Article
pubs.acs.org/JPCB

Viscosity of Water under Electric Field: Anisotropy Induced by
Redistribution of Hydrogen Bonds
Diyuan Zong,† Han Hu,‡ Yuanyuan Duan,*,† and Ying Sun*,†,‡
†

Department of Thermal Engineering, Tsinghua University, Beijing 100084, P. R. China
Department of Mechanical Engineering and Mechanics, Drexel University, Philadelphia, Pennsylvania 19104, United States

‡

S Supporting Information
*

ABSTRACT: The viscosity of water under an external electric
ﬁeld of 0.00−0.90 V/nm was studied using both molecular
dynamics simulations and atomistic modeling accounting for
intermolecular potentials. For all temperatures investigated, the
water viscosity becomes anisotropic under an electric ﬁeld: the
viscosity component parallel to the ﬁeld increases monotonically
with the ﬁeld strength, E, while the viscosity perpendicular to the
ﬁeld ﬁrst decreases and then increases with E. This anisotropy is
believed to be mainly caused by the redistribution of hydrogen
bonds under the electric ﬁeld. The preferred orientation of
hydrogen bonds along the ﬁeld direction leads to an increase of
the energy barrier of a water molecule to its neighboring site, and
hence increases the viscosity in that direction. However, the
probability of hydrogen bonds perpendicular to the electric ﬁeld decreases with E, together with the increase of the average
number of hydrogen bonds per molecule, causing the perpendicular component of water viscosity to ﬁrst decrease and then
increase with the electric ﬁeld.

1. INTRODUCTION
Charged or electriﬁed liquids are commonly encountered in
nano- and microﬂuidic devices,1−11 including labs-on-a-chip,1
inkjet2 and electrostatic printing,3 electrospinning,4−6 and
nano/microelectromechanical systems,7−9 where the viscosity
of liquid is important in determining the device functionalities.
For example, in electrospinning, viscosity plays an important
role in preventing the nanoﬁbers from breaking up into
droplets.4 The strength of the electric ﬁelds in these devices
(e.g., in ion channels10,11 and membranes12 and around
electrospinning needles6) can sometimes reach up to 0.2−1.0
V/nm.6,10−12
Experiments have been conducted to investigate the eﬀect of
electric ﬁeld on liquid viscosity since more than 60 years ago.
Some of these studies have reported enhanced viscosity under
electric ﬁeld for polar liquids.13−16 For example, Andrade and
Hart13 and Andrade and Dodd14 used capillary viscometry to
measure the viscosity of both nonpolar and polar liquids
conﬁned in a rectangular channel under external electric ﬁelds
perpendicular to ﬂow for up to 4.2 × 10−3 V/nm. Their results
showed a negligible eﬀect of electric ﬁeld on viscosity of
nonpolar liquid (benzene) but a ∼0.5% increase for polar
liquids (monochlorobenzene, chloroform, and amyl acetate).
Capillary viscometry was also used by Ostapenko15 to study the
viscosity of polar and nonpolar liquids with an electric ﬁeld of
0.0 to 0.01 V/nm. When eliminating the inﬂuence of electric
currents, the viscosity of polar liquids (acetone, nitrobenzene,
chlorobenzene, and toluene) increases by 5−40%, but the
© 2016 American Chemical Society

increase in viscosity of nonpolar liquids (hexane and decane)
never exceeds 4%. Kimura et al.16 studied the shear viscosity of
deionized water using a modiﬁed coaxial rheometer and found
that the viscosity subtly increases under an electric ﬁeld up to
6.0 × 10−6 V/nm and credited this slight increase in viscosity to
electrohydrodynamic convection. In contrast, experimental
evidence has shown the reduction of liquid viscosity due to
an external electric ﬁeld. Using high resolution quasi-elastic
neutron scattering, Diallo et al.17 observed the enhanced
translational diﬀusion of water molecules conﬁned in silica
pores under an electric ﬁeld of 2.5 × 10−3 V/nm, indicating a
decrease in water viscosity with an electric ﬁeld. Raraniet al.18
and Tao and Tang19 also reported decreased viscosities of
ethylene glycol and crude oil, respectively, under an electric
ﬁeld. Existing literature on experimental studies of liquid
viscosity under electric ﬁelds13−21 has shown poor reproducibility and contradicting results, possibly caused by the
dependence of viscosity on temperature and the purity of
liquid, among others. Furthermore, the ﬁeld strength applied in
most experimental studies is much lower than those
encountered in nano- and microﬂuidic devices which can go
up to 0.2−1.0 V/nm.
It is well recognized that the intermolecular interactions play
a key role in determining the liquid viscosity. Andrade and
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(PPPM) technique.33 When an external electric ﬁeld is present,
an additional force f ie = qiE is applied to each atom in the
direction along positive z with a magnitude of E = 0.00, 0.20,
0.30, 0.50, 0.70, and 0.90 V/nm (in the range encountered in
ion channels10,11 and electrospinning6).
The MD simulations were performed using the LAMMPS
package.34 The system was ﬁrst equilibrated using an NPT (N
the number of atoms, P the pressure, and T the temperature)
ensemble at 1 atm for 500 ps and subsequently an NVT (V the
volume) ensemble for 500 ps. Simulation runs for viscosity
analysis were then conducted for 3 ns in an NVT ensemble. For
cases with an external electric ﬁeld, the electric ﬁeld was
presented at the beginning of the NPT relaxation. The time
step was 1 fs in all cases. The calculated densities of water at
various temperatures at 1 atm without an external electric ﬁeld
are shown in Figure S1 in good agreement with MD
simulations of Fennell et al.35 and experiments.36
The shear viscosity, μ, was calculated using the Stokes−
Einstein relation,37 commonly used for determining liquid
viscosity25,38,39

