation for all
water molecules within a hydrophilic silica pore exhibits a
non-exponential decay (a result that has also been observed
for other liquids®*3?). Two of us showed?* that this behav-
ior is caused by the interfacial water molecules next to the
pore wall. We therefore focus here on this interfacial popula-
tion. Figure 2 shows the reorientation tcf at 298 K averaged
over all water molecules initially present in the nanopore hy-
dration shell, defined as detailed in Sec. II. The tcf is non-
exponential and appears to follow a power-law on the 20-200
ps interval. While it is interesting that C,(¢) appears to ex-
hibit a power-law decay, for the purposes of this paper we
will focus on the more general feature that the decay is non-
exponential. In the following, we investigate the origins of
this non-exponentiality through a detailed analysis of the hy-
dration shell water dynamics by site type and, ultimately, by
individual site.

By performing a spatially resolved analysis of the hy-
dration shell dynamics, as outlined in Sec. II, we calculate
reorientation tcfs at 298 K for the sub-population of interfa-
cial water assigned to each pore site. From these site-specific
tcfs we extract the static distribution of reorientation times
T ., t0r individual pore sites, based on an exponential fit to
each tcf between 2 and 10 ps. This distribution is shown in
Figure 3. It is apparent that the non-monoexponentiality of the
C, () decay for all hydration shell water molecules is due to an
underlying broad distribution of reorientation times for water
molecules in different environments across the nanopore sur-
face.

We note that the tail of this distribution (t,,,, > 6 ps)
is—like the long-time part of the hydration shell water C,(?)
decay—consistent with a power-law, although the limited
number of sites on the pore surface restricts the accuracy of a
fit to the distribution’s tail.

J. Chem. Phys. 141, 18C523 (2014)

—rr . :

- .. ]

°
5 01F [ ] <
-, E o, E
A -
2 ol .. -
o 0.012- & _
S : ]
c G0q &
il I ° %, ©
5 0.001¢ L4 3
© F °
&= ° °
0.0001 - N |
1 10 100
T /ps

reor

FIG. 3. Probability distribution of water reorientation times in C,(?), for all
water molecules initially H-bonded to the pore or in the first hydration shell,
at 298 K.

IV. EXTENDED JUMP MODEL PICTURE
A. Model

In order to explore the origin of the distribution of reori-
entation times which gives rise to the non-monoexponentiality
of the hydration shell water C,(¢), we use the Extended Jump
Model, a theoretical model for water reorientation introduced
by one of us.3®4%4! The model is based on the underlying
mechanism for water reorientation, a combination of large-
amplitude angular jumps performed by an OH group when
it exchanges H-bond acceptors and an additional minor con-
tribution, the reorientation of intact H-bonds between jumps
(the “frame” reorientation). Within this model, the reorienta-
tion time can be expressed as,

1 1 1 )
T = _jump + frame’ @
reor Treor Treor

where /"’ is the contribution to OH reorientation due to
the jumps between H-bond acceptors and 7,5r4me is that due
to the intact H-bond rotation. The /e’ contribution, which
depends on both the time scale and magnitude of the H-bond
jumps, dominates and henceforth we will only consider it.
The large-amplitude angular jumps are an activated pro-
cess, i.e., they pass through a transition state, and can there-
fore be considered to be like a chemical reaction and thus
characterized by an associated reaction rate constant, 7, '.
The inverse of this rate constant for H-bond acceptor ex-
change is the jump time, 7, which can be obtained from the

stable states cross time correlation function,

Cump(t) = (O (1)) 3)

Here, ny, = 1 if the OH group is engaged in a stable H-bond
with acceptor X and n, = 0 otherwise; I and F are, respec-
tively, the initial and final H-bond acceptors in the exchange
process. Absorbing boundary conditions in the final state F
are used, so that subsequent jumps performed by each OH
group are not considered. The jump time, 7, is then ex-
tracted via a fit of exp (—t/ty) to 1 — (?) in the interval
1to7 ps.

The jump contribution to the second-order reorientation
time depends on both 7, and the magnitude of the jump angle

Cjumﬁ



18C523-4 Fogarty et al.

