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Effects of Electric Field on the Vapor—Liquid Equilibria of
Nanoconfined Methanol and Ethanol
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ABSTRACT: The effects of the electric field on the vapor—liquid equilibria of 460 —O—Mothanol
methanol and ethanol confined in a graphitic slit pore of width 4 nm using —O- Ethanol

molecular dynamics simulations are reported. The vapor—liquid critical temper-
ature of methanol gets suppressed under confinement. The external electrical field
further decreases the critical temperature with increasing electric field strength up
to E = 1.5 V-nm™". Surprisingly, a further increase in the electric field strength
reverses the critical temperature behavior and is seen to increase with increasing
electric field. The reversible behavior of the critical temperature with the electric
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field is also seen for nanoconfined ethanol at approximately 1.5 V-nm~
The critical density, on the other hand, is found to continuously decrease with
increasing electric field strength. Application of an external electric field results in a00 s . . s s
the decrease in vapor and liquid densities. The coordination number in the liquid
phase is found to decrease first with increasing electric field until E = 1.5 V-nm™
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and then increases with a further increase in the electric field, confirming the
observed trend in the critical temperature according to the mean field theory. Orientational order of nanoconfined methanol and
ethanol, on the other hand, is found to increase with increasing electric field.

1. INTRODUCTION

The thermo-physical properties of fluids have been known to
alter 51gn1ﬁcantly at nanometer length scale due to surface
effects."™ Several studies have been conducted to study the
effect of nanoconfinement on the vapor—liquid phase behavior
of fluids, and contrasting results have been found as compared
to those for the bulk fluids. The vapor—liquid phase transition
undergoes a cross-over behavior from 3D to 2D phase transi-
tions with reduction in the pore size.”~'* The critical temperature
decreases under confinement in general; on the other hand
critical density nonmonotonically changes with confinement.
Furthermore, fluid under extreme confinement is found to
experience enormous anisotropic pressure'’, of the order of
10°—10° bar, with the tangential component two orders higher
than the normal component.

Understanding the properties of confined fluids is necessary
to create efﬁc1ent new technolog1es, such as molecular
detection,"* gas storage,'”” and membrane separation.'®'”'®
Another such example is the mechanism proposed by Ge et al."
for the temperature induced programmed drug delivery inside
the human body. The authors demonstrated that a dual-stimulus
(temperature and electric field) responsive system containing
conducting polymer polypyrrole nanoparticles can be used
to trigger a dosage-controlled release of drugs. Such a study
finds use in several important applications such as in designing
anticancer medicines. Chaban and co-workers have studied the
pressure induced delivery of drugs inside the body*® and have
observed a rapid growth of pressure of water under nano-
confinement over a few degrees above the boiling temperature
of water which could be a novel scheme for drug delivery.
Similarly, packaged polar drug molecules can be released into
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tissue from the carbon nanotube heated by the laser.*

Moreover, nano/micro pumps can be designed based on
liquid—vapor phase change under confinement.*** The actua-
tion of the pump is driven by the difference in surface tensions
between the confined phases.

External electric and magnetic fields can remarkably affect
the properties of fluids. Maerzke and co-workers studied the
effects of electric field on vapor—liquid phase transitions of bulk
phase systems of water, methanol, and dimethyl ether.”®> They
observed an increase in the critical temperature with the electric
field for all the fluids. Such effects find applications in several
emerging technologies. Electrospinning is one such technology
that is used for spinning nanofibers generated by an electrified
jet.”**3 The electrostatic repulsion between charges on nozzle
surfaces and evaporation of solvent causes the nanofibers to
stretch.