Hart13 and Andrade and Dodd14 attributed the viscosity
increase with an electric ﬁeld to the increase in the energy
barrier of a molecule interchanging with its adjoining empty
site. However, a quantitative relationship between the energy
barrier and the electric ﬁeld is unclear. Ostapenko15 postulated
that the increase in viscosity under an electric ﬁeld is mainly
due to the enhancement in the intermolecular interactions.
Both the energy barrier and intermolecular interaction
arguments require atomic level knowledge, which is diﬃcult
to probe experimentally.
Molecular dynamics (MD) simulation is a powerful tool in
investigating nano/micromechanics and has been widely used
to study the viscosity of pure liquids22−24 and mixtures.25−28
Using nonequilibrium molecular dynamics simulations,
McWhirter29 studied the viscosity of a dense simple dipolar
ﬂuid where the reduction of viscosity was observed with an
electric ﬁeld perpendicular to ﬂow. The eﬀect of electric ﬁeld
on the viscosity of water, a common working ﬂuid in
electrospinning,4,5 labs-on-a-chip,1 and micro electrical discharge machining,30 is expected to be much more complex due
to the unique hydrogen bonds between water molecules but has
not been fully investigated.
In this paper, the eﬀect of an external electric ﬁeld (in the
range of 0.00−0.90 V/nm) on the viscosity of water is
investigated using MD simulations at various temperatures. The
viscosity components both perpendicular and parallel to the
electric ﬁeld are calculated. The results are compared with
atomistic modeling based on the intermolecular interactions
between water molecules, including van der Waals interactions,
dipole−dipole interactions, and hydrogen bonds. Both methods
show interesting anisotropic behaviors of water viscosity under
an electric ﬁeld.

μ=

Dx =

Table 1. Parameters of SPC/E Water Model.31
θHOH (deg)

qO (e)

qH (e)

1.0

109.47

−0.8476

0.4238

Dy =

in a periodic box with an initial size of 8 × 8 × 8 nm3. In the
SPC/E model, the interactions between two water molecules
(denoted as a and b) are calculated by
⎡⎛ ⎞
⎛σ ⎞
σ
1
ω(rab) = 4ε⎢⎜ ⎟ − ⎜ ⎟ ⎥ +
⎢⎣⎝ roo ⎠
4πε0
⎝ roo ⎠ ⎥⎦
12

6⎤

on a on b

∑∑
i

j

Dz =

⟨|ri , x(t + t0) − ri , x(t0)|2 ⟩
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⟨|ri , y(t + t0) − ri , y(t0)|2 ⟩
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⟨|ri , z(t + t0) − ri , z(t0)|2 ⟩
2t

(3)

where ri is the position of atom i, ⟨...⟩ represents ensemble
average, and ⟨|ri,x(t + t0) − ri,x(t0)|2⟩, ⟨|ri,y(t + t0) − ri,y(t0)|2⟩,
and ⟨|ri,z(t + t0) − ri,z(t0)|2⟩ are the MSD of the water molecule
along x, y, and z directions, respectively. Since the electric ﬁeld
is applied along the z direction for all simulations, the shear
viscosity perpendicular to the electric ﬁeld, μ⊥, was calculated
using eq 2 with D = (Dx + Dy)/2, and the shear viscosity
parallel to the external electric ﬁeld, μ∥, was obtained by setting
D = Dz.
In addition, the reverse nonequilibrium molecular dynamics
(rNEMD) method26,42−45 was also used to calculate the
viscosity of water. In the rNEMD method, the shear viscosity,
μ, is evaluated by imposing a shear stress tensor on the bulk
liquid to generate a velocity gradient following42

qiqj
rij

(2)

where rw is the eﬀective molecule diameter which is a function
of the size and shape of the molecule (for water molecules, rw =
1.7 Å25,38), D the self-diﬀusion coeﬃcient, kB the Boltzmann
constant, and T the temperature. It is noted that eq 2 was
developed for Brownian motions of ﬁnite-size particles under a
uniform temperature. Here, the water molecules are treated as
Stokes particles with an eﬀective molecule diameter rw. This
treatment has been widely adopted in MD simulations,25,38−40
which yield accurate predictions of liquid viscosity. In eq 2,
three independent components of the self-diﬀusion coeﬃcient,
i.e., Dx, Dy, and Dz representing x, y, and z components
respectively, can be calculated from the asymptotic slope of the
time-dependent mean-square displacements (MSD) following41

2. METHOD
2.1. Molecular Dynamics Simulations. The viscosity of
water with and without an external electric ﬁeld at various
temperatures was studied using MD simulations. A total of
17,064 simple point charge/extension (SPC/E)31 water
molecules with parameters listed in Table 1 were equilibrated

rOH (Å)

kBT 1
3πrw D

(1)

where the ﬁrst term on the right-hand side is the standard 12-6
L-J potential for oxygen−oxygen interactions, with ε = 0.6502
kJ/mol, σ = 3.166 Å, and roo the distance between the oxygen
atoms of the two interacting water molecules. The second term
describes the Coulombic force between the charged atoms,
where rij is the distance between atom i (on a) and j (on b), ε0
the vacuum permittivity, and qi and qj the charges on atoms i
(on a) and j (on b), respectively. The water molecules were
kept rigid by the SHAKE algorithm.32 The cutoﬀ distance for
all simulations was 1.5 nm, and the long-range Coulombic force
was calculated using the particle−particle particle-mesh

τ = μ((∇v) + (∇v)T )
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Here, r, β, and γ are the radial distance, polar angle, and
azimuthal angle of the spherical coordinate around a water
molecule. Following Svishchev et al.,46 the SDFs were
determined by dividing the spherical space around each
molecule into 360 × 360 radial sectors, where the oxygen−
oxygen distribution was evaluated. Radial distribution function
(RDF) g(r) can be obtained by averaging SDFs in the polar and
azimuthal directions following

To calculate the shear viscosity perpendicular to the electric
ﬁeld, the simulation system was evenly divided into 40 slabs
along the electric ﬁeld direction in z. A shear stress τx = −μ⊥
∂ux/∂z was imposed along x by swapping the maximum
velocity in negative x direction of a water molecule in the
middle z-slab with the maximum velocity in positive x direction
of another molecular in the bottom z-slab every 500 time
steps.26 By calculating the total momentum exchange, Px, of the
system, it follows that τx = Px/2tAxy where t is the simulation
time and Axy the cross-sectional area in the xy plane.42 The
resulting equilibrium velocity gradient, ∂ux/∂z, was evaluated by
averaging the velocity in each z-slab, and the viscosity
component perpendicular to the electric ﬁeld, μ⊥, was hence
obtained. Similarly, the shear viscosity parallel to the external
electric ﬁeld, μ∥, was obtained by imposing a momentum
exchange along z following μ∥ = −(Pz/2tAyz)/(∂uz/∂x).
Figure 1 shows the viscosity of water calculated by the
Stokes−Einstein relation37 and the rNEMD method42 at

g (r ) =

1
2π 2

π

∫0 ∫0

2π

g (r , β , γ ) sin(β) dβ dγ

2.2. Atomistic Modeling. It is well-known that, even in the
liquid state without an electric ﬁeld, water molecules are likely
to retain a local ice-like tetrahedral structure,47−49 where the
central molecule is surrounded by four nearest neighbors
(adjoining molecules) as shown in the inset of Figure 3. Figures

