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Abstract

Using Molecular Dynamics simulations, we investigate the effect of alternating
(AC) electric field on static and dynamic properties of water. The central question we
address is how hydrogen bonds respond to perpetual field-induced dipole reorientations.
We assess structural perturbations of water network and changes of hydrogen bond
dynamics in a range of alternating electric field strengths and frequencies using a non-
polarizable water model, SPC/E, and two distinct polarizable models: SWM4-NDP and
BK3. We confirm that AC field causes only moderate structural perturbations. Dynamic
properties, including the rates of bond breaking, switching of hydrogen-bonding
partners, and diffusion, accelerate with the strength of AC fields. All models reveal a
nonmonotonic frequency dependence with fastest dynamics at frequencies around 200
GHz where the period of the field oscillation is commensurate with the average time it
takes a typical proton to switch from one acceptor to another. Higher frequencies result
in smaller amplitudes of angle oscillations and in reduced probability to complete the
switch to another acceptor before the field reversal restores the original configuration.
As frequency increases, these effects gradually weaken the influence of the field on the
kinetics of hydrogen bonding and the associated rates of translational and rotational
diffusion in water.
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1. Introduction

The change of the properties of water under alternating electric fields has been the subject of many
experimental and modeling studies motivated by considerable applications of the phenomenon in
science and technology.!-> Alternating Electric fields in the form of electromagnetic waves warm
food in microwaves® in a process termed dielectric heating’. The alternating E-field enhances the
mobility of water molecules® and can be used to improve water transport across different
interfaces.’ If the media contains charged particles like proteins, the alternating E-field can be used
to control the diffusion of such particles!®. The structure and dynamics of water in and around
confinements including planar surfaces!'!"!3, nanofibers'4, or nanochannels'® can acquire a
particularly rich behavior under concerted effects of the electric field and the confinement and
especially so if we apply alternating E-field.!® English and Waldon have discussed main
fundamental effects of alternating fields on water and their role in a variety of applications.!”

In the present study, we focus on the influence of alternating (AC) electric field on water properties
associated with the coupling between the field-induced alignment and hydrogen bonding. In the
liquid state, water molecules participate in multiple hydrogen bonds (H-bonds). At room
temperature, an average molecule has around 3.6 bonds!® arranged according to an approximately
tetrahedral coordination.!” The H-bonding of water molecules is highly dynamic, with average
bond survival of a few picoseconds.!*?* A water molecule has a net dipole moment (experiment:
2.95 D,*! SPC/E: 2.35 D??, BK3: 2.64 D>, SWM4-NDP: 2.461 D??*), and the application of an

external electric field, E, imposes a torque, T, on the water dipole moment | to align it with the
field direction:

T=0iXE [1]

Exposure of molecules to external electric fields has been studied in different situations, including
the passing of an electromagnetic wave?!, electric field acting on hydration molecules around
ions,> and external fields on water molecules inside nano-tubes®® or next to nano-surfaces.?’ In
view of the association between the alternating electric current (AC) and the alternating electric
field inside a capacitor, in this paper, we interchangeably describe alternating external electric field
as AC-fields or alternating E-fields. Our study pays particular attention to the effect of alternating
E-fields on the H-bond dynamics of bulk water. We simulate bulk water under a sinusoidal one
dimensional electric field:

E = E,sin(2nvt) 2 [2]

where E|, is the amplitude of the E-field, v is the frequency of the field, t is the time, and Z a unit
vector along the z-axis of the laboratory frame. We consider field strengths E, of up to 0.2 V A",
thus avoiding the proximity of the dissociation threshold of ~0.3 V A-! estimated from the first
principles calculations,?®?° and the range of frequencies below 1000 GHz (10ps <v~! <
1 ps) since studying faster frequencies requires accounting for intra-molecular vibrations, which
is not possible using classical molecular dynamics simulation. The above frequencies are,
however, sufficient to probe the picosecond time scales of hydrogen bonding events. The wide
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range of amplitudes Eo we use to amplify the simulated field effects is comparable to field
strength in the vicinity of ions*, liquid crystals!, ionic colloids®? or polyelectrolytes®?, and about
an order of magnitude weaker than the transient local fields associated with thermal
fluctuations in liquid water**.

