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Hydrogen-bond (H-bond) dynamics in the-awater interface is studied by molecular dynamics simulations.

The analysis reveals that the dynamics of breaking and forming hydrogen bonds in-thetair interface

is faster than that in bulk water for the polarizable water models. This is in contrast to the results found on
a protein surface. We show that the difference stems from more rapid translational diffusion in the interface.
When the effect of pair diffusion is eliminated, the hydrogen-bond dynamics in the interface is observed to
be slower than that in the bulk. This occurs because the number of water molecules adjacent to a hydrogen-
bonded pair and available to accept or donate a hydrogen bond is smaller in the interface than in the bulk.
The comparison between polarizable water models and fixed-charge models highlights the potential importance
of the polarization effect in the watewapor interface.

I. Introduction bonded water molecules increases. Because the number of such
“replacement” water molecules in the interfacial region is
smaller than that in the bulk, one might expect the hydrogen-
%ond dynamics to be slower. However, our simulation results
show that the hydrogen-bond dynamics in the—aiater
interface speeds up. Hydrogen bonds can break either by relative
translational diffusion or by reorientation. In a previous wétk,
we showed that translational diffusion speeds up in the interface.
We find that the hydrogen-bond dynamics, with the effects of
air-translational diffusion removed, actually slows down in the

The study of liquid interfaces has applications to a wide array
of chemical and physical processes. Such processes includ
phase-transfer catalyiand drug delivery in pharmacology.

In particular, understanding the awater interface is essential
to elucidating the uptake of pollutants across the ligtudpor
interface in atmospheric chemisfry.he asymmetrical environ-
ment of the air-water interface provides a solvent region with
properties distinct from those of bulk water. Using traditional
spectroscopic te(?hniques to study interfaces is a challenging taskyierface. The above-mentioned speedup can be atributed to the
because of the signal dqmlnance _of the bulk phase. Technlque§peedup of translational diffusion in the interface.
T e eneraon a1 s Qe 98P s paer s rgaizec s folaws. Th fllwrng ecton
this problemt Recently, magnetic relaxation,dispersion (MRD) outlines details of the molecular dynamlc_s S|mula_t|ons. The
has been u;sed o st’udy the dynamics of protein hydration rgsult_s for the_h_ydrogen-bond autocorrt_alatlon functlon and the
directly 6 Another option is computer simulation. Simulations diffusion coefficients for the bulk and aiwater interface are
provide. atomic detail and are thus ideal tools fdr studying the given In section lll. In section “I.’ the comparison bet.ween
. - polarizable water models and fixed-charge models is also
air—water interface. presented

Understanding hydrogen bonds is the key to exploring the '
peculiar properties of v_vat@land agueous systems. Over the | Simulation Method
past two decades, considerable work has been done on the study
of the hydrogen-bond behavior of watet?12-16 However, the Because the molecular electronic structure can be greatly
previous studies have focused mainly on bulk water or solutes affected by the environment, the dynamical fluctuating-charge
dissolved in bulk water. Some work has been done on hydrogen-force field is a more suitable candidate than other fixed-charge
bond dynamics at vapetliquid interfaces’: We set out to study ~ force fields, such as TIP4Por SPC2! in studying two-phase
the dynamics of hydrogen bonds in the-aivater interface using  equilibrated systems. For example, the total dipole moment of
molecular dynamics simulations and a polarizable water model, water in the liquid phase is 2.5 D, whereas it is 1.85 D in the
TIP4P/FQY” We expected to observe hydrogen-bond behavior gas phase. The charge used in fixed-charge models cannot be
similar to that found on the nonpolar surface of prot&in used for different phases because the charge magnitudes reflect
because the vapor phase is essentially nonpolar (low dielectircthe value for one specific phase. The study of wateater
constant) and the orientational distribution of water molecules hydrogen-bond dynamics in particular has been shown to be
next to hydrophobic surfaces is similar to that of water molecules sensitive to water polarizability, and its inclusion in the
in the liquid—vapor interfacd$1° simulation should not be ignorédWe thus use the TIP4P/FQ

