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In contrast to the common belief that conﬁnement promotes water solidiﬁcation, here we show
by molecular dynamics simulations that conﬁnement can impede water solidiﬁcation under electric
ﬁelds. The behavior is evidenced by the increase in critical electric ﬁeld strength for water solidiﬁcation as the conﬁnement progresses. We also show that the solidiﬁcation occurs more easily with a
parallel ﬁeld than a perpendicular one. We understand and generalize these results by developing an
energy theory incorporated with the anisotropic Clausius–Mossotti equation. It is revealed that the
underlying mechanism lies in the conﬁnement eﬀect on molecules’ electro-orientations. Thus, it becomes possible to achieve electro-freezing (i.e., room-temperature ice) by choosing both conﬁnement
and electric ﬁelds appropriately.
Keywords molecular dynamics simulations, water, electric ﬁelds, conﬁnement
PACS numbers 61.20.Ja, 81.30.Fb, 61.30.Hn, 64.70.Nd

1 Introduction
Owing to the importance of water, it has attracted much
attention from scientists in various ﬁelds ranging across
physics, chemistry, biology, and ecology. For water, a
most important topic to scientists is phase transitions [1–
22]. In particular, studies on water solidiﬁcation are fundamentally crucial in environmental science (i.e., antiicing materials [23, 24]) and biological techniques (e.g.,
fresh keeping [25] or eﬀectiveness testing of antifreeze
protein [26]). Molecular water thin ﬁlms under conﬁnement are the starting stage for the nucleation of ice
around certain proteins [27]. Additionally, controlling the
crystallization in cells is of great value in determining the
ability of many organisms such as polar ﬁsh, bacteria,
and plants to survive and thrive in subfreezing habitats
[28].
It is known that the normal freezing temperature is
0 ◦ C for bulk liquid water. Hence, for potential applications, how to raise the freezing temperature becomes a
challenge. On one hand, conﬁnement has frequently been
suggested in the literature [6–10, 29–33]. For example, researchers [6–10, 29–33] have reported that extreme conﬁnement can promote the spontaneous solidiﬁcation of

water or other liquids, which results from the reduction
of entropy due to conﬁnement. For example, a monolayer
of ice at 300 K in a conﬁned system has been reported
[7]. Actually, when water is thinner than 4–6 molecular layers, solidiﬁcation can be promoted by conﬁnement
[6–10]. On the other hand, some researchers have suggested the use of electric ﬁelds together with conﬁnement [12, 13, 17–20]. This is because electric ﬁelds can
provide the activation energy for nucleation by inducing
the rearrangement of hydrogen-bond networks through
the torsion of water molecules. The synthetical eﬀect
from electric ﬁelds and conﬁnement induces novel phenomena and a better understanding of water solidiﬁcation. Lateral electric ﬁelds were employed by Qian et al.
[34] on conﬁned water within a ﬁxed separation between
two walls, and three kinds of bilayer ice were found at
230 K as the electric ﬁeld was increased to speciﬁc values. Zhu et al. [35] investigated phase transitions of the
ﬁrst water layer adsorbed onto charged graphene at room
temperature from electromelting to electrofreezing as the
charge value increased, which is attributed to the change
of water–water interactions from attractive to repulsive
at a critical charge value. Mei et al. [36] explored the
phase behavior of water conﬁned between two solid walls,
where positive and negative charges of the same magni-
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tude were assigned to atoms located diagonally in neighboring hexagons. A transition between two kinds of ice
was found at 240 K as surface charges were increased, and
their formation was due to nanoconﬁnement and surface
charges, respectively. Simulations [12, 13, 17, 19] and experiments [20] have helped to reveal that water between
nanogaps can freeze into a solid phase with a higher freezing temperature when external electric ﬁelds are added
parallel [17] or perpendicular [12, 13, 19, 20] to the two
walls forming the nanogap. In other words, when the degree of conﬁnement is ﬁxed, the addition of external electric ﬁelds can raise the freezing temperature as expected,
and a stronger ﬁeld yields a higher freezing temperature
due to the input of more activation energy for nucleation.
However, the inverse question has never been asked. That
is, when the external electric ﬁeld is ﬁxed and added to
a nanogap containing water molecules with a constant
number density, can an increasing degree of conﬁnement
help to raise the freezing temperature? (The reason why
we specify “a constant number density” herein is that we
need to focus on the pure eﬀect of conﬁnement by ﬁxing the initial state of water.) Evidently, asking such an
inverse question is necessary because of its academic signiﬁcance and practical importance. Clearly, an intuitive
answer to this question might be “YES” but our answer
is “NO,” which is counterintuitive indeed. To achieve our
answer to the question, we resort to full-atom molecular
dynamics simulations, together with an independent energy theory incorporated with the anisotropic Clausius–
Mossotti equation. As a result, we found that parallel
electric ﬁelds are more favorable for water solidiﬁcation
than perpendicular electric ﬁelds. Now let us proceed by
ﬁrst introducing the molecular dynamics simulations.