@]
= 0.1F g
VQ.
€
=
Q
A 0.01- E
L | | |
0'0010 50 ~ 100 150 200
time / ps
FIG. 4. (a) Jump time correlation function, 1 — C ump

J. Chem. Phys. 141, 18C523 (2014)

.
= Of
VQ_ E
€
=
Q
T o0t
0.001

! L
1 10 100

time / ps

(#) in Eq. (3), for all water molecules initially H-bonded to the pore or H-bonded to water in the first

hydration shell and jumping respectively to any acceptor (red line) and specifically to a water oxygen acceptor (blue line). (b) The long-time part of 1 — Cjum » ()

on a log-log scale.

A8 as*®

T = 1 /[1 — sin(5A0/2)/(5sin(AB/2)].  (4)

Possible H-bond acceptors in the silica pore are water oxygen
atoms along with nanopore bridging and hydroxyl (silanol
and geminal) oxygen atoms. For any given initial acceptor,
the total jump rate constant is a sum of the rate constants for
jumps to all possible final acceptors. We divide final acceptors
into two groups: water oxygen atoms and pore oxygen atoms,
and extract the jump time for jumps to water oxygen atoms
(To.1,0) and for jumps to pore oxygen atoms (7 ,,,) via the
two relationships

1 1 1
— = + )
To  ToH,0  To,pore
and
Pﬁ:o TO,pore
— =, (6)
Prore To,H,0

where Pf{:o and Pg;.. are the population of stable states
F = O and F = O" at infinite time. In practice, this corre-
sponds to the fraction of all jumps whose final H-bond ac-
ceptor is a water oxygen or a nanopore surface site, respec-
tively, when C;,,,.(7) has plateaued at C,,,,(r) = 1 or can be
extrapolated to 1, i.e., when all OH groups contributing to the
correlation function have undergone H-bond exchange.

B. Jump times

Using this model, we calculated the jump tcf, 1 —
Ciump(D), for all water in the hydration shell, as shown in
Figure 4. Like the OH reorientation tcf, C,(f), the jump
tef exhibits a non-exponential decay that occurs on a much
longer time scale than for bulk water.>® While it is clear from
Figure 4(b) that the jump tcf to any acceptor is not well-
described by a power law, the jump tcf to water oxygen accep-
tors displays a power-law decay similar to that of C,(#). The
difference between the two jump tcfs is due to jumps to pore
acceptors that lead to a faster decay of the jump tcf but which
only induce a limited reorientation of the water molecule and
do not contribute significantly to the reorientation tcf. The
non-exponentiality of the decays in the reorientation tcf C,(7)

and in the jump tcf towards water acceptors 1 — C,,,,,.,(¢) both
arise from the interactions of the water molecules with the
pore surface and the heterogeneity of the latter.

The pronounced non-exponential decay of the jump tcf
suggests the presence of a broad distribution of interfacial
relaxation dynamics. This could arise from a static disorder
due to the great variety of local surface structures and to the
different chemical groups exposed at the silica interface, or
this could also be due to dynamical disorder as suggested
in glass-forming systems*? and in bulk** and confined***
supercooled water, where the relaxation dynamics next to a
given site fluctuates in time.

To examine these different possibilities, we first calculate
the water OH jump tcf next to each individual pore surface
site in order to determine the static distribution of water H-
bond exchange times at the silica interface. For each of these
tefs, the decay can now be well approximated by a single ex-
ponential. While a stretched-exponential fit exp [—(#/7)?] of
the average interfacial jump tcf (Fig. 4) yields a 8 exponent
of 0.51 revealing a pronounced heterogeneity, the distribu-
tion of B exponents for the individual jump tcfs, shown in
Figure 5, peaks above B = 0.9. This demonstrates that
these tcfs are much better described by single exponentials
and that the spatial decomposition has resolved most of the
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FIG. 5. Distribution of the exponents, B, from stretched-exponential fits
exp [—(¢/t)P] of the jump tcfs next to each individual pore site. The dashed
line shows the B value obtained from a fit of the average jump tcf to all ac-
ceptors in Figure 4.
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FIG. 6. Probability distribution of jump times for water molecules initially
H-bonded to the pore or in the first hydration shell but H-bonded to water,
for all jumps (black circles), jumps to new water acceptors (red squares), and
jumps to new pore site acceptors (green diamonds), at 298 K.

heterogeneity. The non-exponential relaxation of the average
interface tcf is thus mostly due to a broad static distribution
of jump times. Another complementary analysis of the non-
exponential character of the average interface tcf considers
the ratio of 7, extracted via an exponential fit over the entire
range of 1 — C,,,(1) and 7, extracted from the integration
of 1 — C,,,(1). This ratio lies between 0.9 and 1.0 for the
majority of sites, and is greater than 0.8 for 97% of sites,
demonstrating again that the jump tcf functions are quasi-
monoexponential, and that the heterogeneity observed in the
jump dynamics is principally static.

