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The reorientation dynamics of interfacial water molecules was recently shown to change

non-monotonically next to surfaces of increasing hydrophilicity, with slower dynamics next to

strongly hydrophobic (apolar) and very hydrophilic surfaces, and faster dynamics next to surfaces

of intermediate hydrophilicities. Through a combination of molecular dynamics simulations and

analytic modeling, we provide a molecular interpretation of this behavior. We show that this

non-monotonic dependence arises from two competing effects induced by the increasing surface

hydrophilicity: first a change in the hydration structure with an enhanced population of water OH

bonds pointing toward the surface and second a strengthening of the water–surface interaction

energy. The extended jump model, including the effects due to transition-state excluded volume

and transition-state hydrogen-bond strength, provides a quasi-quantitative description of the

non-monotonic changes in the water reorientation dynamics with surface hydrophilicity.

1. Introduction

Understanding the influence of an interface on the dynamics of the

vicinal water molecules is of great importance in many contexts,

ranging from nanofluidics, where water flows within nanoscale

channels,1 to electrochemistry at metallic interfaces and electrodes,2

to biochemistry, including lipid bilayer,3 reversemicelle4 and protein

interfaces,5,6 where hydration dynamics plays a critical role in the

biochemical and biophysical properties. The impact of a surface on

water dynamics can be described by two essential properties: its

topology, e.g. flat vs. rough, and its interaction energy with water,

e.g. hydrophobic vs. hydrophilic character, determined by the

chemical nature of the surface exposed groups.7,8 While a

series of studies have greatly improved the understanding of the

structural and thermodynamic properties of water at interfaces,

both experimentally9,10 and through numerical simulations,11–15 the

dynamical aspects have remained comparatively more elusive.16–19

A recent computational study of the impact of surface

polarity on the interfacial water dynamics has led to surprising

results.18 When an initially hydrophobic surface was

progressively turned into a more hydrophilic surface, the

interfacial water dynamics was shown to first accelerate before

slowing down for very hydrophilic surfaces.

Here, we employ molecular dynamics simulations and

analytic models to provide a molecular interpretation of this

non-monotonic behavior. Our analysis relies on the extended

molecular jump model20 to predict the impact of different

surfaces on the vicinal water reorientation dynamics, and

extends to the hydrophilic surface case a previous detailed

study of water reorientation and hydrogen-bond (HB)

dynamics next to a hydrophobic interface.21

The remainder of this paper is organized as follows. Section

2 describes the system made of water confined between two plates

of varying hydrophilicity, and the details of the molecular

dynamics simulations. The hydration structure and its dependence

on the surface hydrophilicity are analyzed in Section 3. The

dynamics of interfacial water molecules is presented in Section 4,

which describes both the direct calculation of the reorientation

times and their analysis through the extended jump model.

Section 5 then explains the origin of the observed non-monotonic

dependence of water dynamics on surface hydrophilicity. We end

with some concluding remarks.

2. System and methodology

2.1 System and simulations

Our present analysis relies on the same simulations as in prior

work, where an extensive description of the simulations has

been provided.11,12,18 We summarize the key points here.
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The system consists in a slab of water taken from a simulation