2 Molecular dynamics simulations: Methods
and results

rather than conﬁned water [42]. In our simulations, external electric ﬁelds (E) were applied along the Z or
X axes and are called perpendicular or parallel electric
ﬁelds accordingly. The electric ﬁeld strength (E) ranged
from 0 to 50 V/nm, as was adopted in previous simulations [12–14, 16, 18, 19]. In addition, according to Refs.
[29–33], where the inﬂuence of conﬁnement on liquids for
ﬁeld-free systems has been investigated through experiments and simulations, we also kept the number density
of water molecules as a constant, 30.2 nm−3 , for all our
simulations in order to focus on the pure eﬀect of conﬁnement on electro-freezing by ﬁxing the initial state of
water molecules [14, 17, 43].
More details on simulations are introduced as follows.
We chose a canonical ensemble at room temperature
(300 K) by resorting to the molecular dynamics package
Gromacs 4.0.7 [44, 45]. Water molecules were modeled
with the extended simple point charge (SPC/E) pair potential [46], and the water–wall interactions were treated
by the Lennard–Jones potential, VLJ = 4ε[( σr )12 − ( σr )6 ],
where ε and σ come from Ref. [47]. The particle-mesh
Ewald method [48] was used for the electrostatic interaction; evaluation of non-bonded interactions was performed by using a twin range cutoﬀ of 0.9 nm and 1.4 nm
for the Coulombic and Lennard–Jones potentials, respectively. We also adopted the thermostat of Nosé and
Hoover [49–51] with a time constant of 0.5 ps. Moreover,
the periodic boundary condition was used along the X
and Y directions. To avoid non-physical results, we set
the size of the simulation box along the Z direction to be
three times the distance between the two sheets, which
is similar to the EW3DC method [52]. In our simulations, a time step of 2 fs was adopted. The simulation
for each parameter set ran for 5 ns, and the last 3 ns
were collected for analysis. Additionally, we considered
two water molecules to form a hydrogen bond if the distance O...O is shorter than 0.35 nm and simultaneously
the angle O-H...O is less than 30◦ .

2.1 Methods
Molecular dynamics simulation, which has been widely
used for studies of water dynamics [7, 18, 19, 37–41], is
adopted here. Figure 1(a) displays our simulation system
containing water molecules between two parallel graphite
sheets, each having an area of 4.762 nm×5.006 nm within
the XY plane. The distance (d) between the two sheets
ranged from 1.2 to 4.4 nm, and the simulation data were
collected every 0.2 nm. It is worth mentioning that the
speciﬁc range of d contained the conﬁned systems that
corresponded to water ﬁlms thinner than 4–6 molecular
layers [42]. Note that a water ﬁlm that has a thickness
larger than 7–8 molecular layers behaves as bulk water
106101-2

2.2 Results and discussion
Figure 1(b) displays snapshots of the water structure in
a liquid phase without E and two solid phases with E for
d = 1.4 nm. It is evident that cubic [12, 13] and hexagonal ice [17] were formed under the perpendicular and
parallel ﬁelds, respectively. In addition, if d increases up
to a value larger than 7–8 molecular layers, we conﬁrmed
that the water structures in both the perpendicular and
parallel ﬁeld cases were cubic ice.
Figure 2 shows the lateral diﬀusion coeﬃcients of
the XY coordinate plane as a function of electric ﬁeld
strength for systems with diﬀerent d values in the
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Fig. 1 (a) A perspective view of our simulation system with water molecules conﬁned between two parallel graphite sheets
within the XY plane. The distance between the two sheets is denoted by d; the three diﬀerent atoms, H (hydrogen), O
(oxygen), and C (carbon), are indicated. (b) Snapshots of water structure in a liquid phase (without electric ﬁeld E) and
two solid phases (with E), where oxygen atoms in diﬀerent sublayers are indicated by diﬀerent colors (red and purple). For
a perpendicular (or parallel) electric ﬁeld E = 50 V/nm (or 20 V/nm) along the Z (or X) axis, cubic ice (or hexagonal ice)
is formed.