Figure 1. Comparison between MD simulations and experiments of
water viscosity without external electric ﬁeld at temperature from 298
to 338 K. Experimental data (Exp) are taken from ref 36.

various temperatures at 1 atm without an external electric
ﬁeld where error bars are obtained using the standard
deviations of six separate simulation runs with diﬀerent random
velocity seeds for temperature initializations. It is observed that,
in the absence of an electric ﬁeld, for both methods, the
diﬀerence between the shear viscosity parallel (μ∥) and
perpendicular (μ⊥) to the z direction is within the range of
error for all simulated temperatures ranging from 298 to 338 K,
indicating anisotropic water viscosity without an electric ﬁeld.
Consistent with MD calculations based on the Stokes−Einstein
relation37 of Thomas and McGaughey38 and Li et al.,25 the
present MD results using the Stokes−Einstein relation
overestimate the viscosity of water compared with experimental
measurements,36 which may be caused by treating nonspherical
water molecules as perfect spheres for calculating the viscosity
in eq 2. On the contrary, the rNEMD method underestimates
the viscosity of water, which agrees well with the previous
studies of Kuang and Gezelter45 and Müller et al.44 Nonetheless, the maximum relative error between the MD-calculated
(using both Stokes−Einstein relation and rNEMD methods)
and experimentally determined water viscosity is less than 15%
for the temperature range considered.
In order to explore the molecular packing structures of water
with and without an electric ﬁeld, the spatial distribution
functions (SDFs) g(r,β,γ) were calculated from the MD results.

Figure 2. (a) Principal frame coordinates for calculating the spatial
distribution function (SDF) of water. The water molecule lies in the
y−z plane. The SDF for water (b) without and (c) with an electric
ﬁeld of E = 0.9 V/nm at T = 298 K. The green, blue, black dots, and
red surface represent g(r,β,γ) = 1, 2, 4, and 6, respectively.

2b and 2c show the three-dimensional spatial distribution
function, g(r,β,γ), for water without and with an applied electric
ﬁeld of strength E = 0.9 V/nm, respectively. In Figure 2, the
green, blue, black dots, and red surface represent g(r,β,γ) = 1, 2,
4, and 6, respectively, where g(r,β,γ) of unity denotes the bulk
water density. The red surfaces (i.e., g(r,β,γ) = 6) in both
Figures 2b and 2c reveal the tetrahedral structure of water46
even under an electric ﬁeld strength of 0.9 V/nm (Figure 2c).
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Figure 3. Schematic illustration of the potential energy of a water
molecule as a function of the distance moving from its initial central
location, where l = 0 and l = 2b represent the initial central position
and the adjoining empty site, respectively. The inset shows the
tetrahedral structure of a central water molecule with an adjoining
empty site.

However, unlike ice, the tetrahedral structure in liquid water
is disordered and labile,49 and an “empty site” or “hole” can be
formed if a water molecule moves away from its initial location.
If such a hole is formed, the central molecule, which is also the
adjoining molecule of its neighbors as well as the hole, may
move to ﬁll the hole and meanwhile leaves a new hole in its
original central location.
As shown in Figure 3, a water molecule moving from its
initial central site to an adjoining empty site (or a “hole”) needs
to overcome an energy barrier or activation energy, ΔG, caused
by the diﬀerence in the potential energy states. Eyring related
the liquid viscosity with the energy barrier using21,50,51
⎛ ΔG ⎞
μ = A exp⎜
⎟
⎝ kBT ⎠

Figure 4. Schematics of a water molecule moving from its initial
central position (M1) to an adjoining empty site (M2), overcoming
the energy barrier contributed from (a) van der Waals interactions, (b)
dipole−dipole interactions, and (c) hydrogen bonds.

(5)

where A is a pre-exponential constant. Since both the initial
central position and the “hole” are equilibrium positions for
water molecules, the water molecule experiences the highest
potential energy at the intermediate state of l = b,21,50 where l is
the moving distance of a water molecule measured from its
original central position and 2b is the distance between its
original central position and the adjoining empty site. As
indicated by eq 5, the viscosity of liquid is a function of both
the temperature and this energy barrier. For water molecules,
this energy barrier ΔG includes the contributions from the van
der Waals interactions, ΔGvdW, dipole−dipole interactions,
ΔGpolar, and hydrogen bonds between the electron-depleted
hydrogen atoms and the highly polar OH groups, ΔGHB,51
following
ΔG = ΔGvdW + ΔGpolar + ΔG HB

bond interactions, respectively. The dipole position of a water
molecule is assumed to be in the middle of the positive and
negative charge centers. For a central water molecule with an
adjoining empty site, the following assumptions are applied:
(i) There is no adjoining molecule at ψ1 > π/2 (ψ2 > π/2 or
ψ3 > π/2), and the distributions of the three adjoining
molecules for ψ1 < π/2 (ψ2 < π/2 or ψ3 < π/2) are the
same as in bulk water where the oxygen and dipole
distributions are uniform both with and without an
electric ﬁeld52 (but the dipole directions may change due
to the electric ﬁeld).
(ii) The oxygen−oxygen distance between the central
molecule and its adjoining site, Roo = 2b, is assumed to
be the distance between the reference oxygen and the
location of the ﬁrst peak of the oxygen−oxygen radial
distribution function in bulk water.
(iii) Only the interactions between the central molecule and
its adjoining molecules are considered while neglecting
the interactions with molecules that are farther apart. In
addition, the central molecule experiences the highest
potential energy when moving to a distance l = b,21,50 the
midpoint between the original central location and its
adjoining empty site.
It is noted that the hydrogen−hydrogen and hydrogen−
oxygen van der Waals forces are much weaker than the
oxygen−oxygen van der Waals interactions, and they are
therefore neglected, as in most other water models.31,53The

(6)