Before addressing the dynamics of water molecules, we study the structure of water under the
alternating E-fields by monitoring the radial distribution functions*-37 and the oxygen-triplet
tetrahedral order parameter>®*°, We find that the structural changes are not substantial which is in
agreement with previous studies.’®* We assess the effects of AC-E-field on hydrogen bond
dynamics by using the tagged molecular pair model (TP) of Luzar and Chandler*' along with the
concept of hydrogen bond switching*?#3 that we incorporate in a modified version of Chandler and
Luzar’s model** as detailed in Section 3.2. Our results reveal considerable effects of alternating E-
fields on hydrogen bond dynamics. We quantify the changes in terms of breaking and reforming
rate constants and rates of proton switching between adjacent acceptors. Finally, we characterize
translational and rotational rates for water molecules under alternating E-fields. Our results show
a considerable anisotropy of both dynamics while also revealing an interesting nonmonotonic
dependence on the AC field frequency of both translational and rotational diffusion. We show the
rates of these dynamics to be correlated with characteristic times of H-bond breaking and switching
events thus explaining the maximal rates of these dynamics at frequencies close to 200 GHz.*®

2. Models and Methods

2.1.Force field

A series of Molecular Dynamics (MD) simulations were performed using three rigid models of
water?¢: the non-polarizable extended simple-point charge model (SPC/E)?>23, and two polarizable
models, BK3?3, and SWM4-NDP?*, The SPC/E model carries three fixed-point charges, while the
polarizable models contain mobile charges. The SWM4-NDP is a four site polarizable water model
with five total point charges including a charge on a spring attached to the oxygen atom (a classical
Drude oscillator)**. BK3, also, has four interaction sites, but only 3 total charges which are
modeled via the Gaussian-charge-on-spring.?* SPC/E and SWM4-NDP models use the Lennard-
Jones potential while BK3 employs the Buckingham potential for the short range interactions.
Detailed descriptions and parameterizations can be found in the original papers??-+,

As we showed in previous work*, the polarizability a of the BK3 model increases with the
strength of static electric field £. In this study, we add the calculation of the BK3 dipole

fluctuations along the three main axes of the molecule, along the molecular bisector, <5luzz>,

between hydrogens (in-plane fluctuations), (S’ ), and out-of-plane, (&u?). The fluctuation
lle lLly

formula for the polarizability along axis 8, agg =< & ‘ué >/kgT, enables a comparison between
the polarizability tensor components at varied electric fields. The fluctuations show a considerable

anisotropy, e.g. at E=0.2 V A'1,<5uj>= 0.018 D?, (5,uj)= 0.043 D2, (du’)y= 0.022 D% For

complete results see Supplementary Information.



2.2. Simulation
SPC/E and SWM4-NDP simulations were performed using Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS).*” The BK3 simulations were carried out using a
modified Groningen Machine for Chemical Simulations (GROMACS) #® adapted by Marcello-
Sega® to enable the use of Gaussian charge distributions.

Our simulation is a cubic box of size 24.85 A containing 512 water molecules at density 0.998 g
cm, The simulation timestep is 1 fs, and the same time step is used in calculations of the H-bond
correlation functions.

Periodic boundary conditions were employed in all three directions. The cutoff distance of 12 A
was used for nonelectrostatic interactions and for the shielded real-space electrostatics. We
calculate long range electrostatic interactions using the particle—particle—particle—mesh (PPPM)
solver®® with 10 accuracy for SPC/E and 10 for BK3 and SWM4-NDP models. The tin foil
electric boundary conditions'? are used to offset the reduction of the applied field through dielectric
screening, hence the average field remains equal to the nominal one.

By perpetually changing the direction of the external electric field, we are continuously adding
energy into the system. The temperature is held constant by using non-equilibrium molecular
dynamics (NEMD).>"!7 As the dynamic variables, we study strongly depend on the temperature,
comparisons of the results under different electric field strengths require the same temperature for
all systems. This is achieved by the use of the Nose-Hoover thermostat thermostat®? (T = 300 K)
with a relaxation time of 0.03 ps to enable the use at high frequency fields. To examine the possible
dependence of the results on the thermostatting technique, several calculations were repeated using
the Velocity Rescaling (CSVR) thermostat>, which is similar to Berendsen thermostat,>* but
rescales velocities randomly with a Gaussian probability. The relaxation time for CSVR thermostat
is also 0.03 ps and we confirm there were essentially no differences between the results from the
two distinct thermostats. We start sampling trajectories after a 300 ps interval to achieve a steady
state when the AC field is applied and the results are averaged over another 500 ps of simulation
time.