The formation and breaking of watewater hydrogen bonds ~ Water model”2° The TIP4P/FQ water model has the same
are highly concerted processésnd the relaxation rate of these ~geometry as the TIP4P water model, but the partial charges can

processes increases as the number of adjacent but non-hydrogerfluctuate in response to environmental changes. For comparison,
a new five-site water model, POI%%js chosen. In the meantime,
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10.1021/jp0468071 CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/02/2005



2950 J. Phys. Chem. B, Vol. 109, No. 7, 2005 Liu et al.

To use larger time steps in the simulation, we froze molecular Density Profile
vibrations by keeping bond lengths at their equilibrium values.
The coordinate correction algorithm, RATTI2E is used to

constrain the bond lengths, allowing for a time step of 1 fs in | |
our simulations. We use 3D periodic boundary conditions. The Lo
mesh-based approximations to the Ewald $uran be used to 15

calculate the electrostatic interactions efficierffiy?” We use
the P3ME* method. We choose a real-space cutoff of 11.25
A. The corresponding Ewald splitting parameter is 0.376.A
The choice of an isotropic Ewald splitting parameter requires
that the density ok-space vectors remains the same in each |
Cartesian coordinat®. For the P3ME method, this translates )
to a constant density of grid points in each coordinate. The grid- 051 =
point density we use is 0.5 A. 9
Our liquid—vapor system is constructed in the following I
manner. One cubic box of 512 water molecules is equilibrated 9 : o i ! M J
for 200 ps with 1 atm an@ = 298.15 K in an NPT ensemble, " s ¢ & =
using an AndersonHoover barostd? and a NoseHoover Zd)
chain thermosta? to determine the initial box length of 25 A.  Figure 1. Density profile of 512 water molecules at 298.15 K along
The original system of interest is periodic in two dimensions the interface normal for the TIP4P/FQ water model. The simulation
(chosen as the andy coordinates) and nonperiodic in tze DO has dimensions df, = 25 A, L, = 25 A, andL, = 75 A. The

coordinate perpendicular to the interfacial surface. Using Ewald Profile is constructed by slicing the simulation cell into 1-A partitions
) along thez axis and calculating the density within each of these spatial

summation for a 2D system is considerably more costly than gjices The solid line is the fitted curve using the hyperbolic tangent
the standard 3D formulatiofi. If sufficient empty space is  fynction described in section III.

allowed for the vapor phase in constructing the water layer,

then the error incurred by using a 3D Ewald formula for a 2D tion run is shown in Figure 1. The profile shows a plateau region

system becomes negligible for a charge-neutral system. Thewith a density corresponding to the bulk water phase centered

space allotted to the vapor should be as large as the box length@bout the origin of the simulation cell. Two interface regions

perpendicular to the interface norma), andL,.3 We add 25  are also evident approximately12.5 A from the center of the

A in the z coordinate to both sides of our resultant box from box, and the vapor phase corresponds to the regions of near-

the NPT equilibration. Yeh and Berkowitzhave also noted ~ zero density. A hyperbolic tangent function can be fit to the

that an additional shape-dependent term is necessarily addedlensity profile®®

to the force contribution for systems with a nonzero component

of the total dipole moment in the direction. Because of the A= oL, — tan (z—2z) 1

symmetry of our system, thecomponent of the dipole moment e 2(’)L Av) 2(’OL pv) ta d @

is zero, and this term can be ignored. The dimensions of our

system are thus, = 25 A, L, =25 A, andL, = 75 A. The The width of our interface region is chosen as the-80”"

rectangular system is then equilibrated for another 500 ps in anthickness® This thickness describes the density change from