Figures 4a, 4b, and 4c show the schematics of a water
molecule (denoted as M1, and M4 stands for the intermediate
state of M1) moving from its initial central position (l = 0) to
an adjoining empty site (denoted as M2 at l = 2b), overcoming
the energy barrier caused by van der Waals interactions,
dipole−dipole interactions, and hydrogen bonds, respectively.
In Figure 4, the orientation angles ψ1, ψ2, and ψ3 are deﬁned as
the angle between the moving direction of the central molecule
and the direction of the van der Waals force, the dipole−dipole
force, and the hydrogen bond between the central molecule and
the adjoining molecule (M3), respectively. Here, R0oo (Rboo), R0dd
(Rbdd), and R0hd (Rbhd) are distance parameters between the M1
and M3 (M4 and M3) states for calculating the van der Waals
interactions, the dipole−dipole interactions, and the hydrogen
4821
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Unlike van der Waals interactions, the dipole−dipole
interactions are a function of not only their distance but also
the orientations of the two dipole moments.49 For freely
rotating dipoles, the average dipole−dipole interaction (or
angle-averaged dipole−dipole interaction) can be calculated
using

activation energy due to van der Waals interactions between the
central molecule and its three closest neighbors is given by
ΔGvdW

1 ∫0
=
2

π /2

b
0
3[ωvdW (R oo
) − ωvdW (R oo
)]Foo(ψ1) dψ1

∫0

π /2

Foo(ψ1) dψ1
(7)

where ωvdW(r) is the van der Waals interaction energy between
two water molecules, R0oo = Roo and
b
R oo
=

−

u12u 2 2
3(4πε0)2 kBTr 6

the so-called Keesom interaction,49 where u1 and u2 are the two
interacting dipoles and, for two water molecules, u1 = u2 = 6.17
× 10−30 C·m,56 and r is the distance between the two dipoles.
When an external electric ﬁeld is applied to prevent free dipole
rotations, based on the potential distribution theorem,57,58 the
angle-averaged dipole−dipole interaction energy, ω(r), can be
obtained from averaging the angle-dependent potential ω(r,Ω)
via e−ω(r)/kBT = ⟨e−ω(r,Ω)/kBT⟩.59 Here, the angle set Ω(θ1,θ2,θ3,θ4,ϕ) includes θ1 and θ2 denoting the angles between
each of the two dipoles and the direction linking two dipole
centers, θ3 and θ4 the angles between the dipoles and the
electric ﬁeld, and ϕ the angle between the two dipoles, with
details shown in the Supporting Information. Using this
theorem, the angle-averaged dipole−dipole interactions with
an electric ﬁeld were calculated using (detailed derivations are
shown in the Supporting Information)

0
0
(R oo
sin ψ1)2 + (R oo
cos ψ1 + b)2

(as shown in Figure 4a) are the distances of the oxygen−
oxygen atoms at the initial central position and when moving to
the position of l = b, respectively, and Foo(ψ1)is the distribution
probability of an adjoining oxygen in the direction of ψ1.
Assuming that the distribution of the adjoining oxygen atoms at
ψ1 < π/2 is uniform as in bulk water yields the normalized Foo
(ψ1) = sin ψ1.54 As shown in Figure 5, the calculated oxygen−

ωpolar(r ) = −

u12u 2 2
2

3(4πε0) kBTr

+ E0(u1 + u 2) +

−

6

E0 2 ⎡
1 2 1 2⎤
2
⎢(u1 + u 2) + u1 + u 2 ⎥⎦
2kBT ⎣
3
3

E0(u1 + u 2)
u12u 2 2
3kBT
3(4πε0εr )2 kBTr 6

(8)

where E0 = 3E/(εw + 2) is the actual ﬁeld strength in water
caused by the external electric ﬁeld. Here εw = 80 is the relative
dielectric constant of bulk water. The ﬁrst term on the righthand side of eq 8 is the Keesom interaction,49 while the other
terms are results of the electric ﬁeld. The activation energy due
to dipole−dipole interactions, ΔGpolar, can then be calculated
by
60

ΔGpolar

1 ∫0
=
2

π /2

b
0
3[ωpolar(R dd
) − ωpolar(R dd
)]Fdd(ψ2) dψ2

∫0

π /2

Fdd(ψ2) dψ2
(9)

where

R0dd

b
R dd
=

Figure 5. Radial distribution functions for (a) O−O and (b) O−H
under an electric ﬁeld E = 0.00, 0.30, and 0.90 V/nm at 298 K and 1
atm.

= Roo and
0
0
(R dd
sin ψ2)2 + (R dd
cos ψ2 + b)2

(as shown in Figure 4b) are the distances between the dipoles
at the initial central position and at l = b, respectively, and
Fdd(ψ2) is the distribution of dipole position in the direction of
ψ2. Assuming that the distribution of dipole positions at ψ2 < π/
2 is uniform in bulk water yields Fdd(ψ2) = sin ψ2.
Although there is no simple expression for the potential
energy of hydrogen bonds, it is well accepted that the hydrogen
bond is predominantly an electrostatic interaction which can be
approximated by the following expression for the charge−
dipole interaction:49

oxygen and oxygen−hydrogen radial distribution functions are
not signiﬁcantly aﬀected by the electric ﬁeld with the strength
up to 0.9 V/nm. The ﬁrst peak of goo(r) is at Roo = 0.276 nm at
298 K, which is found to be within statistical uncertainty
without and with an electric ﬁeld. Similarly, Kiselev and
Heinzinger55 has shown the independence of Roo with an
electric ﬁeld for strength up to 10 V/nm.55 The calculated
energy barrier due to van der Waals interaction is −12.072 kJ/
mol at 298 K and is independent of the external electric ﬁeld.

ωHB(r , φ) = −
4822
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where r is the distance between the charge and the dipole, φ the
angle between the dipole and the direction linking the charge
and the dipole center, and Q is the charge. For hydrogen bonds
in water, the charge and dipole refer to the hydrogen that forms
the bond and the water molecule that provides the oxygen of
the bond, respectively, and r = R0hd = 0.226 nm, Q = 0.4 × 10−19
C, and φ = 0° at the initial central position,49 where R0hd is the
distance between the hydrogen atom and the adjoining
molecule dipole at l = 0, as shown in Figure 4c. The activation
energy due to hydrogen bonds or the so-called structure
activation energy, ΔGHB, is given by
ΔG HB =

1 ∫0
2

π /2

( 43 ⟨nHB⟩)[ωHB(Rhdb , φhdb) − ωHB(Rhd0 , 0)]FHB(ψ3) dψ3
∫0

π /2

FHB(ψ3) dψ3

(11)

where the coeﬃcient 3/4 is introduced to account for the
adjoining empty site (a central molecule with an adjoining
empty site owns 3 adjoining molecules rather than 4), ⟨nHB⟩ is
the average hydrogen bonds per molecule,
b
R hd
=