We now examine the probability distribution of these
jump times, shown in Figure 6. Distributions are presented
for jumps to any acceptors, only jumps to new water accep-
tors, and only jumps to new pore oxygen atom acceptors. The
distribution of jump times for all final acceptors rises at short
times, peaking at ~5.5 ps before exhibiting a non-exponential
decay at long times. Because the majority of jumps, 59%,
are to final water acceptors, the distribution for only jumps to
water differs only slightly from that to all acceptors. In con-
trast, the distribution for jumps to pore oxygen acceptors is
shifted to longer times, peaking around 30 ps, but the non-
exponential decay at longer jump times is not distinguishably
different from that for final water acceptors within the statis-
tics of the data. Clearly, the quantitative details of the distribu-
tion of jump times depend on the nature of the final acceptor
while the qualitative features do not.

Since reorientation of an OH bond mainly occurs via
jumps to a final water acceptor, while jumps to a pore accep-
tor lead only to partial reorientation, we concentrate on jumps
to water in what follows. A deeper look into the distribution
of jump times to final water acceptors is provided in Figure 7,
where it is decomposed according to the initial site type. The
dominant component to the distribution is for waters in the hy-
dration shell but H-bonded to another water molecule rather
than a pore site. The distribution of jump times for these
jumps from one water acceptor, like the total distribution to
all final water acceptors, peaks at ~6.6 ps, corresponding to
a slowdown factor of approximately 2 with respect to bulk
dynamics. The distributions for other initial acceptors display
different behavior as they are generally broader. However, the

J. Chem. Phys. 141, 18C523 (2014)
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FIG. 7. Probability distribution of jump times to water (t, 4 ) in the
2

nanopore hydration shell decomposed according to site type as defined in
Figure 1, at 298 K.

features are obscured by the smaller number of jump events
due to the limited number of pore H-bond acceptor and donor
sites. Notably, the distributions for OHs initially H-bonded to
a pore atom acceptor, either a bridging or silanol oxygen, ex-
tend to longer jump times, i.e., greater than 100 ps.

The distribution of jump times to water can be further
explored by examination of their spatial distribution. This is
shown in Figure 8 where the nanopore structure is color-coded
according to the jump times for OHs assigned to a given pore
surface site. The heterogeneity of the surface is reflected in
the jump times. In particular, a general feature is that sites
with slow jump times tend to be more buried, less accessible
to water molecules, than those with faster jump times. The
factors that lead to fast H-bond exchanges for one site and
slow jumps at another are explored in detail in Sec. V.

C. Jump angles

The contribution to the OH reorientation time due to
hydrogen-bond exchanges includes a component involving
the jump angle, A6, as made explicit in Eq. (4). The jump
angle is defined as the O,---Op---Of angle at the transi-
tion state for the exchange of hydrogen-bond acceptors for
Op,—H,, from O, to O. It is therefore the angle between
the average O,,—H/, orientations before and after the H-bond

Tomo <30 13.0

FIG. 8. Jump times to water (7, o) in the nanopore hydration shell,

mapped onto the nanopore surface, at 298 K. The two views show the two
halves of the cylindrical nanopore. Also shown are the silica framework
(yellow) and the hydration shell water molecules.
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FIG. 9. The average jump angle, (A#), for interfacial water molecules mak-
ing jumps to a water oxygen acceptor at 298 K. Results are shown for indi-
vidual sites, separated into panels for each site type defined in Figure 1.

exchange. In this work we have calculated the jump angle
from the configuration immediately after a jump, rather than
explicit identification of the transition state, 3¢ since we have
previously found that this approach is accurate as long as the
trajectory configurations are saved frequently enough.*®

It is interesting to examine these jump angles in addition
to the jump time, 7,, which has been discussed in detail above,
since disparate values of Af next to the different pore sites
may add to the heterogeneity in water reorientation dynam-
ics. We have calculated the probability distribution for jump
angles for waters assigned to each site on the pore surface.
Then, the average jump angle for a site, j, is given from the
probability distribution, P;(Af), as

(A6); = /On A8 P,(A6) sin AG dAD. (7

In the following we consider particularly the average an-
gles for jumps that end with a new acceptor that is a water,
(AB) JH,0° The results for all sites are shown in Figure 9, sep-
arated by initial H-bond acceptor type. We note that the jump
angle distribution for molecules outside the hydration shell
(not shown) is consistent with that of bulk water, with an av-
erage of 70.2°.