Several experimental studies have been carried out on the
effects of the electric field on bulk fluids. Debye and Kleboth
studied the effects of an external electric field on a binary
mixture of isooctane/nitrobenzene and observed a decrease
in the critical temperature with increasing electric field.*®
This decrease in the critical temperature was concluded to be
proportional to the square of the applied electric field strength
by Orzechowski.”” Beaglehole also noticed similar effects of the
electric field on the critical temperature of a binary mixture of
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cyclohexane/aniline.*® In contrast, Early was unable to find any
change in the critical temperature,” which was in contradiction
to the results of earlier experiments.*®*® Early attributed the
dlﬁerence to the local heating caused by the applied electric
field.”” Recently, Hegseth and Amara observed an increase in
the critical temperature of SF4 on the application of an electric
field.>°

The effects of an electric field, however, become more
convoluted under confinement. Water shows a decrease in its
critical temperature with an increase in the electric field under
confinement.®" This behavior is in complete contrast to that of
the bulk phase. The behavior could be explained by the mean
field theory which predicts a direct dependency of critical
temperature on coordination number.*> As shown by Srivastava
et al,> the coordination number decreases under confinement
with an increase in electric field, hence resulting in a decrease in
the critical temperature. This is also reflected in the reduction
in the density of the fluid as seen by Vaitheeswaran et al.>® for
water in hydrophobic confinement under the external electric
field. In other words, an electric field enhances the evaporation
rate of confined water, which is in contrast to the theory of
electrostriction. Bratko et al. studied a similar system to observe
the usual phenomenon of electrostriction, i.e, an increase in
the density of confined water under an electr1c field>*** To
resolve the above discrepancy England et al.*® argued that a
lower electric field (< 2.0 V.nm™") results in a loss of align-
ment of water molecules due to geometric frustrations leading
to a decrease in density. However, higher electric fields
(> 6.0 V.nm™") align the water molecules along with the field
enhancing its density. Recently, the influence of an external
magnetic field on nanoconfined water was studied by Zhang
et al,”’, and a new phase of bilayer crystalline ice at a very high
freezing point of 340 K was observed. Moreover, the freezing
temperature was found to increase with increasing magnetic
field.

The anomalous behavior of nanoconfined water under the
electric field observed®" recently is yet to be seen for other polar
fluids under confinement. Though some works on confined
alcohols have been done,'®%%° the effect of the electric field
on the vapor—liquid phase equilibria of nanoconfined alcohols
is not known. Hence to address the above question, we utilize
molecular simulations to study the vapor—liquid equilibria of
nanoconfined methanol and ethanol under the external electric
field. The rest of the article is organized as follows. In the next
section we describe the model and methods employed in this
work. Section 3 presents the results and discussions followed by
the conclusion in section 4.

2. MODEL AND METHODOLOGY

A TraPPE—UA model, which uses pseudo atoms for each
CH, group, is being used to model methanol and ethanol
molecules * Nonbonded interactions are calculated using
Lennard—]Jones (LJ) and columbic potentials, as per eq 1.

nanhonded( ) - 48 (0- /1’ )12 - (6 /1’) + ‘1‘1 /47[80 (1)
where, 7, Ep Oj Qo and g, are the separation distance, L]
potential well-depth, L] diameter, partial charges, and dielectric
permittivity constant, respectively. The unlike L] interactions are
determined by Lorentz—Berthelot mixing rules as shown in eq 2.

(o, + 0')
i = 5 ——and & = [€E;

)
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+ ¢;[1 + cos(3¢)] (5)
N 3
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©

All bonds and angles are modeled using harmonic potentials
and are given by eqs 3 and 4 respectively, where k;, and k are
force constants, and r, 6, r, and 6, are bond length, bond angle,
and their corresponding equilibrium values, respectively. The
OPLS-UA force field is used for the calculation of dihedral
interactions, as shown in eq S. The energy contribution from
the applied electric ﬁeld is calculated using eq 6, where r;; is the
position vector of the i particle along the j* direction. q, is the
charge of the i particle, and E is the strength of the applied
electric field. All the force field parameters are tabulated in
Table 1.