3. Results and Discussion

3.1. Structure

The direction of the alternating electric field changes twice during each period 7=1/v, and each
reversal of the field can lead to a partial reorientation of the water molecules. However, since
hydrogen bonds (H-bonds) are directional, the rotations a water molecule interfere with existing
H-bonds, breaking some of them and replacing them by new ones. To determine the effect of
alternating electric field on water, we explore to what extent water molecules follow the
oscialltions of the field, how this affects the H-bond network, and what are the concomitant rates
of H-bond breaking and reforming.
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Figure 1. The average alignment of water molecules < cos(8) >
where is the angle of the water dipole moment with the field
direction at three field strengths and two frequencies: 200
GHz (top) and 500 GHz (bottom). When the field is sufficiently
strong, on average, water molecules follow the field even at the
increased frequencies but the amplitude decreases with v.

3.1.1. Molecular alignment
Figure 1 illustrates the time dependence of the average dipole alignment of water molecules along
the z-axis, i.e. the direction of the alternating E-field:

1

e —

Uz = ﬁ z Kz [3]
. ) all moleFules ) .
where 1, = p cos 6 is the Z component of a single molecule’s dipole moment, 1, is the net

dipole moment of the bulk system along the Z direction, and N is the number of molecules. We
see that for field strengths stronger than 0.1 V A"!, the overall system follows the field oscillations.
We note that even though the average orientation of water molecules, < cosf > where 0 is the
angle between the dipole moment vector, y, and the direction of the field, follows the E-field, not



all the water molecules are actually aligned with the field.>> The reorientation with the field
oscillation is a collective behavior and in Section 3.3.2 we show that the orientation of water
molecules can lag considerably behind the field reversal. As the aligning process requires finite
time, the average dipole alignment of the system with the electric field decreases with increasing

frequency. In the case where the electric field strengthis E, = 0.2V A 1, the maximum alignment
at the frequency v = 200 GHz is approximately 60 % while it is below 35% at v = 500 GHz. The
lag is attributed to H-bonds impeding the (collective) response to the changing field. The faster the
field is reversed, the fewer water molecules will follow the field and a larger fraction of those will
reach only an incomplete reorientation.>-

In addition to the reduction of the amplitude of the instantaneous average alignment (Figure 1),
increasing the frequency also broadens the distribution of molecular alignments (see Figure 2).
This means that the alignments of water molecules are less correlated to each other. We reinforce
this observation in section 3.1.4. Figure 2 shows the distribution of molecular alignments as a
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Figure 2. The angle distribution of dipole moments in SPC/E (top) and BK3(bottom) water
relative to the direction of the alternating field as a function of time with yellow and black colors
denoting maximal and minimal populations. The time in the x axis is normalized by the E-field

period, . The solid lines are just sin(2nvt) showing the phase of the E-field. The distribution
is narrower at , and we use different colors for the solid lines for better
visibility.



function of time and compares the oscillations in the net polarization with those of the field. The
intense color contrast on the right plot confirms that the distribution is much narrower under
stronger E-field. The retardation of the alignment of water molecules is clear in this picture as the
maximum alignment happens with a delay after the maximum E-field. The use of twice stronger
AC field results in an only slightly accelerated polarization response.

The retardation of individual molecular alignment in relation to the E-field oscillations is due to
molecules needing time to break hydrogen bonds. For instance, the upward dipole orientation
peaks close to the half-period, /=772, when the field reverses to the negative (downward) direction.
After the E-field is reversed, the molecules begin adapting to its new direction.

In Figure 3 we have plotted the time dependence of the (absolute) magnitude of the molecular
dipole moment, |u|, for the polarizable water models. In each period, we observe two maxima and
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Figure 3. The distribution of the magnitude of the dipole
moment, , in each period of the E-field. The thin solid
line is the adjusted (scaled and shifted vertically) sinusoidal
function representing the strength of the E-field, and the
thick line is the adjusted average angle of the dipole moment
in the direction of the E-field,