0
0
(R hd
sin ψ3)2 + (R hd
cos ψ3 + b)2

(as shown in Figure 4c) is the distance between the hydrogen
atom and the adjoining molecule dipole at l = b, and φbhd is the
angle between the adjoining molecule dipole and the direction
linking the hydrogen and the dipole center at l = b and
b
R hd
b
=
sin ψ3
sin φhdb

(see Figure 4c). As indicated by eq 11, both the average
hydrogen bonds per molecule, ⟨nHB⟩, and the distribution
probability of hydrogen bonds, FHB(ψ3), aﬀect ΔGHB. In order
to better quantify how the external electric ﬁeld aﬀects ΔGHB,
the average hydrogen bonds per molecule and the distribution
probability of hydrogen bonds with various electric ﬁeld
strengths were calculated using MD simulations. In MD
simulations, the following geometric criterion11,61 was used to
deﬁne the hydrogen bond: hydrogen bond is formed between
two water molecules if (a) the oxygen−oxygen distance, roo,
between the two molecules is less than the critical O−O
distance rcoo; (b) the distance roh between the hydrogen of the
donor and the oxygen of the acceptor is less than the critical
oxygen−H distance rcoh; and (c) the angle α between the
oxygen−oxygen direction and the oxygen−H direction of the
donor is less than the critical angle αc, where H is the hydrogen
that forms the bond. The critical parameters are rcoo = 3.6 Å, rcoh
= 2.4 Å, and αc = 30° at 298 K.11,61 The orientation distribution
of hydrogen bonds GHB(ψ3) is proportional to the lateral area S
= πr2 sin ψ3 as shown in the insets of Figure 7.54 Here, the
scaled probability function P(ψ3) is used to describe the
orientation of hydrogen bonds, following

P(ψ3) =

Figure 6. (a) Scaled viscosity of water perpendicular, μ′⊥, and parallel,
μ∥′ , to the electric ﬁeld as a function of the electric ﬁeld strength, E, at
298 K; (b) scaled water viscosity perpendicular to the electric ﬁeld, μ⊥′ ,
as a function of electric ﬁeld strength, E, at various temperatures; and
(c) scaled water viscosity parallel to the electric ﬁeld, μ′∥, as a function
of electric ﬁeld strength, E, at various temperatures. The uncertainties
are the standard deviations of six separate simulation runs with
diﬀerent random velocity seeds for temperature initializations.

3. RESULTS AND DISCUSSION
Figure 6a shows the MD-calculated viscosity of water parallel
and perpendicular to the external electric ﬁeld as a function of
the ﬁeld strength at 298 K. The scaled viscosities μ⊥′ and μ∥′
were used for clarity which are deﬁned as μ′i = μi/μ0i ; the
superscript 0 stands for the viscosity value in the absence of the
electric ﬁeld, and i = ⊥ or ∥. For both Stokes−Einstein relation
and rNEMD methods, the results show that while the viscosity
parallel to the electric ﬁeld, μ∥, increases monotonically with the
electric ﬁeld strength, the perpendicular component, μ⊥, ﬁrst
decreases and then increases with electric ﬁeld E. In addition,
the eﬀect of the electric ﬁeld on μ∥ is more pronounced than

FHB(ψ3)
Γ sin ψ3

(12)

where
Γ=

∫0

π /2

FHB(ψ3)
sin ψ3

dψ3

is used to normalize P(ψ3).54
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bonds distributed in the direction parallel to the electric ﬁeld
(ψ3 = 0° in Figure 7a) than those perpendicular to the electric
ﬁeld (ψ3 = 0° in Figure 7b). Thus, for a central water molecule
moving from the initial position to the adjoining empty site, it
needs to overcome more hydrogen bonds parallel to the electric
ﬁeld, resulting in a larger viscosity in that direction.
Figure 8a shows the calculated total activation energy, ΔG,
the activation energy due to dipole−dipole interactions, ΔGpolar,
and the activation energy due to hydrogen bonds, ΔGHB, as a
function of the electric ﬁeld. Note that, in the absence of an
electric ﬁeld, the activation energy due to dipole−dipole
interactions and hydrogen bonds at 298 K are ΔG0polar = 15.103
kJ/mol and ΔG0HB = 17.312 ± 0.003 kJ/mol, respectively.
Combining with the activation energy due to van der Waals
interactions of ΔGvdW = −12.072 kJ/mol at 298 K, the total
activation energy in the absence of an external electric ﬁeld is
ΔG0 = 20.343 ± 0.003 kJ/mol, larger than the experimentally
measured value of 16.81 kJ/mol.39 The discrepancy between
MD-calculated and experimentally determined values may be
caused by (i) the assumption that the water molecules only
distribute in ψ1 < π/2 (or ψ2 < π/2); or (ii) the inaccurate
charge−dipole interaction in evaluating the hydrogen bond, i.e.,
eq 10. As shown in Figure 8a, the ΔGpolar increases
monotonically with the electric ﬁeld strength, consistent with
that reported by Andrade and Hart,13 Andrade and Dodd,14
and Ostapenko.15 In addition, in the presence of an electric
ﬁeld, ΔGHB is anisotropic due to the preferential orientation of
hydrogen bonds as shown in Figure 7. In the direction parallel
to the electric ﬁeld, ΔGHB∥ increases monotonically with the
electric ﬁeld strength, and the amount of increase in ΔGHB∥ is
more than 3 times the increase of ΔGpolar under the same
electric ﬁeld strength variation. In the direction perpendicular
to the electric ﬁeld, while the orientation probability of the
hydrogen bonds decreases (as in Figure 7b) with increasing
electric ﬁeld strength, the average number of hydrogen bonds
per molecule, ⟨nHB⟩, increases with E. The combined eﬀects of
the orientation distribution of the hydrogen bonds and ⟨nHB⟩
make the activation energy ΔGHB⊥ ﬁrst decrease and then
increase with the electric ﬁeld strength, as shown in Figure 8a.
Figures 8b and 8c show the comparison between the MDcalculated (based on the Stokes−Einstein relation and rNEMD
methods) and model-predicted scaled viscosities μ′⊥ and μ′∥ as a
function of an external electric ﬁeld, respectively. Both MDcalculated and model-predicted results show that μ⊥′ ﬁrst
decreases and then increases with the electric ﬁeld strength and
μ′∥ increases monotonically with E. The relative diﬀerences
between the MD-calculated and model-predicted results are
less than 10% for viscosity parallel to the electric ﬁeld and 5%
for viscosity perpendicular to the electric ﬁeld.