of bulk water at a 1 g.cm�3 density, confined between two

b-cristobalite plates. The rigid, non-polarizable SPC/E model is

used for water molecules.22 While other water potentials,

including e.g. the TIP4P/2005 model,23 provide a better

description of the full phase diagram, we have used the SPC/

E potential for consistency with prior work18 and because it

was shown to yield water reorientation and HB dynamics in

quantitative agreement with experiments24 under the ambient

conditions where our study is performed. Each plate contains

four layers of silica SiO2, reproducing the (1.1.1) octahedral

face of b-cristobalite.11 Hydrophilic plates are then generated by

totally hydroxylating the surfaces. All tetrahedra are idealized as

perfect, with O–O and Si–O distances equal to 0.247 and

0.151 nm, respectively, and a O–Si–O angle of 1291280. As with

hydrogen atoms in the SPC/E model, hydrogen atoms on the

surface do not interact via Lennard-Jones potentials. On the

surface, the O–H distance is fixed at 0.1 nm as in the SPC/E

model, and the Si–O–H angle is equal to 1291280. Thus, the

H atom plane is located at a 0.033 nm distance from the O atom

plane of the surface. Whereas Si and O atoms are not allowed to

move, H atoms can reorient while maintaining the O–H

distance and the Si–O–H valence angle constant. Lennard-Jones

parameters for the surface atoms can be found elsewhere.11,18

The series of plates with different hydrophilicities are generated

from the fully hydroxylated plates. Following an approach

already successfully used by some of us,11,18 the surface

polarity and thus its hydrophilic/hydrophobic character are

modulated by rescaling the charges of all atoms (Si, O and H)

within the wall interfacial layer by a factor k so that qi = k� q0,i,

where q0,i denotes the charge of atom i in the fully hydroxylated

case. Thus, plates with k = 0 are hydrophobic (wall atoms

interact with water molecules exclusively through Lennard-Jones

potentials), hydrophilic plates correspond to k = 1 and

intermediate cases to 0 o k o 1. For convenience, the

hydrophobic plate is modeled using the fully hydroxylated

plate with k = 0 instead of a non-hydroxylated plate.

We use square plates of length 6.93 nm in the x and y

directions, which corresponds to the box size, so that the plates

are infinite in these directions because of periodic boundary

conditions. The plate separation along the z direction, taken

between the H atom planes, is fixed at 1.6 nm. Previous studies

have shown that this separation is sufficient to observe

the transition from wall-dominated water dynamics next to

the interface to bulk-like rotational dynamics away from the

surfaces.18 In our analysis, the distance to the surface is

defined as the distance to the H atom plane.

Molecular dynamics simulations are performed in the

canonical NVT ensemble, with the temperature fixed at 300 K

by a Berendsen thermostat with a 1 ps coupling time. The interval

between each saved configuration is 1 ps, while the propagation

time step is 1 fs. Trajectories are typically run for 1 ns.

2.2 Calculation of hydrogen-bond jump exchange times

The HB jump exchange time is defined as the average time for

a water OH to go from a stable initial HB acceptor to a new

stable HB acceptor.25,26 This HB acceptor exchange process

can be fruitfully viewed as a chemical reaction, whose forward

rate constant is the inverse jump time. As detailed in Section 4,

the reorientation time is related to the jump time. Following

previous work,26 stable HB configurations are used for the

initial and final states and are defined by tight geometric HB

conditions (ROO o 3.0 Å, ROH o 2.0 Å, yHOO o 201, where

H and O can refer to either a surface silanol or a water molecule

OH.). The jump time tjump is calculated through the cross

time-correlation function between the initial (I) and final (F)

states as hpI(0) pF(t)i = 1�exp(�t/tjump), where pI (t) is 1 if the

system is in state I at time t and 0 otherwise, and correspondingly

for pF (t). States I and F are defined within the Stable States

Picture27 to remove the contributions from fast barrier

recrossing25,26 and absorbing boundary conditions in the product

state ensure that the forward rate constant is calculated. Several

key geometric features of these jumps, including e.g. their

amplitude, can then be determined from the simulations.26

3. Structure of the water interface

The reorientation dynamics of an interfacial water molecule

was recently shown to sensitively depend both on its orientation

relative to the interface and on the nature of its HB

partners.21,25,28–30 We therefore first characterize the structure

of the water HB network next to the interface.

A detailed study of the changes in the water structure

induced by an increasingly hydrophilic interface has already

been presented by some of us for the same set of surfaces.11,18

We now summarize these prior results and complement them to

determine the key structural features necessary to understand

the reorientation dynamics.

The thickness of the interfacial water layer is determined

from the first minimum in the water oxygen density profile

along the surface normal. As already recognized,11,18 this

thickness decreases with increasing surface hydrophilicity

due to the greater water molecule localization with increasing

water–surface attraction (Fig 1a).

Within the interfacial layer, the water OH bonds have

different preferred orientations, which significantly change

with the surface hydrophilicity. This clearly appears in the

probability distributions of water OH bond orientations as a

function of the distance to the interface, plotted for each

surface in Fig. 1b.