two minima for the magnitude of the dipole: At around T /4, the molecules are re-orienting from
—Z to +Z, so and |u| reaches a minimum. At T /2, the water molecules have been under
the positive E-field for about T /2, and |u| peaks right before the E-field reverses. This maximum
and minimum are repeated when the £-field is negative. So, the magnitude of the (absolute) dipole
moment in each period of the E-field reaches two maxima, right after the E-field is at maximum
in each direction, and two minima, right after the field reversals. The minimum of |u| is equal to
the zero E-field value ~2.64 D for BK3.?* This figure also shows that, as expected, the response
of the magnitude of the dipole moment to the applied field is faster than the polarization of the
system due to the reorientation of the water molecules.
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Figure 4. The number of H-bonds per water molecules (left) and the coordination number 7, i.e. the
number of neighboring molecules within the distance of 3.5 A from the central molecule (right) under the
different AC E-fields for SPC/E, BK3 and SWM4-NDP water models as functions of the frequency at E, =
0.2 V A! where the effect of the E-field is strongest. Application of the AC E-fields decreases the number
of H-bonds, but the percentage of the change under such high intensity and fast reversing alternating E-
fields does not exceed 6% in any of the water models.

3.1.2. The number of hydrogen bonds
To characterize the hydrogen bonding behavior of water molecules under AC fields, we first focus
on the average number of hydrogen bonds. We use the geometric H-bond criteria***’ that consider
a pair of water molecules H-bonded if the distance of the donated hydrogen to the acceptor oxygen

dy+..0, < 2.4 A, and the hydrogen bond angle Oy+—0*..0, < 30°.

Figure 4 shows only a minor reduction of the average number of hydrogen bonds under the
alternating field.>® The relative change depends on E, and the frequency, but the maximum change

we observe is well below 10%. This relatively small change is observed even under an extremely

strong field whose direction is reversed every % = 1 ps. At these conditions, around 60% of

water molecules follow the E-field inversion. This is a very interesting observation since the water
molecules cannot reorient without breaking at least some of their H-bonds,>” and the conservation
of the number of H-bonds under such fast reorientations requires that the H-bonds break and form
at almost the rate of H-bond switching between distinct proton acceptors. In section 3.2, we
measure hydrogen bond breaking and switching rate constants in AC-fields and show that they are
close to each other.

In Figure 4, we have also plotted the average coordination number of water molecules, n., under
the different alternating electric fields. Decreasing the number of H-bonds allows more molecules
to be in proximity with each other, and the coordination number is slightly increased. Another way
to describe n, is as the summation of the H-bonded and non-H-bonded molecules inside the first
coordination shell, which allows for the calculation of interstitial water molecules equal to the
difference n, — nyp. This number increases with increasing E, and v, but only by up to 6% and



this low increase does not affect the interstitial peak of oxygen triplet angle distribution shown in
Figure 6.

The conservation of the number of hydrogen bonds and coordination number suggests that the
tetrahedral structure of water is not changed substantially under the alternating E-fields. Very
strong applied E-fields at high frequencies fail to disrupt the hydrogen bond structure.

According to Laage and Hynes,* the switching of a H-bond happens in a short time about ~
70 fs, which is much shorter than the waiting time between sequential switches, = 3 ps, so
increasing the number of switches under alternating E-fields does not influence the structure of
water dramatically. We will assess this hypothesis in detail in the following sections, but before
that, we look at additional criteria confirming the preservation of the structure of water.

3.1.3. Radial Distribution Functions and tetrahedral parameters

We have assessed the most important structural functions to see how they change with the field
strength and frequency. The first function to observe is the radial distribution function, RDF or
g (). Our results collected in Figure 5 reveal only minor changes in RDF under very strong, high
frequency E-fields.*® The positions of the peaks remain unchanged,* while the peaks and the
minima are slightly less pronounced under stronger fields. Significant structural perturbations
under such E-fields would, however, result in bigger reduction of the peaks, and possibly changed
peak positions, which was not the case for any of the water models we consider.