presence of perpendicular or parallel electric ﬁelds. For
clarity, we focus on the critical electric ﬁeld (Ec ), at
which point the lateral diﬀusion coeﬃcients abruptly decrease as E increases. According to the meaning of the
lateral diﬀusion coeﬃcients, we are allowed to consider
the water to behave as a solid or liquid for E > Ec or
E < Ec . Under a perpendicular ﬁeld, as d=1.2 nm, Ec is
approximately 38 V/nm. With increasing d, Ec suddenly
decreases to ∼15 V/nm as d >2.4 nm. Some of these results agree with previous reports. For example, at room
temperature, when d is approximately 1.8 nm, the critical ﬁeld strength is approximately 30 V/nm [16], and it is
between 10–20 V/nm when d=4.0 nm [13]. However, for
the parallel electric ﬁeld, it only changes from 9 V/nm to
5 V/nm with increasing d. Here, the partial results also
agree with the previous work [17].
From the two insets of Fig. 2, we ﬁnd that Ec increases
as d decreases, which indicates that a stronger degree
of conﬁnement makes water solidiﬁcation more diﬃcult.
On the other hand, we also ﬁnd that at a given value
of d, the Ec values for parallel ﬁeld cases [Fig. 2(b)] are
always smaller than those for perpendicular ﬁeld cases
[Fig. 2(a)]. This indicates that parallel electric ﬁelds are
more favorable for water solidiﬁcation than perpendicular electric ﬁelds.
In order to understand the results obtained from Fig.
2, we further analyzed the simulation data, with a focus
on the radial distribution function of water molecules,
average components of the dipole moment per water
molecule, and the average number of hydrogen bonds per

water molecule. Radial distribution functions (RDFs)
can be used to analyze the structure of water. Liquid and solid water display diﬀerent structural features
in the RDF. In particular, liquid water has platforms
or low-resolution-peaks in the RDF, whereas solid water or water with a crystal-like structure has spiculate
peaks. The results are shown in Fig. 3. Under perpendicular electric ﬁelds (E⊥ ) [Fig. 3(a)], as d=1.2 nm,
where Ec ≈ 38 V/nm, water exhibits a crystal-like structure when E⊥ =40 V/nm, and it remains liquid when
E⊥ < Ec ; as d=1.8 nm, where Ec ≈ 26 V/nm, a crystallike structure is found in both cases with E⊥ =30 V/nm
and 40 V/nm; when d=3.0 nm, the crystal-like structures
also occur when E⊥ is larger than the critical electric
ﬁeld Ec ≈18 V/nm. On the other hand, Fig. 3(b) shows
the RDFs for parallel electric ﬁelds (E// ). The results
also depend on the shift of Ec values, which echoes the
results shown in Fig. 3(a). Comparing Fig. 3(a) and Fig.
3(b), we ﬁnd that for a small d of 1.2 nm, cubic ice and
hexagonal ice are observed for the perpendicular and parallel electric ﬁelds, respectively. However, in a bulk-like
case (such as d=3.0 nm), crystal-like structures in both
systems appear to be cubic. Figure 3(c) shows a further
comparison. As d increases, the degree of overlapping of
RDFs for both systems shows the tendency to be the
same cubic structure.
When water freezes, water molecules align in an
ordered manner through the rearrangement of water
dipoles. First, to reveal the mechanism of water orientation for ﬁeld-free systems, the absolute average molec-
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Fig. 2 Lateral diﬀusion coeﬃcients as a function of electric ﬁeld strengths (E) for conﬁned systems with diﬀerent d values
in the presence of (a) a perpendicular electric ﬁeld and (b) a parallel electric ﬁeld; d = 1.2, 1.4, 1.8, 2.4, 3.0, and 4.4 nm.
The two insets in (a) and (b) show that the critical ﬁeld strength, Ec , increases as d decreases. Note that the scales of E
are diﬀerent in (a) and (b).