Next to the most hydrophobic surface (k = 0), the first

hydration layer is broad (2.7 Å thick31) and OH bonds exhibit

three preferred orientations (Fig 1c): (a) water OHs pointing

toward the surface and lying very close to it, usually referred

to as dangling OHs; (b) OHs lying tangent to the interface,

which represent the major fraction of the first hydration layer,

and which donate a HB to other water molecules within the

interfacial hydration layer; (c) OHs donating a HB to water

molecules lying within the second layer and pointing away

from the interface. These three distinct peaks are a signature of

a spatial alternation of anti-clathrate and clathrate like

arrangements in the first hydration layer.14,21 A detailed description

of HB exchange dynamics between these populations next to such

an extended hydrophobic surface has already been presented.21

We now contrast these results with the other extreme, the

most hydrophilic surface (k = 1). The first hydration layer is

closer to the surface and more compact (2.0 Å thick) than in
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the hydrophobic case. Three preferred OH orientations are

now distinguishable: (a) OHs donating a HB to the surface

hydroxyl oxygens and pointing toward the surface at a 1201

angle because of the tetrahedral environment imposed by the

surface hydroxyls; (b) OHs pointing away from the surface

and whose orientation is broadly spread; (c) a very small

fraction of OHs lying tangent to the interface. We note that

the peak associated with dangling OHs facing the surface has

totally disappeared. These changes in the hydration layer

structure mainly reflect the formation of HBs donated by

water OHs to the surface, as shown in Fig. 2. The additional

HBs donated by the surface hydroxyls to the interfacial water

molecules16,18,32 do not lead to a strong orientational preference

of the water OH, as manifested by the broad B peak in Fig. 1b.

For intermediate hydrophilicity values, the two-dimensional

probability distributions in Fig. 1bshow that the hydration

structure continuously evolves between the two extreme cases

detailed above. With increasing k, the intensity of the dangling

peak decreases and eventually disappears for k 4 0.4. In

addition, the formation of HBs with the surface oxygen atoms

(Fig. 2) gives rise to the peaks characterizing the hydrophilic

hydration structure, for k 4 0.6. As previously evidenced,11,18

the turnover between pronounced hydrophobic and hydrophilic

behaviors occurs between k = 0.4 and k = 0.6.

4. Dynamics of interfacial water molecules

4.1 Reorientation dynamics

Now that the effect of different surface hydrophilicities on the

hydration structure has been established, we turn to the impact

of hydrophilicity on the reorientation dynamics of water OHs

lying within the interfacial layer.

Water reorientation can be followed using the second-order

Legendre polynomial time-correlation function

C(t) = hP2 [u(0)�u(t)]i, (1)

Fig. 1 (a) Water oxygen distribution function along the axis normal to

the interfacial plane for different surface hydrophilicities. (b) Normalized

probability distribution for the angle between a water OH and the surface

normal vector along the distance to the surface plane. (c) Schematic

description of the different preferred OH orientations indicated in panel

(b): dangling (D), tangent to the interface (T), and donating a HB,

respectively, to a surface hydroxyl (H) and a bulk water molecule (B).

Fig. 2 Total number of received, donated and broken hydrogen-

bonds per interfacial water molecule for increasing surface hydrophi-

licity. For each received and donated bond, the type of hydrogen-bond

partner, either belonging to the surface (S) or to another water (W), is

specified. Here, standard geometric criteria are employed to define a

hydrogen-bond (ROO o 3.5 Å, ROH o 2.45 Å, yHOO o 301).
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where u(t) designates the orientation of the water OH bond at

time t. This function is of particular interest since it can be

related to experimental observables in NMR33 and ultrafast

infrared spectroscopy.34,35

In bulk water and at ambient temperature, C(t) exhibits a

fast initial drop (o200 fs) due to librations36 and subsequently

decreases exponentially with a 2.5 ps time constant. The

reorientation time determined from simulations with the

SPC/E model26 is in excellent agreement with the experimental

values, both from NMR33 and ultrafast IR spectroscopies.34,35

For water OHs initially within the interfacial layer, the

average orientational time-correlation function decays more

slowly than in the bulk at all values of the hydrophilicity

k parameter (Fig. 3). The inset in Fig. 3 shows the dependence

of the effective reorientation time, determined from an

exponential fit of C(t) on the 2–10 ps interval, on the hydro-

philicity k parameter. As already pointed out in earlier studies

of the water dipole relaxation time next to the same surfaces,18

the reorientation time does not evolve monotonically with k.