Table 1. Force Field Parameters of Alcohols and Graphite
Surface

nonbonded charge o (nm) & (kcal-mol™)
(©)-C 0.00 0319 0.000
(CH,)-0 0.265 0.375 0.1948
(CH,)-0 0.265 0.395 0.0914
(0)-H —0.700 0.302 0.1848
(H)-0 0.435 0.000 0.0000
bonds 7o (nm) ky, (kcal-mol™'-nm™2)
c-C 0.1420 46900
CH,—CH, 0.1540 34000
CH;-0 0.1430 32000
O-H 0.0945 55400
angles 0 (degree)  ky (kcal-mol *rad™?)
CH,~CH,-O 109.47 50
CH;-0O-H 108.50 N
CH,~O-H
dihedrals ¢ (K) o (K) ., (K) ¢ (K)
CH,-CH,—-0-H 0.00 20982 —29.17 187.93

The fluid is confined between the two graphite sheets
separated by 4.0 nm in the Z direction. Each graphite sheet
consists of two graphene layers, and is placed along the XY
plane. The periodic boundary condition is applied along the
unbounded directions X and Y. The two-dimensional correc-
tions are employed as per the procedure of Gordillo et al.*'
PPPM (particle—particle particle—mesh) technique is applied
for the calculation of long-range interactions. The Nosé—
Hoover thermostat is used to maintain the temperature in the
system. An integration time of 1 fs is used in all the simulations.
The s1mulat1ons are performed using the LAMMPS MD
package.*” All simulations are carried out in the NVT ensemble
(constant number of particles N, volume V, and temperature T).
The simulations are equilibrated for a period of 0.5 ns, followed
by a production cycle of 0.5 ns. At each temperature, the density
profiles are obtained by averaging the two-phase density profiles
over appropriate regions. In this study, we have applied an
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Figure 1. Density profile of vapor and liquid phases of methanol (2) and ethanol (b), under a slit pore of width 4 nm in the absence of an electric
field, at different temperatures along the X-direction of the system. Y-Axis of the plots represents density of the system in real unit, whereas the X-axis

is the length of the simulation box in the X-direction, in reduced unit.

electric field perpendicular to the surface. The electric field, E, is
varied from 0 V-nm™" to 2.5 V-nm ™. The statistical error in the
physical quantities is calculated using the standard deviation of
the block-averaged values.

The vapor—liquid critical properties are obtained by fitting
the coexistence densities over the range of temperatures according
to the law of the rectilinear diameter (eq 7)** and the scaling
law of density (eq 8).**

p —p=B1-T/T) @)

(0, +p)/2=p+ A0 - T/T) (8)

where p;, p,, p, T, and f are liquid density, vapor density,
critical density, critical temperature, and critical exponent,
respectively. A and B are fitting parameters. The errors in the
coexistence densities and critical properties are found to be less
than 2 %.

3. RESULTS AND DISCUSSIONS

Figure la and b present the density profiles of the vapor—liquid
phase coexistence of methanol and ethanol at different
temperatures in a slit pore of width 4.0 nm. As the temperature
is increased, the density of the liquid phase is lowered, whereas
the vapor density increases akin to the behavior seen for the bulk
phase.*® This is more evident for methanol than for ethanol,
within the temperature range 300 K to 380 K, as also seen for
the bulk phase. The critical temperature and the critical density,
evaluated using eq 7, are 13 % lower and 57 % higher than that
of the bulk fluid, respectively.”** The corresponding critical
exponent f is approximately 0.18 for methanol and ethanol
under 4.0 nm slit pore confinement, which is also an indicative
of the behavior of the fluids in between the bulk (3D) and 2D
fluids.®

Figure 2 presents the effect of the external field on the
vapor—liquid density profile of methanol under confinement
at a typical temperature of 360 K. The electric field reduces
the vapor density substantially as clearly seen for the case of E =
1.0 V-nm ™, which reduces the vapor density from 0.253 g-em™
to 0.235 g-cm™ i.e., approximately 7.1 %. Interestingly, liquid
density is also suppressed in the presence of an electric field,
though not significantly as compared to the vapor phase. For
example, the corresponding reduction in the density at E =
1.0 V.onm™ is 0.5 %. An increase in the electric field further
decreases the density of the vapor and liquid phases. The effect
of the electric field is more pronounced at lower temperature.
For example, at T = 325 K, vapor and liquid densities are
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Figure 2. Vapor—liquid density profile of nanoconfined methanol at a
temperature of 360 K under varying external electric field in V-nm™.