NVT ensemble aff = 298.15 K using the NoseHoover 90 to 10% of the bulk water density. The width for our system

integration algorithn$3 is approximately 3.5 A for the TIP4P/FQ water model. The
The result is a system with two aiwater interfaces that are ~ density profiles for other water models are just slightly different

perpendicular to thedirection. For the TIP4P/FQ water model, from those of the TIP4P/FQ water model. (The results are not

nine independent configurations sampled from the NVT en- Presented here.) _

semble are employed as the initial phase points to conduct the AN appropriate definition for a hydrogen bond is necessary

following simulations in the NVE ensemble with the velocity O Study the behavior of hydrogen bonds in the interface. Two

Verlet integrator. For each simulation, data collection begins Such definitions are usually applied. The first is defined by an

by recording the trajectory every 100 fs for another 200 ps. INtéraction energy between two water molecules more negative

Furthermore, for each model, the last configuration from the than—10kJ/moF* The second definition is based on the relative

500-ps NVT simulation is used as the starting point. After the 9€0metry between a pair of water molecules. This definition
150-ps NVT equilibration stage, the configurations are recorded réduires the oxygeroxygen distance to be less than 3.5 A and
every 40 fs for another 400-ps NVE simulation. Three inde- the H~O-+-O angle to be less than 30We will employ the
pendent trajectories at three defferent temperatures, 280, 29g9eometric definition because this choice has been shown to
and 330 K, are generated for each model. All of the calculations Provide more reliable results in simulatiofts.

were performed using SIM, the molecular dynamics program  1he top panel of Figure 2 shows the average number of H
developed in the Berne grodp. bonds per water molecule found in each slice of our simulation

cell. As expected, the number of H bonds falls off with the
density of water molecules in each slice. A more insightful
figure, the bottom panel of Figure 2, is a plot of the number of
It is necessary to characterize the system appropriately onceH bonds in each slice divided by the coordination number for
equilibrium has been reached for the ligaidapor system. A water. The coordination number is the number of water
density profile along the axis is calculated to illustrate the  molecules within 3.5 A of a tagged molecule. This quantity
structural change from bulk water to the interface. The profile reflects the probability of a hydrogen bond existing between
is constructed by slicing the simulation cell into 1-A partitions coordinated waters. Beyond the interface, few hydrogen bonds
along thez axis and calculating the density within each of these can be formed because of the extremely low density. Our results
spatial slices. The density profile corresponding to the produc- show a larger probability for hydrogen bonding on the surface

)
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Figure 2. Top panel: Number of H bonds per water molecule vs the
location along the interface normal for the TIP4P/FQ water model. The
H bond is defined by an oxygeroxygen distance less than 3.5 A and |
an H-0--+O angle less than 30Bottom panel: Number of H bonds

per water molecular divided by the coordination number of the water 3 1
molecules. The coordination number is the number of water molecules Joterface

within 3.5 A of a tagged molecule.

O(t) = <h(0)h(t)H(t)>/<h(0)H(t)>

[ J I . I !
0.95 .

than that in the bulk. Similar results have been found else-
where3538 The inference from these studies is that although _ y
there are fewer hydrogen bonds in the interface the waters | % 1
molecules have a stronger tendency to be hydrogen bonded witr 5| : I

each othef® 1, I i

We will study hydrogen-bond kineti¢son the interface to i 1. 1

develop a more robust understanding of the dynamical behavior o5 I"“LT —

of interfacial H bonds. The H-bond autocorrelation function is | TI _ |
: R i O .

[(0) h(tyO L ; ' >

C(t) — ( ) () (2) 0 5 H|§” 15 20

o
Figure 4. Conditional hydrogen-bond autocorrelation after eliminating

. . the effect of diffusion for the bulk and the interface for the TIP4P/FQ
whereh(t) is the H-bond population operator and has a value water model. This is done by using an operdtift), defined as 1 if

of 1if a H bond is present at timieor zero f a H bond is not  the water pair is within 3.5 A and defined as zero otherwise. The result
present. The functioffhlis the average of(t). The autocor- presented is the average of nine trajectories.

relation function measures the probability thea H bond is

present at timé given the presence of the H bond at time zero,  The relative relaxation times make sense when one considers
essentially measuring the structural relaxation of H bonds. The the effects of diffusion. We calculated the diffusion coefficients
correlation function can be further classified into history- for the bulk and interfacial regions. The Einstein relation is
dependent and history-independent correlatfotidhe history- normally used to calculate self-diffusion coefficients from
dependent definition measures bond autocorrelations for bondssimulationg?®

that remain continuously unbroken. We use the history-

independent definition that measures bond autocorrelations [Ar(t)’0— 2dDt (3)
including bonds that have broken and reformed.