Next to a purely hydrophobic interface (k = 0), the water

reorientation dynamics is almost twice as slow as in the bulk,

consistently with previous work.21,28 With increasing surface

hydrophilicity, the retardation factor compared to the bulk

value first decreases to reach a 1.2 minimum for k = 0.6,

before increasing to 2.75 for k = 1 (full surface charges). We

stress that this range of retardation factors is fully consistent

with the 1.5–2.5 range of values which have been measured by

NMR for the water reorientation dynamics next to small

hydrophobic peptides37 and next to larger proteins including

e.g. BPTI and ubiquitin,38 whose solvent-exposed surfaces

include hydrophobic patches and hydrophilic sites.

As shown in Fig. 3, these reorientational decays exhibit a

non-exponential character, which suggests that the average over

the interfacial layer includes different types of OHs with distinct

reorientation times. In order to connect these different dynamics

to the distinct populations and structural arrangements

described in Section 3, we will employ the recently suggested

molecular jump picture, whose description of the reorientation

mechanism as a chemical reaction provides a framework to

predict the impact of the local environment on the reorientation

kinetics.20

4.2 Extended jump model

In contrast to the traditional rotational diffusion picture, it

was recently shown that beyond the initial fast librational

decay, water reorientation mainly occurs through large

amplitude jumps due to the exchange of HB acceptors.20,25,26

It is only once the environment has reorganized to offer a new

stable HB acceptor that the water OH bond quickly executes a

large-amplitude angular jump from its former HB partner to

this new acceptor. This HB acceptor exchange can be fruitfully

seen as a chemical reaction. The characteristic time of the

resulting orientational relaxation for the correlation function in

eqn (1) was shown to be well described by an analytic extended

jump model,25,26 which combines the jump reorientation

together with the slower diffusive tumbling time tframe of the

coordinate frame for a water OH engaged in an intact HB

between jump events,

1

treor
¼ 1

tjump
1� 1

5

sinð5Dy=2Þ
sinðDy=2Þ

� �
þ 1

tframe
: ð2Þ

The two key ingredients entering into the dominant jump

contribution are the jump time tjump, i.e. the inverse jump HB

exchange rate constant, and the average jump amplitude Dy.
Studies of water reorientation next to a wide range of

solutes and interfaces have shown that the changes in the

water reorientation dynamics mainly result from a change in

the jump time.21,25,39,28–30 For a water molecule lying at the

interface between a solute and the bulk, it has been shown that

the jump time depends on two factors, the local topology and

the strength of the HB to be broken.20 We now describe these

two factors, which will be used to understand the changes in

the jump times with the surface hydrophilicity.

4.3 Transition-state excluded volume (TSEV)

The first effect is topological and is induced by any type of

solute and interface. It results from the partial hindrance of a

new water HB partner’s approach. Compared to the bulk

situation, the volume occupied by the solute reduces the

number of accessible transition state (TS) configurations for

the jump exchange and leads to a slowdown in the jump

rate.21,28 The resulting transition-state excluded volume

(TSEV) slowdown factor rV is quantitatively determined by

the fraction f of the transition-state locations forbidden by the

solute/surface excluded volume,21,28

rn ¼
tinterfacejump

tbulkjump

¼ 1

1� f
; ð3Þ

in which tinterfacejump designates the jump time to a new HB

partner in the presence of the solute/surface, while tbulkjump is

the reference jump time in the bulk.