Triplet Angle Distributions

An important measure of the tetrahedrality of the water network is the distribution of the oxygen
triplet angle*® (Fig 6). The distribution is calculated from the relation

N ni—-1 n;
1 z z z 1. 15
P(COS 9000) = —( o | cos 9000 - U L ) [4]
‘ i=1 j=1 k=j+1 gl e

where N is the total number of molecules, n; is the number of nearest neighbors (within the first
coordination shell) of molecule i, and 7;; and r;;, are vectors connecting the central molecule with
its two nearest neighbors. This function measures the tetrahedrally of the system by calculating
the angle between the vectors connecting the two nearest molecules with the central molecule.
The first peak of O — 0 — O directly measures the tetrahedrality, and the second peak reflects the
presence of interstitial, non-H-bonded water molecules. The change in the main peak below 10%
which is indeed small under such strong and rapidly changing E-fields. Apparently, there is a less
than a 10% change® in the tetrahedrality of water under an extreme E-field, Fo=0.2VA~' and v
= 500 GHz, when compared to zero E-field.
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Figure 5. The radial distribution function of water under different AC
field frequencies with a very strong E-field strength of 0.2 V A! for
SPC/E (top), BK3 (middle), and SWM4-NDP water models (bottom).
The difference between the height and the position of the peaks for the
different frequencies is small.
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Figure 6. Oxygen triplet angle distribution, (Eq. 4), for water under different alternating E-field
frequencies and E, = 0.2V /A. The change in the main peak height remains below 10% which is
relatively small considering the extreme strength and high frequencies of the field. The biggest
change happens at 500 GHz, where Figure 1 reveals peak polarization near 35% of the saturated
of water molecules reverse their direction every Ips.
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3.1.4. Orientational Correlations
Periodic reorientation of water molecules the alternating £-field strongly depends on its H-bonding
environment. In order to measure how entangled a water molecule is with the neighboring
molecules®, we look at the distance-dependent orientational correlations, gad(r) expressed in terms

of the water angle bisector vectors d, 6162

") = (d(0)d(r)) 5
Gaa\r) = —(d>2 .

The distance dependence of guda(7) is illustrated in Figure 7, which shows that directional
correlation between neighboring molecules decreases with increasing frequency of the E-field.
The strongest angular correlation is observed at v < 100 GHz where the dynamics is
comparatively slow. This confirms that during each cycle, the molecules have sufficient time to
align with the E-field and with each other. We have also plotted the orientational correlation for a
long distance, 10 A: guq(r — ). At this distance, the apparent correlation reflects the overall
alignment of the molecules with the field asymptotically approaching the square time average of
the molecular orientation shown in Figure 1, < cos?6 >. Like in other plots, we see a sharp decrease
in the relative alignment of water molecules upon increasing the frequency, indicating that despite
maintaining the structure, the long range order disappears under the rapidly reversing alternating
fields. The above results prove that even strong AC-fields affect directional structure moderately
while the radial structure remains mostly unchanged. %>
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Figure 7. (Left) The directional correlation among of SPC/E water molecules, gq4(r), under Ey =
0.2 VA1 at different frequencies. The application of the E-field aligns the adjacent molecules, but
increasing the frequency their directional correlations since adjacent molecules reorient with different
rates controlled by different H-bonding state of the molecules. (Right) The limiting long-distance value
of gaq(r) estimated at =10 A for SPC/E water molecules (solid lines). The same behaviour is observed
with BK3 (dashed lines) and SWM4-NDP (dotted lines) models of water.

12



3.2. Hydrogen Bond Kinetics

In this section, we characterize hydrogen bond dynamics under the influence of a wide range of
alternating E-fields in terms of H-bonding rate constants. The classic model of hydrogen bonding,
introduced by Luzar and Chandler®® provides our first tool to measure the hydrogen bond
lifetime®*%°, In this model, the hydrogen bond correlation function, c(t), is defined as the
probability that an initially (¢ = 0) H-bonded pair of molecules is still bonded at time ¢, regardless
of any breaking of H-bonds between these two times. The H-bond correlation function, c(t), can
be defined as
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Figure 8. The correlation between the left and the right side of Eq. (8), and the optimal values of k and k'.
The black line is a straight line with unit slope. We chose our highest E,, to show that the phenomenological
relation does not break even under such a strong E-field and rapid changes of the field direction.
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_ < h(t)h(0) >

<h> a

c(t)

where h(t) is a dynamic variable, which is equal to 1 if a pair of molecules is H-bonded and zero
otherwise. The probability of broken H-bond state is given as

_ < h(0)[1—-h(t)]H(t) >

<h> 7]

n(t)

where H = 1 if the pair has not diffused apart, with the molecules still in the first coordination
shell, and zero otherwise.