Figure 7. Scaled probability function of the orientation of the
hydrogen bond, P(ψ3), calculated by eq 12 for the electric ﬁeld
strength of 0.00−0.90 V/nm at 298 K for water moving (a) parallel
and (b) perpendicular to electric ﬁeld.

that on μ⊥ for the applied electric strength range of 0.00−0.90
V/nm. Figures 6b and 6c show the scaled viscosities μ′⊥ and μ′∥
as a function of the electric ﬁeld strength at temperatures of 298
K, 308 K, 318 K, 328 K, and 338 K, respectively. For all
temperatures simulated, the variations of μ∥ and μ⊥ with the
electric ﬁeld strength are following a similar trend, indicating
consistent viscosity anisotropy of water under an electric ﬁeld.
To identify the possible cause of this viscosity anisotropy due
to an electric ﬁeld, the average number of hydrogen bonds per
molecule, ⟨nHB⟩, and the scaled orientation distribution
function of hydrogen bonds, P(ψ3), under various electric
ﬁeld strengths were calculated for water at 298 K. It is noted
that, in the absence of an electric ﬁeld, the MD-calculated ⟨nHB⟩
is 3.523, agreeing well with the reported values of 3.5110 and
3.4762 at 300 K. As the electric ﬁeld strength increases from
0.00 to 0.90 V/nm, the average number of hydrogen bonds per
water molecule, ⟨nHB⟩, increases by 0.6% to 3.545.
Figure 7 shows the scaled orientation distribution function of
hydrogen bonds, P(ψ3), under external electric ﬁeld strengths
of 0.00−0.90 V/nm for water molecules moving (a) parallel
and (b) perpendicular to the electric ﬁeld at 298 K and 1 atm.
The black lines in both Figures 7a and 7b represent the cases
without an electric ﬁeld, showing a uniform orientation
distribution of hydrogen bonds. However, when an electric
ﬁeld is applied, the orientation distribution of hydrogen bonds
changes due to the rotation of water molecules. It has been
reported that water molecules tend to align their dipoles with
the direction of the electric ﬁeld,63,64 which can lead to an
anisotropic structure of water and result in more hydrogen

4. CONCLUSIONS
The viscosity of liquid water under an external electric ﬁeld at
various temperatures was studied using MD simulations. The
viscosity of water becomes anisotropic when an external electric
ﬁeld is applied. The viscosity of water parallel to the electric
ﬁeld, μ∥, increases monotonically with the electric ﬁeld strength,
while the viscosity perpendicular to the electric ﬁeld, μ⊥, ﬁrst
decreases with electric ﬁeld strength, E, but then starts to
increase with E. The eﬀect of the electric ﬁeld on μ∥ is more
pronounced than on μ⊥. The anisotropy of viscosity is mainly
caused by the eﬀects of electric ﬁeld on the orientation
distribution of hydrogen bonds. When the electric ﬁeld is
applied, the hydrogen bonds tend to rotate along the electric
4824

DOI: 10.1021/acs.jpcb.6b01686
J. Phys. Chem. B 2016, 120, 4818−4827

The Journal of Physical Chemistry B

■

Article

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.6b01686.
Details about MD calculated density of SPC/E water and
angle-averaged dipole−dipole interactions (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*Tel: +86-10-62796318. Fax: +86-10-62796318. E-mail:
yyduan@tsinghua.edu.cn.
*Tel: +1(215)895-1373. Fax: +1(215)895-1478. E-mail:
ysun@coe.drexel.edu.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors acknowledge ﬁnancial support from the National
Natural Science Foundation of China (No. 21176133 and No.
51321002). H.H. and Y.S. thankfully acknowledge the ﬁnancial
support of the US National Science Foundation No. DMR1104835 and No. CMMI-1200385. The MD simulations were
completed on the “Explorer 100” cluster system of Tsinghua
National Laboratory for Information Science and Technology
and through the Extreme Science and Engineering Discovery
Environment (XSEDE) (Grant No. TG-CTS110056).

■

REFERENCES

(1) Stone, H. A.; Stroock, A. D.; Ajdari, A. Engineering Flows in
Small Devices: Microfluidics toward a Lab-on-a-Chip. Annu. Rev. Fluid
Mech. 2004, 36, 381−411.
(2) Twardeck, T. G. Effect of Parameter Variations on Drop
Placement in an Electrostatic Ink Jet Printer. IBM J. Res. Dev. 1977, 21,
31−36.
(3) Barletta, M.; Gisario, A. Electrostatic Spray Painting of Carbon
Fibre-Reinforced Epoxy Composites. Prog. Org. Coat. 2009, 64, 339−
349.
(4) Greiner, A.; Wendorff, J. H. Electrospinning: A Fascinating
Method for the Preparation of Ultrathin Fibers. Angew. Chem., Int. Ed.
2007, 46, 5670−5703.
(5) Hu, X.; Liu, S.; Zhou, G.; Huang, Y.; Xie, Z.; Jing, X.
Electrospinning of Polymeric Nanofibers for Drug Delivery
Applications. J. Controlled Release 2014, 185, 12−21.
(6) Okuno, Y.; Minagawa, M.; Matsumoto, H.; Tanioka, A.
Simulation Study on the Influence of an Electric Field on Water
Evaporation. J. Mol. Struct.: THEOCHEM 2009, 904, 83−90.
(7) Buffa, C.; Tocchio, A.; Langfelder, G. A Versatile Instrument for
the Characterization of Capacitive Micro- and Nanoelectromechanical
Systems. IEEE Trans. Instrum. Meas. 2012, 61, 2012−2021.
(8) Ershova, O. V.; Lebedeva, I. V.; Lozovik, Y. E.; Popov, A. M.;
Knizhnik, A. A.; Potapkin, B. V.; Bubel, O. N.; Kislyakov, E. F.;
Poklonskii, N. A. Nanotube-Based Nanoelectromechanical Systems:
Control Versus Thermodynamic Fluctuations. Phys. Rev. B: Condens.
Matter Mater. Phys. 2010, DOI: 10.1103/PhysRevB.81.155453.
(9) Harrison, D. J.; Fluri, K.; Seiler, K.; Fan, Z.; Effenhauser, C. S.;
Manz, A. Micromachining a Miniaturized Capillary ElectrophoresisBased Chemical Analysis System on a Chip. Science 1993, 261, 895−
897.
(10) Daub, C. D.; Bratko, D.; Leung, K.; Luzar, A. Electrowetting at
the Nanoscale. J. Phys. Chem. C 2007, 111, 505−509.
(11) Yen, T. H. Investigation of the Effects of Perpendicular Electric
Field and Surface Morphology on Nanoscale Droplet Using Molecular
Dynamics Simulation. Mol. Simul. 2012, 38, 509−517.