We will calculatec(t) in the interface, denotethertace and whered is the number of translational degrees of freedom.

compare this wittc(t) found in the bulk, denotedwuk(t). The  However, the relation is derived assuming a homogeneous
H bonds included in the calculation ofrerracdt) are those for  system and thus is not suitable for our inhomogeneous air
which the pair of water molecules are within the -390 water interface system. Instead, we developed a general

surfacé® att = 0. The coui(t) will include hydrogen bonds  methodology to evaluate the diffusion coefficients in an
between water molecules, both of which are found in a 3.5-A inhomogeneous liquid or a confined liquitl.The diffusion

region centered about the origin. The results are given in Figure coefficient in the interface can be reduced to a component
3 We can calculate the associated relaxation time for the H parallel to the surfac®y, = Dyy = 0.8 A2lps f = 2) and a
bonds using the relatioe(ziix) = € 1,3"4>from which the relative  component perpendicular to the surfdae= 0.5 A%ps ¢ =
time scale can be obtained. The relaxation timesrﬂfé = 1),%% as seen in Figure 5. For the bulklike regi@y = Dyy =
4.93 ps and"®™®= 4,07 ps. D,,= 0.22 RJps, which is similar to the experimental result of
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Figure 5. Plot of the diffusion coefficient in all three Cartesian coordinates for 3.5-A regions extending from the bulk up to the interface for the
TIP4P/FQ water model.

0.23 AIps*” As one might expect, the drop in density in the 5] ' ' I : I
interface reduces steric constraints in translational motion and ' lc: © Bulk I
increases the diffusion coefficient on the interface relative to » S8 Intetface
that of the bulk. Luzar and Chandler have shown that H-bond :
kinetics for times longer than 1 ps is related to pair diffusidn. F
Therefore, the faster relaxation time in the interface can be
attributed to the larger diffusion coefficient in this region. To
eliminate the effects of diffusion, we calculate the following
correlation function

04 N —

[H(0) h(t) H(t)O

OO ="Tho) Hoo

(4)

where the operatdr(t) = 1 if the water pair is within 3.5 A
andH(t) = 0 otherwise O(t) is the conditional probability of a
hydrogen bond being present at tilgiven that it was present iy

a_t timet = 0, with the added Cons_tralnt that_ the pair ha_s n(_)t Figure 6. Distribution of the number of adjacent but non-hydrogen-
diffused away from each other. This results in an inversion in ponded water molecules for the bulk region and the interfacial region
the qualitative relaxation behavior of the two regions. From for the TIP4P/FQ water model.

Figure 4, we find that the correlation function for the interfacial

region decays more slowly than that for the bulk region when second panel of Figure 2, showing the percentage of H bonds
the effects of diffusion are removed. This result can be explainedin the coordination shell as a function of proximity to the
by a concerted mechanism for H-bond dynamics. H-bond interface, gives similar information. In the interfacial region, it
breaking can be completed only if the participating water can be seen that a larger percentage of neighboring water
molecules can form new H bonds with neighboring molecules. molecules are hydrogen bonded and thagis smaller. Clearly