Assuming first order kinetics, —% = k[A] — k'[B], applied to the above time correlation
functions,

k() = =28 = ke(t) — k'n(0). 8]
we can calculate rate constants that satisfy eq.[8] by finding a pair of k and k' that best match the

simulation data.

In the first step, we assess how this phenomenological model works under alternating E-fields. We
have plotted the correlation functions along with the calculated rates for some E and frequencies
in Figure and we observe that under all E-fields this relation works very well, so the resulting rate
constants continue to be reliable measures of the dynamics of H-bonding in alternating fields.

With a simple modification to the Luzar and Chandler model, we can calculate the rate of H-bond
switching. We use a new phenomenological model to describe the elementary process of switching
the H-bond acceptor. The two states are the first and the second H-bonded state of tagged
hydrogen:
ks
H* donated to O, = H* donated to O, [9]
k'

where H* is the donated hydrogen attached to the donor oxygen, O*, O, is the first acceptor and
0, is the second acceptor molecule. We quantify the populations of above states with two

correlation functions. The left side probability for tagged molecules is calculated by: c.(t) =
<A (Oh(£)> where h; is 1 if the tagged hydrogen is donated to O, and zero otherwise. The right
<ht(0)he(0)>

<ht(0)(1-he(0)h;()>

<h¢>
hydrogen is H-bonded to 0, and zero otherwise. We distinguish between two probabilities based
on when the tagged hydrogen switches its acceptor: the previous pair may stay in the first
coordination shell of each other or leave. We distinguish between these two states as: nf(t) =
<h¢(0)(1—h(0)(1—H ()R} (£)> and nd(t) = <h¢(0)(1—h(0)H(t)hi(t)>
<h¢> <hg>
coordination of O* and zero otherwise. Analogous to the formalism for a tagged pair of molecules,

side is the probability of switching n.(t) = , where h; is 1 if the tagged

, where H is one if O, is in the first
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we can determine the best combination of ks and k" or k; and k,;’ satisfying the following
equations:

ke(t) = =22 = ko, (6) — king (t), [10]
and
ke (t) = — dc;f) O 0] [11]

The rate constants kg and k,; are closely related: 1/k, is the time it takes a hydrogen to switch to
another acceptor, and 1/k; is the the time it takes a hydrogen to switch the acceptor and leave the
first coordination shell. The switching process is complete when the previous pair separates
beyond the first shell®®, so the H-bond switching rate is k; and we only use k, to estimate the time
it takes for the previous acceptor to leave the first shell when the H-bond is switched: 7, = 1/k; —
1/k,.

In the next step, we study the trend of the hydrogen bond rate constants, k and k; with changing

frequencies under E-field strengths E; = 0.1 or 0.2 VA_I for different water models. Results are
collected in Figure 9 and Table 1. The H-bond breaking rate constant, k (Eq. 8) increases
significantly with frequency until reaching ~ 200 GHz. There is maximum at around 200GHz for
the H-bond breaking rate, k, (Figure 9), which will be discussed shortly. The trend of all the rate
constants with frequency is the same: a steep increase until around 200GHz followed by a
moderate decrease until 1 THz.

In Figure 9, we observe that the rate of H-bond breaking increases with the frequency of the
alternating E-field until v < 200 GHz. This means that for v < 200 GHz, most molecules can
respond to the oscillations of the E-field and reorient every cycle; increasing frequency therefore
leads to accelerated switching and reforming of the H-bonds.

The trend, however, reverses when v > 200 GHz: increasing the frequency decreases the H-bond
breaking and switching rate constants. This means that the molecules can no longer respond to the
faster E-field reversals by switching their H-bond ever faster. When T /2 is too short, the duration
of the perturbing E-field is not long enough to force the molecules to break and switch their H-
bonds, so a bigger fraction of the H-bonds survives through the field oscillation cycle. The
probability of breaking the bond increases with the duration of the “frustration time” during which
a bond is under strain due to a field-induced reorientation. The perturbation typically ends upon
next field reversal and is hence limited to the half-period of the field oscillation, /= T /2. When
772 becomes short in comparison to the mean bond-breaking time, the majority of H-bonds can
survive the perturbation. Increasing the E-field frequency further only reduces the frustration time,
thus decreasing any influence of the field on the average lifetime of H-bonds. %

Figure 10 shows the relation of 1/kg and T /2: as long as T /2 is longer than 1/kg, increasing the
frequency leads to accelerated H-bond dynamics. On the other hand, when T /2 is shorter than
1/ks, the higher the frequency the longer the average lifetime of the bonds. The frequency in
which 1/kg; ~T /2 corresponds to around 150 GHz which means that increasing the frequency
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above this value increases the chances of H-bonds surviving the perturbations due to the oscillatory
field.