Typical TSEV slowdown factors determined in prior studies

range from approximately 1.4 next to convex surfaces28

(e.g. around small isolated solutes), where less than half of

Fig. 3 Orientational time-correlation functions eqn (1) for a water

OH bond initially within the interfacial layer, plotted for different

surface hydrophilicities. The inset shows the values of the character-

istic decay time determined from an exponential fit on the 2–10 ps

interval, and its ratio with the bulk reference value which is the

surface-induced retardation factor.
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the space is forbidden in the TS, to 1.8 next to a flat extended

hydrophobic surface.21

4.4 Transition-state hydrogen-bond strength (TSHB)

The second main factor which affects the jump time is the

strength of the initial HB which must be elongated to reach the

jump TS configuration. This factor differs from 1 only when

the initial HB acceptor is not a water oxygen. Compared to the

bulk situation, this transition-state hydrogen-bond (TSHB)

strength factor rHB can either accelerate the jump rate if the

initial bond is weaker than a water–water HB, or slow it down

if the initial bond to the surface is stronger. This rHB factor is

quantitatively given by29

rHB = exp [(DGzS – DGzwater)/RT], (4)

where DGz is the free energy cost to stretch the initial HB with

a surface (or with a water) HB acceptor to its TS length.

Typical TSHB factors determined in prior studies on a wide

range of HB acceptor sites range from 0.5 (i.e. a two-fold

acceleration) up to a 4-fold slowdown.29

Returning to the general case of a water molecule at the

interface between a solute and the bulk, the jump time results

from the combination of the TSEV and TSHB factors,

tjump = rV rHB tbulkjump. (5)

We now apply this model to understand the non-monotonic

dependence of the water reorientation time on the surface

hydrophilicity.

5. Explanation of non-monotonic hydrophilicity

dependence

5.1 Kinetic model

The different preferred OH orientations within the interfacial

layer identified in Section 3 reveal distinct states with different

local environments and thus different reorientation times. For

simplicity, we use here a simplified version of a previous study

by some of us of water dynamics next to a purely hydrophobic

surface.21 We classify the interfacial water OHs into two

categories, according to whether they donate a HB to another

water (state W) or point to a surface oxygen (state S). State W

thus includes the bulk (B) and tangent (T) orientations identified

in Fig. 1, while state S includes the dangling (D) configuration in

the hydrophobic case and the hydroxyl-bonded systems (H) in

the hydrophilic situation. HB exchanges both between these

states and within these states lead to reorientation of the water

OH bond.

5.2 Change in the hydration structure

The main structural consequence of an increase in the surface

hydrophilicity is an increase in the relative population of

interfacial water OHs within the S state, pointing to the

surface which is an increasingly good HB acceptor. As shown

in Fig. 4a, the population in the S state increases from less

than 3% in the purely hydrophobic case to 60% in the most

hydrophilic situation.

5.3 Change in HB strength

We now turn to the impact of the increasing surface hydro-

philicity on the reorientation time of a water OH initially in

the S or W state. As explained in Section 4, the reorientation

dynamics is dominated by the jump reorientation component,

which is governed by the jump exchange time between HB

acceptors.

Fig. 4 (a) Relative fractions of interfacial water OH bonds which,

respectively, donate a HB to a water oxygen (state W) or point to a

surface site (state S), versus the surface hydrophilicity. (b) HB jump

exchange time for a water OH initially in state W or S. (c) Average

reorientation times for an interfacial water OH, either computed

directly (MD time, see inset in Fig. 3) or calculated through the

extended jump model (EJM) with the S/W two-state picture, using

the jump times shown in panel (b), the populations in panel (a), the 681

bulk jump amplitude and the tumbling times of intact HB axes

computed directly.
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For a water OH initially in state W, Fig. 4b shows that the

jump time is weakly sensitive to the surface polarity. This can be

explained by the following considerations. In state W, the HB

acceptor is a water oxygen; there is therefore no contribution

from the TSHB factor and the changes in the jump time

exclusively originate from the TSEV slowdown. For a jump

from a water acceptor to another water acceptor, the TSEV

slowdown factor changes very little with the surface hydro-

philicity, since most of the W population is approximately

tangent to the interface that excludes close to half the local space.

This leads to an average TSEV slowdown factor close to 2 for any

surface hydrophilicity, in agreement with the W - W time

reported in Fig. 4b. However, for increasing hydrophilicities,

the surface sites become possible HB acceptors and jumps can

occur from the W to the S state, which accelerates slightly the

overall jump time for W, as shown in Fig. 4b.