Fig. 3 Radial distribution function (RDF) of water molecules for d=1.2, 1.8, and 3.0 nm (a) under perpendicular electric
ﬁelds (E⊥ ) of 0, 20, 30, and 40 V/nm and (b) parallel electric ﬁelds (E// ) of 0, 6, 9, and 20 V/nm. (c) Comparison between
the RDFs for the two systems with E⊥ = 40 V/nm and E// =20 V/nm. The two systems have close lateral diﬀusion
coeﬃcients (D).

ular dipole moments (P ) along the X, Y , and Z directions (PX , PY , and PZ ) are calculated respectively.
N
Pn = ( i=1 |pin |)/N , n = X, Y, Z, where p is the dipole
moment of each water molecule and N is the number of
water molecules in each system. It should be noticed that
106101-4

PX , PY , and PZ exclude the oﬀset of dipole moments
along inverse directions in order to present the dipolar
orientation preference among the three axes. The results
are shown in Fig. 4(a). PX and PY , which are parallel
to the walls, are almost same, but they are larger than
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PZ . This is because the walls break the hydrogen bonds
along the Z direction. Additionally, as d increases, water
tends to be isotropic since the three components along
the X, Y , and Z directions tend to be close to each
other. If we add an external electric ﬁeld, the structure
of water should be changed due to the reorientation of
water dipoles, thus yielding new structures. In Fig. 4(b),
as the perpendicular electric ﬁeld E increases, PZ gradually exceeds PX and PY . Moreover, the smaller d is, the
more diﬃcult PX and PY are overstepped by PZ . Under
a parallel electric ﬁeld E, PX increases fast, whereas PY
and PZ decrease and become close to each other. These
results are shown in Fig. 4(c).
On the other hand, to ﬁnd the degree of molecular
dipoles’ uniform orientation under various E values in
each system, we calculated the average molecular dipole
moments along the Z (QZ ) or X (QX ) direction as a
function of perpendicular or parallel electric ﬁelds for difN
ferent d values according to Qk = ( i=1 pik )/N , where

Fig. 4 Average components of the dipole moment per water
molecule in absolute value along the X, Y , and Z directions as a
function of (a) d for E = 0 V/nm, (b) perpendicular ﬁeld strength
for various d values, and (c) parallel ﬁeld strength for various d
values. Note that the black and red curves in (b) are overlapped.

k = X, Z; see Fig. 5. Note that QZ and QX include
the oﬀset of molecular dipole moments along the inverse
directions. It is obvious that with increasing E, the average molecular dipole moments in all systems increase
and then converge. This implies that as E strengthens,
the consistent degree of dipolar orientation increases and
reaches a threshold after E reaches speciﬁc values. However, such a consistent degree of dipolar orientation under parallel electric ﬁelds occurs more easily than those
with perpendicular ones because weaker electric ﬁelds are
required. Moreover, water dipoles at smaller d values are
rotated more laboriously than those at larger d values for
the same perpendicular or parallel electric ﬁeld strength.
In general, Fig. 5 shows that the more a conﬁned system
impedes the molecular structure being rearranged, the
stronger Ec is needed. This helps to understand Fig. 2.
Another important step for water solidiﬁcation is the
rebuilding of the hydrogen-bond network. Therefore, the
average number of hydrogen bonds per water molecule
under diﬀerent ﬁeld strengths for systems with perpendicular or parallel electric ﬁelds was calculated, and the
results are graphed in Fig. 6. Generally, in each system,
as E increases, the number of hydrogen bonds initially
decreases; it then increases and converges. Here, the electric ﬁeld at which the number of hydrogen bonds starts to
increase corresponds to the critical electric ﬁeld adopted
in the main text. When the electric ﬁeld E is relatively
small (E < Ec ), it helps to rotate water dipoles, breaking the original hydrogen-bond network. However, it is
not strong enough to rebuild a new network, so the number of hydrogen bonds decreases. When the electric ﬁeld
increases further, a new hydrogen-bond network is established gradually, and the solidiﬁcation of water begins to
appear.
In general, the underlying mechanism lies in the fact
that water dipoles prefer to be parallel to walls without
E. Owing to this preference of orientation, for ﬁeld-free
systems, a strong degree of conﬁnement can promote an
orderly alignment of molecular dipoles, thus helping solidiﬁcation to occur. However, when an external electric
ﬁeld is applied, water dipoles tend to be directed along
the direction of E. Furthermore, in the case of a stronger
degree of conﬁnement, it becomes more diﬃcult to rotate water dipoles, which causes the inverse correlation
between Ec and d observed in Fig. 2.
Accordingly, since water dipoles tend to be parallel to
walls without E, it requires more energy for the perpendicular electric ﬁeld than for the parallel electric ﬁeld
to make solidiﬁcation occur. Thus, parallel electric ﬁelds
are more favorable for water solidiﬁcation than perpendicular electric ﬁelds. Such analysis is consistent and can
be used to explain Fig. 2. However, this analysis is based
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Fig. 5 (a) Average Z-directed component of the dipole moment per water molecule, QZ , for d = 1.2–4.4 nm versus
perpendicular electric ﬁelds (along the Z axis); (b) Average X-directed component of the dipole moment per water molecule,
QX , for d = 1.2–4.4 nm versus parallel electric ﬁelds (along the X axis). Note that the range of electric ﬁelds is diﬀerent in
(a) and (b).