To sum up, the H-bonds have an inherent response time that is a characteristic time for water

molecules to switch an H-bond. If external-field oscillations occur over shorter timescales, i.e. g <

ki, most molecules will not be able to respond to the oscillation and the original H-bonds will

S

endure until the strain relaxes with the field reversal. On the balance, the shortened frustration time
and better survival chance offset the increased frequency of perturbations in this regime, leading
to increasing average lifetimes of hydrogen bond as the frequency is increased above ~200 GHz.3-6°
The precise value of the threshold frequency between the two regimes also depends on the strength
of the field, E. As stronger E-field reduces the opportunities for bond reforming it generally results

o _1
in lower kl (Figure 10). According to Figure 10, an increase of E from 0.1 to 0.2 VA leads to

about 50% increase in the threshold frequency corresponding to the maximal &s.

3.3. Diffusion

3.3.1. Translational Diffusion:
A direct consequence of accelerated H-bond kinetics in water under alternating E-fields is the
change in translational and rotational diffusion.?!*! In the previous section we showed that the
application of the alternating E-field results in only a minor reduction of the number of hydrogen
bonds. However, the dynamics of water molecules are much faster under alternating E-fields. In
this section, we show that while each water molecule is still connected to the neighboring
molecules, the faster H-bond dynamics results in a faster diffusion of water molecules.

We calculate the translational diffusion from the slope of the mean square displacement, MSD,
over time between the 3-dimensional diffusion coefficient and the diffusion coefficient in the z
direction have been plotted in Figure 11 for different E-fields, frequencies, and water models.

MSD =< (#(t) —7(0) )? >. [12]

As expected, the diffusion coefficient is consistently higher for stronger E-field strengths across
all measured frequencies. On the other hand, for the same E, the diffusion coefficient increases
with frequency until around 200 GHz, and then slightly decreases.

In order to undergo a diffusive random step, a water molecule typically needs to switch an H-bond
acceptor, leave the previous partner and transfer to the H-bonding region of a new acceptor.®” 68
The application of E-field influences these steps differently, but the main change is related to the
H-bond lifetime. We showed in the previous section that there is a sharp increase in k£ with the
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Figure 10. The relation of At, which is the time difference between alternating
E-field half period time, T/2 , and H-bond switching time, 1/k, or H-bond
breaking time 1/k, and the E-field frequency. When the hydrogen bond
breaking time is smaller than the half period, means A t < 0, the higher E-
field frequency results in a higher H-bond breaking rate, and we have faster
dynamics. But when the half period is shorter than 1/k, the water dynamics
cannot follow the E-field reversal, and the breaking of hydrogen bond slows
down with frequency (see Fig. 9).



frequency below ~200 GHz, and a moderate decrease thereafter. We observe almost the same
trend in the translational diffusion coefficients shown in Figure 11.

Our diffusion results for SPC/E water are in excellent agreement with ab-initio simulations done
by Futera and English® both qualitatively and quantitatively, indicating only weak independence
on the choice of water model.

3.3.2. Rotational Diffusion
We calculate the rotational diffusion using the method introduced by Mazza et al: "*7!

Dr, = lim - < [,(&) = ,(0)] > (13)

Table 1. H-bond breaking rate constants, k and H-bond switching rate constants, k,, for SPC/E

water in the absence of the field or under AC fields of strengths E, = 0.1 or 0.2 VA_l at three
frequencies v.

v (GHz T g1 1 1
GHD | 2 sy | BoVA) | Zos) | —(ps)
2 K k.
- - no field 2.83 3.38
0.1 2.14 2.38
100 5
0.2 1.63 1.77
0.1 2.14 2.40
200 2.5
0.2 1.14 0.97
0.1 2.33 2.65
500 1
0.2 1.43 1.51

where ¢Tp)(t) is the rotation vector of the dipole moment vector, p, using the right hand rule for
rotation. The rotational diffusion, as well as translational diffusion, is intimately related to the H-
bond dynamics.”? The trend of the change of rotational diffusion with the frequency of the applied
AC field illustrated in Figure 12 is very similar to the trends observed with the kinetics of breaking
and switching of hydrogen bonds; when the H-bonds switch faster, the water molecules can travel
and rotate at accelerated pace.”