In contrast, within state S, the jump time exhibits a dramatic

slowdown with increasing surface hydrophilicity, due to large

changes in the TSHB factor. In the hydrophobic situation

(k = 0), the nonexistent initial HB implies that there is no

free-energy cost to stretch the initial bond to reach the TS

configuration, which leads to a two-fold acceleration compared

to the bulk case. With increasing surface hydrophilicity, the

jump time slows down but remains faster than in the bulk until

k 4 0.6. For greater hydrophilicities, stretching the initial HB

leads to a free energy cost greater than that of elongating a

water–water bond, and the jump time then becomes slower

than the bulk time, culminating at a three-fold slowdown for

k = 1. The jump time starting from the S state also includes a

contribution from the TSEV factor, but the latter is nearly

independent of the surface hydrophilicity, as for the W case,

and remains close to rV = 1.3. We note that the formation of

strong HB with hydrophilic surfaces and their impact on water

reorientation dynamics has also been evidenced for other

systems, including e.g. inorganic oxides simulated with ab initio

molecular dynamics,40 clays41 or other silica surfaces.16,17

5.4 Non-monotonic behavior

The origin of the non-monotonic dependence of the interfacial

water dynamics on the surface hydrophilicity can now be assigned

to the combined but competing effects of the hydrophilicity on the

hydration structure, i.e. on the relative populations within the S

and W states, and on the reorientation time for a OH within

the S state. Starting from a purely hydrophobic surface,

increasing the hydrophilicity leads to an acceleration of the

water dynamics due to a greater fraction of the interfacial

water OHs pointing toward the surface (state S) where they

reorient quickly because the interaction with the surface is

weak (Fig. 4b). The subsequent slowdown for greater surface

hydrophilicities originates from the increasing HB strength in

this state, which leads to a reorientation slower than in the

bulk; this effect is amplified by the continuing growth of the

interfacial water OH population forming HBs with the surface

(Fig. 4a). Fig. 4c shows the average reorientation time within

the interfacial layer determined from the S andW populations

determined in Fig. 4a together with the S and W reorientation

times calculated through the extended jump model with the

jump times shown in Fig. 4b. These results evidence that this

simplified two-state model provides a nearly quantitative

description of the interfacial water reorientation time and of

its non-monotonic dependence on the surface hydrophilicity.

We now contrast this non-monotonic behavior with a

different situation where the average surface hydrophilicity is

changed by adding surface groups with a fixed hydrophilicity.

This has, for example, been done by increasing the fraction of

hydroxylated surface oxygens.16 In this case, the interfacial

water dynamics was observed to vary monotonically with the

surface density of these hydrophilic groups. This can be

explained by our same picture, noticing that here the

water–surface interaction strength remains constant, and that

only the populations in the S and W states change with the

average surface hydrophilicity, leading to a monotonic change.

While in ref. 16 the water dynamics was observed to slow

down when the fraction of hydroxylated oxygens increases,

our picture suggests that using weak HB acceptor groups

could lead to a monotonic acceleration of the interfacial water

dynamics.

Conclusions

Based on molecular dynamics simulations and analytic

modeling, we have determined why the water reorientation

dynamics within the interfacial layer does not vary monotonically

with the surface hydrophilicity. We have shown that two types of

water OH bonds should be distinguished, with different

reorientation times due to their different local environments: first

the OHs pointing toward the surface and then the OHs donating

a HB to another water. We have shown that two competing

effects come into play: first a structural rearrangement of the

hydration layer, where an increasing fraction of the water OHs

point toward the surface when its hydrophilicity increases, and

secondly a dynamic effect, where the reorientation time of this

latter population becomes slower when the surface hydrophilicity

increases, due to the greater interaction energy. The extended

jump model together with the transition-state excluded volume

and transition-state hydrogen-bond effects were shown to

provide a quite accurate quantitative description of the changes

in the reorientation times with the surface hydrophilicity.

Our present conclusions should be of importance for the

understanding of water dynamics next to metallic interfaces,

electrodes, and biomolecular surfaces, including, e.g., proteins

and lipid bilayers, and can provide intuitive insights into the

reorientation of water at water–liquid surfaces.42
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