stand the two conclusions, we have analyzed the simulation data by plotting Figs. 3–6. Nevertheless, in order to
understand and generalize the simulation results, we feel
obligated to develop an independent theory as follows.
Let us start by considering the electrostatic energy
density, namely, the volume-averaged electrostatic energy (U ) for the whole conﬁned system in the presence
of an external electric ﬁeld E,
U=

Fig. 6 Average number of hydrogen bonds per water molecule
as a function of (a) perpendicular electric ﬁelds (0–50 V/nm) and
(b) parallel electric ﬁelds (1–15 V/nm).

on the simulation data only. Thus, we are in a position to
develop an independent energy theory for understanding
and generalizing the above simulation results. Here the
wording “generalizing” means that the theory presented
below is independent of both the speciﬁc water model
and the speciﬁc graphite sheets that were adopted for
conducting the above simulations.

3 Energy theory incorporated with the
anisotropic Clausius–Mossotti equation:
Comparison with simulation results
According to the above simulations, we have drawn two
key conclusions: one is that conﬁnement can impede water solidiﬁcation in the presence of an external electric
ﬁeld; the other is that water solidiﬁcation occurs more
easily with a parallel electric ﬁeld than with a perpendicular one. In the preceding section, in order to under106101-6

1
εw E 2 ,
2

(1)

where εw is the eﬀective dielectric constant of water
molecules conﬁned between the two walls. On the other
hand, the electrostatic energy density (Uv ) for the same
system without water molecules is given by
Uv =

1
εv E 2 ,
2

(2)

where εv is the dielectric constant of a vacuum. Clearly,
the diﬀerence between U and Uv , ΔU = U − Uv , represents the volume-averaged electrostatic energy stored by
the water molecules only.
ΔU =

1
(εw − εv )E 2 .
2

(3)

The substitution of E = 0 V/nm into Eq. (3) yields
ΔU = 0, which corresponds to the fact that the water molecules are distributed randomly due to the lack
of external electric ﬁeld. On the other hand, when E = 0
V/nm, Eq. (3) leads to ΔU = 0, indicating that the water molecules tend to be directed along the direction of E
and become closer. This process is just the signal of solidiﬁcation resulting from the input of electrostatic energy.
In other words, the solidiﬁcation of water molecules is
equivalent to the process of storing the electrostatic energy in the water molecules. Namely, larger ΔU causes a
higher degree of solidiﬁcation of water molecules in the
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conﬁned system. Next, in order to calculate ΔU in Eq.
(3), we must ﬁrst determine the term, εw − εv . For this
purpose, we resort to the anisotropic Clausius–Mossotti
equation [53–55].


4π
p2
gL (εw − εv )
=
N1 α +
,
(4)
εv + gL (εw − εv )
3
3kB T
where N1 is the number density of water molecules,
which is constant for diﬀerent systems with diﬀerent d
values throughout this work, α the polarizability, p the
permanent electric dipole moment of a water molecule,
kB the Boltzmann constant, and T the absolute temperature. In Eq. (4), gL is the local ﬁeld factor [56–58], which
is used to measure the degree of structural anisotropy resulting from the formation of molecular chains caused by
the external electric ﬁeld E. Within the chain, the permanent dipole moment of each water molecule tends to
be directed along the direction of E, as required by the
interaction between the dipole moment and E. gL can
be given by [56, 57]