In Figure 12, we also compare the rotational diffusion of the dipole moment, p, of a molecule in
the parallel and the perpendicular directions. When the dipole moment reorients from +Z to —Z or
vise versa, we consider it as rotation parallel to the E-field, R, and when the dipole moment is
rotating in a plane perpendicular to the E-field, i. e. in the xy plane, we term it a perpendicular
rotation, R, . All plots in Figure 12 reveal a pronounced anisotropy, with R, generally exceeding
R, . The difference is explained by the effect of constantly changing z-component of the alternating
E-field, which enhances up-down rotations. As the field is orthogonal to the xy plane, the field
oscillations have no direct effect on R, although they will contribute indirectly through the
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Figure 11. Translational diffusion for two E strengths for a range of
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model (bottom). The filled circles and lines are for overall 3D diffusion

increased occurrence of bond breaking events. The latter effect becomes insignificant at frequences
v exceeding the switching rate constant ks. Consistent with this picture, the rotational diffusion of
molecules inside x — y plane, R, monotonically increases with the field frequency until around
v ~ 200 GHz but becomes virtually independent of v thereafter.
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4. Conclusion

We have studied the effect of high frequency alternating electric fields on the structure and
dynamics of bulk water with special attention on hydrogen bonding. We show that when the field
is strong enough and the frequency not too high, the average alignment of water molecules reverses
after the field-direction change during each oscillation. The amplitude of the alignment, however,
decreases with increasing frequency of the field.

Oxygen-oxygen radial distribution functions and oxygen-triplet angle distributions, which we
monitored in a broad range of frequencies and multiple field strengths indicate only minor
disruptions of the tetrahedral hydrogen-bond network under alternating electric fields. Our results,
however, manifest a prominent, frequency dependent influence of the field on the dynamic
properties of the system. Perpetual reorientations of water molecules following the oscillations of
the field can accelerate the processes of bond-breaking and proton switching from one acceptor to
another. The field effect is strong at intermediate frequencies (matching the timescales of
elementary H-bonding events), while it weakens in both the low and high frequency limits. In the
former extreme, the perturbations are too infrequent and in the latter, the duration of the
oscillations is too short to induce a significant response. The frequency window where the AC-
field has the largest impact is determined by the switching rate for the proton jumps between
different proton acceptors. Because of the rapid replacement of broken bonds by new ones, even
in this regime, there is at most a marginal increase in the population of broken bonds. We study
the H-bond kinetics in the framework of the Luzar and Chandler tagged-pair model. The dynamics
of H-bond switching is analyzed in a new version of the model that replaces pairs of tagged
molecules by pairs of labeled protons and acceptors to determine correlation functions associated
with the switching process. These calculations show both processes initially accelerate with the
frequency of the E-field, reaching a maximum at around 200 GHz where the half-period of the
AC-field is commensurate with a typical time of proton switching to another acceptor. Under
higher frequencies, the effect of field oscillations becomes less significant allowing for a slow
increase in the average H-bond lifetime and the time between the switching events. This behavior
is attributed to the shortening of the dipoles’ exposure to the reorienting field with a specified
direction. When the duration of the E-field oscillations becomes short compared to the typical
switching time, the H-bonds have a better chance to survive, or reform upon the next reversal of
the field. Despite the increased frequency of reorientation attempts, the shortening of the
‘frustration times’ (inversely proportional to the frequency of oscillations) eventually results in
slower H-bond dynamics and a return to the rates only slightly higher than in the absence of the
field.

The above trend is reflected in the frequency dependence of observable properties like translational
and rotational diffusion. As both processes depend on the kinetics of bond breaking and switching,
they exhibit an analogous frequency dependence with the fastest diffusion coinciding with the
extreme rates of H-bond breaking and partner-exchange processes. Irrespective of the field, these
processes assume different rates in the interfacial region. A planned extension of our study
concerns alternating field affects on the dynamics of interfacial water molecules where the
tendency toward optimal hydrogen-bond coordination imposes additional orientation restrictions,
potentially affecting the molecules’ dynamic response to applied oscillatory fields. Analysis along
these lines will be reported in the forthcoming work.
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