The average jump angle (AQ)J.’HZO varies between sites,
but the degree to which it does so depends on the site type.
For OHs that are initially hydrogen-bonded to a pore site, the
jump angle is generally larger, ranging from 66° to 95° if the
initial acceptor is a bridging oxygen and 68°-99° if it is an
oxygen on a silanol group. For these sites where the OH is
initially pointed toward the pore surface, the jump angle to
a new, water acceptor is by necessity larger. This is consis-
tent with prior work on the water jump mechanism next to
a flat extended surface*’ and within the cages of a zeolite.*®
The variation reflects the heterogeneity of these surface ac-
ceptor sites, particularly volume excluded by the neighboring
pore atoms. In comparison, the average angles for OHs on a
water accepting a hydrogen bond from a pore silanol group
are between 65° and 73°. Similarly, for hydration shell waters
that are not hydrogen bonded to a site on the surface, the av-
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erage jump angles are, with one exception, between 61° and
72°. These values are closer to that for bulk water, indicating
weaker perturbations on the geometries of hydrogen-bond ex-
changes.

V. KEY FACTORS DETERMINING THE DISTRIBUTION
OF JUMP TIMES

The distribution of jump times arises because water dy-
namics in the pore interface is perturbed relative to water
dynamics in the bulk, and this perturbation is heterogeneous
across the pore surface. Specifically, the surface is both topo-
graphically and chemically heterogeneous, either or both of
which may contribute to the width of the distribution. Since
the jump rate constant depends on the free energy for the H-
bond exchange process, a related question is whether the de-
viation of the free energy from that found in bulk water arises
from enthalpic or entropic factors. In the following, we quan-
tify and discuss the possible contributions to the width of the
jump time distribution.

A. Enthalpic effects: Activation energies

We first consider whether the chemical heterogeneity of
the pore surface gives rise to an enthalpic factor in the per-
turbation of jump times relative to the bulk. To that end, we
calculate the activation energy for jumps to water for each
surface site. The rate constant for jumps to water (kO,HZO
=1/ r(,’Hzo) and the corresponding activation energy (Ea,HZO)
are related by

. 0 1n(ko 11.0.7)
o =TTy

Plots of ln(kOszoyT)[T = 285,298, 315 K] versus 1/T for
each site are linear or approximately linear. We therefore
extract the activation energy for jumps to water for each
nanopore site from the slope of each Arrhenius plot. The acti-
vation energies are shown in Figure 10, and vary little by site,
fluctuating around the bulk water value of 3.5 kcal mol~!.%
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FIG. 10. Activation energies for jump times, E, ;; , in Eq. (8), for interfa-
2

cial water molecules making jumps to a water oxygen acceptor. Results are
shown for individual sites, separated into panels for each site type defined in
Figure 1.
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> 4.0 kcal mol?

Ea,HZO

FIG. 11. Activation energies for jump times (E, ) for interfacial wa-
"t

ter molecules making jumps to a water oxygen acceptor, mapped onto the
nanopore surface. Also shown is the silica framework in yellow.

There clearly exists no correlation between the value of the
activation energy and the site type (i.e., whether the initial H-
bond acceptor is a bridging, hydroxyl, or water oxygen).

Moreover, the mapping of the activation energy values
onto the pore surface presented in Figure 11 shows that there
exists no clear correlation with the pore topography, i.e., the
pockets and protrusions present on the pore surface. In ad-
dition, there is no correlation between the jump time per-
turbation extracted directly from simulation (To.1,0/ T0.butk>
where 7 ;. is the jump time in bulk water) and the pertur-
bation which would arise from the calculated activation ener-
gies (exp[—(E, i — E,n,0)/kpT]). We therefore rule out
a strong enthalpic effect in the jump time perturbation. This
is unsurprising since the H-bond acceptor sites are all oxygen
atoms with fairly similar partial charges (—0.64 for bridging
oxygens, —0.74 for hydroxyl oxygens, and —0.8476 for wa-
ter oxygens in the force fields employed for this study). This
observation is in contrast to the situation in more chemically
heterogenous systems, for example, protein or nucleic acid
hydration shells, which contain both strong H-bond acceptors
such as carboxylate or phosphate groups and weaker oxygen
and nitrogen H-bond acceptors.?>4%30