1
ρ
+ 2
ln(ρ + ρ2 − 1).
(5)
gL =
2
3/2
1−ρ
(ρ − 1)
Here ρ(> 1) is the ratio between the averaged length (l)
of water chains and the diameter of a water molecule
(dw = 0.4 nm). In particular, ρ = 1 corresponds to
gL = 1/3, an isotropic case where water molecules are
randomly distributed due to the lack of external electric ﬁeld (E = 0 V/nm). Because the chain cannot be
perfectly straight and the water molecules cannot be perfectly touching within the chain (due to thermal motion),
the value of ρ could be a non-integer, satisfying ρ  1.
For the perpendicular ﬁeld case, water chains are along
the Z axis and l ≈ d. According to the deﬁnition of ρ,
we may estimate ρ by using ρ = d/dw for diﬀerent d values. For example, d = 4.4 nm yields ρ = 11 in Fig. 7.
For the parallel ﬁeld case, water chains are along the X
axis. To achieve qualitative results, the actual value of ρ
is not necessary, but ρ must satisfy three requirements:
(i) Because our system is conﬁned along the Z axis but
open along the X and Y axes, l  d. Then, the lowest value of ρ must be larger than the maximum value
obtained for the perpendicular ﬁeld case, 11; (ii) The
conﬁnement impedes the reorientation of water dipoles
induced by electric ﬁelds, so with a smaller d, the conﬁnement is stronger and tends to break the ﬁeld-directed
water chains. Thus, ρ will increase as d becomes larger;
(iii) It will not increase as much as that in the perpendicular case because the number density of water molecules
is constant in our systems. To qualitatively understand
the simulation results, we assume that ρ increases from
12 to 14 as d increases from 1.2 nm to 4.4 nm in Fig. 7.

Fig. 7 ΔU as a function of d for the conﬁned systems under
perpendicular electric ﬁelds (E⊥ ) or parallel electric ﬁelds (E// ),
which is calculated according to Eq. (7). Two horizontal dashed
lines and one vertical dashed line are indicated for comparison.
Points A–G represent the intersection points.

According to Eq. (4), we obtain
εw − εv =

[1

p2
4π
3 N1 (α + 3kB T )εv
p2
− 4π
3 N1 (α + 3kB T )]gL

≡

β
.
gL

(6)

Here, β denotes a positive constant. By substituting Eq.
(6) into Eq. (3), we obtain
ΔU =

1 β 2
E .
2 gL

(7)

Based on Eq. (7), we performed numerical calculations; see Fig. 7, which shows the eﬀect of diﬀerent
electric ﬁelds on ΔU for both perpendicular and parallel ﬁeld cases. It is evident that ΔU decreases as d decreases in both cases. That is, for a smaller d, namely, a
higher degree of conﬁnement, the volume-averaged electrostatic energy stored by water molecules is smaller. In
particular, for parallel ﬁeld cases, points A–C represent
three systems with increasing d but decreasing E in order, which, however, correspond to the same ΔU . They
show that a stronger external ﬁeld strength is needed for
a narrower space to reach the same electrostatic energy
(i.e., the same degree of solidiﬁcation). The behavior also
holds for perpendicular ﬁeld systems (see points D–F).
This fact shows that the conﬁnement can impede solidiﬁcation under speciﬁc external electric ﬁelds. On the other
hand, comparing points C and G, we ﬁnd that with the
same E and d, the system with a parallel external electric ﬁeld has a higher electrostatic energy density, which
results in easier solidiﬁcation for parallel ﬁeld systems
than for perpendicular ﬁeld systems.
So far, the two conclusions obtained from our molecular dynamics simulations have been well understood
and generalized by using the energy theory based on the
anisotropic Clausius–Mossotti equation.
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We have performed full-atom molecular dynamics simulations for water molecules within the nano-gap formed
by two graphite sheets at room temperature and have
drawn the following conclusions. Conﬁnement at the
nano-scale can impede water solidiﬁcation in the case
of external electric ﬁelds; this result is in contrast to the
common knowledge that conﬁnement promotes water solidiﬁcation. In addition, water solidiﬁcation occurs more
easily with a parallel electric ﬁeld than with a perpendicular one.
The simulation results have been well understood and
generalized by developing the energy theory based on the
anisotropic Clausius–Mossotti equation. As revealed by
us, the general mechanism originates from the eﬀect of
the conﬁnement of the walls on the electro-orientations
of the water molecules. Thus, it becomes possible to
achieve various kinds of electro-freezing (such as roomtemperature ice) or electro-melting by choosing conﬁnement and electric ﬁelds appropriately.
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