Figure 8. (a) The total activation energy, ΔG, the activation energy
due to dipole−dipole interactions, ΔGpolar, and the activation energy
due to hydrogen bonds, ΔGHB, as a function of the electric ﬁeld
strength, E; (b) comparison between the MD-calculated and modelpredicted scaled water viscosity perpendicular to the electric ﬁeld, μ′⊥,
as a function of electric ﬁeld strength; and (c) comparison between the
MD-calculated and model-predicted scaled water viscosity parallel to
the electric ﬁeld, μ∥′ , as a function of electric ﬁeld strength. The
uncertainties are the standard deviations of six separate simulation runs
with diﬀerent random velocity seeds for temperature initializations.

ﬁeld direction, leading to an increase in the activation energy
and the viscosity in the direction parallel to the electric ﬁeld. In
the direction perpendicular to the electric ﬁeld, the orientation
probability of hydrogen bonds decreases with the electric ﬁeld,
which, combined with the increase in the average number of
hydrogen bonds per molecule, causes the activation energy and
viscosity to decrease at ﬁrst and then increase with the electric
ﬁeld.
4825

DOI: 10.1021/acs.jpcb.6b01686
J. Phys. Chem. B 2016, 120, 4818−4827

Article

The Journal of Physical Chemistry B
(12) Berkowitz, M. L.; Bostick, D. L.; Pandit, S. Aqueous Solutions
Next to Phospholipid Membrane Surfaces: Insights from Simulations.
Chem. Rev. 2006, 106, 1527−1539.
(13) Andrade, E. N. d. C.; Hart, J. The Effect of an Electric Field on
the Viscosity of Liquids. III. Proc. R. Soc. London, Ser. A 1954, 225,
463−472.
(14) Andrade, E. N. d. C.; Dodd, C. The Effect of an Electric Field
on the Viscosity of Liquids. II. Proc. R. Soc. London, Ser. A 1951, 204,
449−464.
(15) Ostapenko, A. A. Influence of an Electric Field on the Dynamic
Viscosity of Liquid Dielectrics. Tech. Phys. 1998, 43, 35−38.
(16) Kimura, H.; Sugiyama, T.; Takahashi, S.; Tsuchida, A. Viscosity
Change in Aqueous Hectorite Suspension Activated by DC Electric
Field. Rheol. Acta 2013, 52, 139−144.
(17) Diallo, S. O.; Mamontov, E.; Nobuo, W.; Inagaki, S.; Fukushima,
Y. Enhanced Translational Diffusion of Confined Water under Electric
Field. Phys. Rev. E 2012, DOI: 10.1103/PhysRevE.86.021506.
(18) Rarani, E. M.; Etesami, N.; Esfahany, M. N. Influence of the
Uniform Electric Field on Viscosity of Magnetic Nanofluid (Fe3O4EG). J. Appl. Phys. 2012, 112, 094903.
(19) Tao, R.; Tang, H. Reducing Viscosity of Paraffin Base Crude Oil
with Electric Field for Oil Production and Transportation. Fuel 2014,
118, 69−72.
(20) Andrade, E. N. D. C.; Dodd, C. The Effect of an Electric Field
on the Viscosity of Liquids. Proc. R. Soc. London, Ser. A 1946, 187,
296−337.
(21) Hao, T. Viscosities of Liquids, Colloidal Suspensions, and
Polymeric Systems under Zero or Non-Zero Electric Field. Adv.
Colloid Interface Sci. 2008, 142, 1−19.
(22) Sunda, A. P.; Venkatnathan, A. Parametric Dependence on
Shear Viscosity of SPC/E Water from Equilibrium and NonEquilibrium Molecular Dynamics Simulations. Mol. Simul. 2013, 39,
728−733.
(23) Medina, J. S.; Prosmiti, R.; Villarreal, P.; Delgado-Barrio, G.;
Winter, G.; Gonzalez, B.; Aleman, J. V.; Collado, C. Molecular
Dynamics Simulations of Rigid and Flexible Water Models: Temperature Dependence of Viscosity. Chem. Phys. 2011, 388, 9−18.
(24) Thomas, J. C.; Rowley, R. L. Transient Molecular Dynamics
Simulations of Liquid Viscosity for Nonpolar and Polar Fluids. J.
Chem. Phys. 2011, 134, 024526.
(25) Li, Y.; Wang, F.; Liu, H.; Wu, H. Nanoparticle-Tuned Spreading
Behavior of Nanofluid Droplets on the Solid Substrate. Microfluid.
Nanofluid. 2015, 18, 111−120.
(26) Ge, S.; Zhang, X. X.; Chen, M. Viscosity of NaCl Aqueous
Solution under Supercritical Conditions: A Molecular Dynamics
Simulation. J. Chem. Eng. Data 2011, 56, 1299−1304.
(27) Chen, T.; Chidambaram, M.; Liu, Z.; Smit, B.; Bell, A. T.
Viscosities of the Mixtures of 1-Ethyl-3-Methylimidazolium Chloride
with Water, Acetonitrile and Glucose: A Molecular Dynamics
Simulation and Experimental Study. J. Phys. Chem. B 2010, 114,
5790−5794.
(28) Kumar, P.; Varanasi, S. R.; Yashonath, S. Relation between the
Diffusivity, Viscosity, and Ionic Radius of LiCl in Water, Methanol,
and Ethylene Glycol: A Molecular Dynamics Simulation. J. Phys. Chem.
B 2013, 117, 8196−8208.
(29) McWhirter, J. L. Phase Behavior of a Simple Dipolar Fluid
under Shear Flow in an Electric Field. J. Chem. Phys. 2008, 128,
034502.
(30) Song, K. Y.; Chung, D. K.; Park, M. S.; Chu, C. N. Micro
Electrical Discharge Milling of WC-Co Using a Deionized Water Spray
and a Bipolar Pulse. J. Micromech. Microeng. 2010, 20, 045022.
(31) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing
Term in Effective Pair Potentials. J. Phys. Chem. 1987, 91, 6269−6271.
(32) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J. C. Numerical
Integration of the Cartesian Equations of Motion of a System with
Constraints: Molecular Dynamics of N-Alkanes. J. Comput. Phys. 1977,
23, 327−341.