B. Entropic excluded-volume effect for the approach
of a new partner

We next examine the role that the pore surface topogra-
phy plays in the interfacial water jump dynamics. The pertur-
bative effect on water dynamics of the volume excluded by

0.5 T T T T T T T T
(a) —
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the presence of a solute or surface has been explored by one
of us in previous works*’-3! and rationalized using a picture
involving the transition state for H-bond acceptor exchange.’!
The transition state configuration is defined by the positions
of the reorienting water OH group and the initial and final
acceptors, and in particular by the jump angle. The H-bond
acceptor exchange is slowed because the approach of a new
acceptor is hindered by the presence of the solute or surface.
Here, we quantify this effect for water next to each pore sur-
face site using the excluded volume slowdown factor

1

e ®

Py
where F is the fraction of jump transition state locations ex-
cluded by the nanopore surface, i.e., that overlap with the vol-
ume occupied by the nanopore atoms.>! Jump transition state
locations are defined using individual jumps angles for each
site, as given in Sec. IV C. The predicted jump time to water,
taking into account the excluded volume effect, is then given
by Py To pure”

In Figure 12 we show the distribution of excluded volume
slowdown factors for interfacial water molecules decomposed
according to their initial H-bond partner. The great majority
of the interfacial OH population donates an H-bond to an-
other water molecule. These OH groups are therefore tangent
to the silica wall and experience an excluded-volume slow-
down factor slightly smaller than p,, = 2, as previously found
for flat extended hydrophobic surfaces for example.*’ Larger
values, py, > 3, are dominated by OH groups H-bonded to
bridging oxygens. These OH groups are more confined since
many bridging oxygen atoms are found in pockets or dips in
the pore surface.

In Figure 13 we show that there is a marked correla-
tion between the jump dynamical perturbation (tO,HZO /%0 butk)
extracted from simulation and the perturbation predicted by
the excluded volume slowdown factor (py, ). This is particu-
larly the case for jumps between two water acceptors, data
for which are shown in Figures 13(c) and 13(d), which make
up more than half (58 %) of all jumps to water in the first hy-
dration shell. (Recall that, as outlined in Sec. II, water OH
groups assigned to hydroxyl donor sites, Figure 13(c), are
initially accepting a H-bond from the pore and donating a
H-bond to another water molecule.) For jumps from a pore
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FIG. 12. (a) Probability distribution of excluded volume factors, p,, in Eq. (9), for interfacial waters, decomposed by site type, at 298 K. (b) Same as (a) but

showing only the populations H-bonded to the nanopore.
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298 K. Results are separated into four panels according to site type defined in
Figure 1; the black lines indicate perfect correlation. (Note 7, , .. = 3.3 ps.)

acceptor to a water acceptor, Figures 13(a) and 13(b), the cor-
relation between the excluded volume factor p,, and the ac-
tual slowdown To.H,0 /7o putx 1 much less marked, due to the
additional enthalpic effect which the varying strength of the
initial pore-water H-bond, relative to a water-water H-bond,
has been shown to have on the jump dynamics.>

The local topography of the pore surface, as quantified
by the distribution of p,, values, is clearly a key factor in de-
termining the width of the distribution of jump times. This is
a purely entropic factor,’! arising directly from the roughness
(dips and bumps) of the pore surface. However, the excluded
volume slowdown effect alone is not sufficient to fully explain
the perturbation of jump dynamics in the hydration shell: in
Figure 13, the jump times extracted from simulation are in
general larger than those predicted by the excluded volume
slowdown factor. An additional perturbative factor must play
arole, as outlined in Sec. V C.

C. Entropic effect for the elongation of the initial
H-bond

We now consider an additional entropic factor that can
explain the differences between the calculated and predicted
jump times shown in Figure 13. We concentrate on wa-
ters in the hydration shell that are not initially H-bonded to
the nanopore, where there is no enthalpic effect due to the
strength of the initial pore-water H-bond to consider. The
missing factor can be identified by considering the radial dis-
tribution functions (rdfs) between two water oxygen atoms,
once the volume has been properly normalized to consider
only the fraction of the space that is accessible to water and
not blocked by the pore.*® These rdfs are shown for the ten
sites with fastest jump times and the ten sites with slowest
jump times in Figure 14(a). It is clear from these data that
the first peak in the rdf is much more pronounced for slower
sites than for the faster ones. This corresponds to a larger free
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FIG. 14. (a) Water O-O radial distribution functions, g5, (r), for selected
fast (blue lines) and slow (red lines) individual sites for hydration shell waters
not H-bonded to the pore (see the text) (b) The ggfg(r) for 3 selected slow
sites (green, blue, and red lines) and 1 fast site (black line) at 285 K (dotted
lines), 298 K (solid lines), and 315 K (dashed lines). (c¢) Prediction of the
perturbation of jump times compared to that determined directly from the
simulation (horizontal axis); predictions are shown for the entropic factor for
the approach of the new H-bond partner alone (py,) (blue) and for its product
with the entropic factor for elongation of the initial H-bond (o) (magenta).

energy barrier for elongation of the H-bond in these slower
sites.