If no non-H-bonded neighbors are available to a bonded pair, in our case, symmetry breaking caused by the interface reduces
then they will stay bonded for the most part. Thus, the dynamic nag as compared to that of bulk water. This explains the

oo

behavior of individual H bonds will depend ogg;, the number inversion in relaxation times when the effect of pair diffusion
of adjacent water molecules not presently H-bonded and thusis removed from the calculation of the H-bond autocorrelations.
available for bonding. The quantity.q; has been shown to To illustrate the effect of the diffusion on the hydrogen-bond

depend significantly on the environmér€ Figure 6 shows the  dynamics, we adopted the method of Luzar and Chandler. By
distribution of naq; for the bulk and interfacial regions. The applying the simple model for hydrogen-bond kinetics, the
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Figure 7. Hydrogen-bond dynamics calculated from the numerical

integration of the rate of hydrogen-bond dynamics relaxatif),=

—dc(t)/dt. k(t) is the inverse Laplace transform kfs) = k/[s + k +

K'sf(s)], wheref(s) = 3z[1 — +/st arctan(14/s)].1° The red solid line,

the blue long-dashed line, and the blue short-dashed line are for the

bulk, the interface, and the retarded surface, respectively. The corre-

sponding parameterk, k', andz, are listed in the legend for each case.
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forward and backward rate constarksandk’, can be calculated
from the equation
B dc(t)

S = ke — kn()

(®)
wheren(t) is the probability that the hydrogen bond is broken
|
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at timet but this pair of water molecules has not diffused away.
For the bulk region, thé& andk' are best fitted to be 0.31 and
0.71 ps?, respectively, which are very close to the results
reported by Xu and Bern¥.For the interface regiork andk

are 0.39 and 1.4 p3, respectively. To solve the diffusion system
with source and sink terms, eqs 11 and 12 in ref 11, we
introduced the parameter(r = a¥D(6r2)%3) for the regulariza-
tion of spatial resolution, whera is the distant a bonded pair
that can move without breaking the bond. It is estimated to be
less than 1 p$21! For our resulty is chosen to be 0.6 ps for
the bulk to fit our simulation result. Because the pair diffusion
in the interface is much faster than that in the bulk, ther

the interface is smaller. Similarly, it is chosen as 0.35 ps. If
you substitute those parameters into the Laplace transform of
k(t)1° and do the inverse Laplace transform, thet) (k(t) =
—dc(t)/dt) and c(t) can be obtained. Figure 7 shows the
numerical results. Clearly, the hydrogen-bond dynamics for the
interface is faster than that for the bulk. However, if the pair
diffusion is retarded in the interface, for example,zifis
increased from 0.35 to 0.5 ps, then the relative behavior of the
hydrogen-bond dynamics can be inverted.

A recent publication addressing the same problem with the
fixed-charge model SPCE shows that the hydrogen-bond
dynamics is slower in the interface than in the bulk, in contrast
to our current resultt To analyze the difference in the hydrogen-
bond relaxation on the liquigvapor interface between fixed-
charge water models and polarizable models further, we
performed a series of simulations for two kinds of polarizable
models, TIP4P/FQ and POL%*.and two types of fixed-charge
models, TIP4F® and SPC/E? Consistent results were found.
For polarizable models, the dynamics in the interface is usually
faster than that in the bulk region. For the fixed-charge models,

1

' [ ' T pOL5 ! | TIP4PIFQ ' | —I Bulk, 330k | |
\ ---- Interface, 330K
0.8 0.8 — Bulk, 298K |
———Interface, 298K
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Figure 8. Hydrogen-bond dynamics for different water models and different temperatures. The models and the simulated temperatures are indicated
in the legends.
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06— ' e e - N N e non-hydrogen-bonded but coordinated water pairs. Thus, the
[ OLS F TIP4AP/FQ

04 - brea_lking and for.ming of hydrogen bonds will pe hampered in

~— Interface the interface region because the H-bond breaking will be more
likely to happen if the participating water molecules can form
new H bonds with neighboring molecules. For the-aiater
interface system, the rate of hydrogen-bond relaxation increases
as a water molecule nears the interface, clearly showing that
the role played by diffusion becomes more and more prominent
when a water molecule nears the interface. Waselid
interfaces, such as protein surfaces, where the overall hydrogen
dynamics is slower than that in the bulk watemay provide
an intriguing system in which the translational pair diffusion is
not the dominant factor in hydrogen-bond dynamics.
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