(33) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N·
Log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98, 10089.
(34) Plimpton, S. Fast Parallel Algorithms for Short-Range
Molecular-Dynamics. J. Comput. Phys. 1995, 117, 1−19.
(35) Fennell, C. J.; Li, L.; Dill, K. A. Simple Liquid Models with
Corrected Dielectric Constants. J. Phys. Chem. B 2012, 116, 6936−
6944.
(36) Wagner, W.; Kruse, A. Properties of Water and Steam: The
Industrial Standard IAPWS-IF97 for the Thermodynamic Properties and
Supplementary Equations for Other Properties, Tables Based on These
Equation; Springer-Verlag: Berlin, 1998.
(37) Pathria, R. K.; Beale, P. D. Statistical Mechanics, 3rd ed.;
Academic Press: Boston, 2011.
(38) Thomas, J. A.; McGaughey, A. J. H. Reassessing Fast Water
Transport through Carbon Nanotubes. Nano Lett. 2008, 8, 2788−
2793.
(39) Yongli, S.; Minhua, S.; Weidong, C.; Congxiao, M.; Fang, L. The
Examination of Water Potentials by Simulating Viscosity. Comput.
Mater. Sci. 2007, 38, 737−740.
(40) Alfe, D.; Gillan, M. J. First-Principles Calculation of Transport
Coefficients. Phys. Rev. Lett. 1998, 81, 5161−5164.
(41) Shu, X. L.; Tao, P.; Li, X. C.; Yu, Y. Helium Diffusion in
Tungsten: A Molecular Dynamics Study. Nucl. Instrum. Methods Phys.
Res., Sect. B 2013, 303, 84−86.
(42) Müller-Plathe, F. Reversing the Perturbation in Nonequilibrium
Molecular Dynamics: An Easy Way to Calculate the Shear Viscosity of
Fluids. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top.
1999, 59, 4894−4898.
(43) Lu, G.; Duan, Y. Y.; Wang, X. D. Surface Tension, Viscosity, and
Rheology of Water-Based Nanofluids: A Microscopic Interpretation on
the Molecular Level. J. Nanopart. Res. 2014, DOI: 10.1007/s11051014-2564-2.
(44) Müller, T. J.; Al-Samman, M.; Müller -Plathe, F. The Influence
of Thermostats and Manostats on Reverse Nonequilibrium Molecular
Dynamics Calculations of Fluid Viscosities. J. Chem. Phys. 2008, 129,
014102.
(45) Kuang, S.; Gezelter, J. D. Velocity Shearing and Scaling Rnemd:
A Minimally Perturbing Method for Simulating Temperature and
Momentum Gradients. Mol. Phys. 2012, 110, 691−701.
(46) Svishchev, I. M.; Kusalik, P. G. Structure in Liquid Water: A
Study of Spatial Distribution Functions. J. Chem. Phys. 1993, 99, 3049.
(47) Stanley, H. E.; Teixeira, J. Interpretation of the Unusual
Behavior of H2O and D2O at Low Temperatures: Tests of a
Percolation Model. J. Chem. Phys. 1980, 73, 3404.
(48) Geiger, A.; Stillinger, F. H.; Rahman, A. Aspects of the
Percolation Process for Hydrogen-Bond Networks in Water. J. Chem.
Phys. 1979, 70, 4185.
(49) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.;
Academic Press: Burlington, MA, 2011.
(50) Eyring, H. Viscosity, Plasticity, and Diffusion as Examples of
Absolute Reaction Rates. J. Chem. Phys. 1936, 4, 283.
(51) Ewell, R. H.; Eyring, H. Theory of the Viscosity of Liquids as a
Function of Temperature and Pressure. J. Chem. Phys. 1937, 5, 726.
(52) Wei, S.; Zhong, C.; Su-Yi, H. Molecular Dynamics Simulation of
Liquid Water under the Influence of an External Electric Field. Mol.
Simul. 2005, 31, 555−559.
(53) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926−935.
(54) Guo, X.; Su, J.; Guo, H. Electric Field Induced Orientation and
Self-Assembly of Carbon Nanotubes in Water. Soft Matter 2012, 8,
1010.
(55) Kiselev, M.; Heinzinger, K. Molecular Dynamics Simulation of a
Chloride Ion in Water under the Influence of an External Electric
Field. J. Chem. Phys. 1996, 105, 650.
(56) Clough, S. A. Dipole Moment of Water from Stark
Measurements of H2O, HDO, and D2O. J. Chem. Phys. 1973, 59, 2254.
4826

DOI: 10.1021/acs.jpcb.6b01686
J. Phys. Chem. B 2016, 120, 4818−4827

Article

The Journal of Physical Chemistry B
(57) Landau, L. D.; Lifshitz, E. M. Statistical Physics; Pergamon Press:
Oxford, 1980.
(58) Rushbrooke, G. S. On the Statistical Mechanics of Assemblies
Whose Energy-Levels Depend on the Temperature. Trans. Faraday
Soc. 1940, 36, 1055−1061.
(59) Beck, T. L.; Paulaitis, M. E.; Pratt, L. R. The Potential
Distribution Theorem and the Statistical Thermodynamics of Molecular
Solutions; Cambridge University Press: New York, 2006.
(60) Frohlich, H. Theory of Dielectrics; Clarendon: Oxford, 1958.
(61) Martí, J. Analysis of the Hydrogen Bonding and Vibrational
Spectra of Supercritical Model Water by Molecular Dynamics
Simulations. J. Chem. Phys. 1999, 110, 6876.
(62) Chang, K. T.; Weng, C. I. The Effect of an External Magnetic
Field on the Structure of Liquid Water Using Molecular Dynamics
Simulation. J. Appl. Phys. 2006, 100, 043917.
(63) Sun, W.; Chen, Z.; Huang, S. Y. Effect of an External Electric
Field on Liquid Water Using Molecular Dynamics Simulation with a
Flexible Potential. J. Shanghai Univ. 2006, 10, 268−273.
(64) Song, F. H.; Li, B. Q.; Liu, C. Molecular Dynamics Simulation of
Nanosized Water Droplet Spreading in an Electric Field. Langmuir
2013, 29, 4266−4274.

4827

DOI: 10.1021/acs.jpcb.6b01686
J. Phys. Chem. B 2016, 120, 4818−4827