Calculations of the rdfs at 285 and 315 K show that the
height of this first peak is nearly independent of temperature,
as shown in Figure 14(b). It is therefore essentially an en-
tropic factor. Thus, the large slowdown of the H-bond jumps
is associated with the activation entropy for stretching the ini-
tial H-bond, which is much greater in these slow sites than in
the fast sites or in the bulk. This is because in the slow sites,
a pair of water molecules is constrained together by the pore
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topography, which strongly reduces the number of accessi-
ble configurations for elongated bonds. It is this restriction on
the H-bond geometry that is responsible for the entropic na-
ture of this effect—the enthalpy of the H-bond between the
pair of water molecules is not much greater than between two
molecules in the bulk—and differs from the excluded volume
effect considered in Sec. V B and in prior studies.*’>! The
latter involves the entropy associated with the approach of the
new partner, whereas this effect involves the elongation of the
initial bond.

Quantitatively, this new entropic slowdown factor is
determined from the free energy difference between the
equilibrium H-bond length r,, and the transition-state config-
uration where this H-bond is elongated to a typical value of 7+
~ 3.3 A. The perturbation factor p £ can thus be expressed as

_ H pore
o = e ﬁAGezung.bm _ gOO (req) g(b)uolk(ri)
E — i - pore . + bulk ’
e PBGumepre 800 () 800 (Tey)

(10)

where AGj,,[mg’bu,k =Gy (rH) — Gy (r,,) (i-e., the barrier
for the elongation of the initial H-bond in the bulk) and
gb ¢ and gluk are the O-O rdfs next to the pore site under
consideration and in the bulk, respectively.

Figure 14(c) quantifies the role of this new entropic term
for the 20 sites considered in Figure 14(a), and compares the
predicted jump times with only the excluded volume for ap-
proach of a new acceptor (as in Figure 13) to that with both
entropic factors included. In the case of the fast H-bond jump
times, T0.H,0 /%o puix ~ 1, the excluded volume factor alone
gives a good prediction of the dynamical perturbation and
there is little additional effect. However, for the sites with
slower jump times, To.1,0/ To.putk > 1> this entropic factor in-
creases the predicted jump time in every case, yielding better
agreement with the slowdown (relative to the bulk value) from
the MD simulations. The respective RMS errors for all sites
shown are 2.8 for the p,, factor only and 1.5 for the py pg
product. The systematic increase in the predicted values for
slower jump times is consistent with the missing factor evi-
dent from Figure 13, where the agreement with the calculated
results are adequate for faster jump times but increasingly less
so for slower jump times.

VI. CONCLUDING REMARKS

Using molecular dynamics simulations and analytical
modeling, we have determined the molecular origins of the
non-exponential reorientational relaxation of water confined
in hydrophilic nanopores. We have shown that the non-
exponential dynamics is due to a broad underlying distribu-
tion of rate constants for the exchange of H-bonding partners
for water molecules in the nanopore hydration shell, and that
this distribution is in turn due to the heterogeneity of the pore
surface, and principally to the variety of local topographies
at the surface. This effect is mostly entropic, acting both on
the elongation of the initial H-bond in the H-bond exchange
process and on the approach of the new H-bonding partner.
Enthalpic effects arising from the chemical heterogeneity of
the pore surface bring only a minor contribution to the dis-
tribution. We have also demonstrated that the heterogeneity

J. Chem. Phys. 141, 18C523 (2014)

observed in the water dynamics is mainly static, arising from
the spatial heterogeneity of the pore surface, and that dynam-
ical heterogeneity in the water dynamics plays only a very
minor role.

A key question will then be to determine how the molec-
ular roughness of the pore surface, which strongly depends
on experimental sample preparation procedures, can modu-
late the width of the distribution of H-bond exchange rate
constants. This is the subject of ongoing work.
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