The axes are similar to those of Figure 1

reduced by ~8 % and ~1 %, respectively, at E = 1.0 V-nm™.
The critical temperature and density are also reduced by 7.2 %
and 1.2 %, respectively, at E = 1.0 V-nm™}, which is in contrast
to the behavior seen for the bulk fluid.*>*

Figure 3 illustrates the effects of an external electric field on
the vapor—liquid coexistence envelopes of confined methanol
and ethanol. Similar to the case of methanol, as shown in Figure 2,
vapor and liquid densities of ethanol under confinement decreases
with an increase in electric field. However, the vapor—liquid
coexistence envelope shrinks or expands depending on the
amount of decrease in the saturated liquid and vapor densities
under the electric field. This is in contrast to the behavior of the
bulk fluid for which the vapor—liquid coexistence envelope
broadens in the presence of an electric field.*® It is observed that
the amount of decrease in the vapor phase density is minimal
from E = 1.0 V-nm ™! to 1.5 V-nm ™. However, the effect is more
pronounced in the liquid phase up to E = 1.5 V-nm™, which
is found to reduce relatively more for both nanoconfined
methanol and ethanol. This essentially indicates that the vapor—
liquid envelope shrinks with increasing E value. Hence, the
critical temperature of nanoconfined methanol and ethanol
decreases with the electric field. However, this behavior of the
critical temperature holds until 1.5 V-nm™. Beyond 1.5 V-nm™,
the effect of the electric field is relatively more pronounced on
the vapor phase compared to the liquid phase. For example, at
360 K, the liquid density decreases by 0.003 g-cm™ (0.5 %) and
0.011 g-em™ (1.8 %) for E = 2.0 V.nm ™" and E = 2.5 V-nm™,
respectively, with respect to the liquid density at E = 1.5 V-nm™;
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Figure 3. Vapor—liquid coexistence curve of methanol (a) and ethanol (b), confined in graphitic pore of size H = 4 nm at variable electric fields of
strength (in V-nm™): squares, E = 0.0; circles, E = 0.5; triangles, E = 1.0; inverse triangles, E = 1.5; diamonds, E = 2.0; and left triangle, E = 2.5.
Filled symbols represent the critical points, respectively.

Table 2. Vapor—Liquid Equilibrium Data for Methanol in Confined Graphitic Slit Pore of 4.0 nm under Variable External

Electric Field*

density, density, density,

p/g:em™ [at E = 0.00 V-nm™'] p/g:em™ [at E = 0.5 V-nm™'] p/g-em™ [at E = 1.0 V-nm™']
T (K) liquid vapor T (K) liquid vapor T (K) liquid vapor
300 0.700(3) 0.251(9) 300 0.673(4) 0.244(4) 300 0.692(5) 0.245(8)
325 0.674(4) 0.251(5) 325 0.658(6) 0.246(9) 325 0.669(4) 0.229(3)
340 0.656(1) 0.247(6) 340 0.642(5) 0.248(4) 360 0.629(2) 0.235(7)
360 0.627(4) 0.253(9) 360 0.622(2) 0.246(5S) 370 0.614(4) 0.253(S)
370 0.623(3) 0.256(11) 370 0.610(7) 0.252(14) 375 0.610(5) 0.238(8)
380 0.602(5) 0.260(9) 375 0.604(4) 0.256(8) 380 0.604(3) 0.257(6)
400 0.582(5) 0.272(12) 380 0.600(2) 0.260(6) 400 0.573(5) 0.264(10)
450(3) 0.418(4) 434(10) 0.416(5) 418(5) 0.413(6)

density, density, density,

p/grem™ [at E = 1.50 V-nm™] p/grem™ [at E = 2.0 V-nm™] p/grem™ [at E = 2.5 Vonm™]
T (K) liquid vapor T (K) liquid vapor T (K) liquid vapor
300 0.693(4) 0.226(8) 300 0.689(5) 0.225(8) 300 0.682(4) 0.216(9)
325 0.665(5) 0.225(5) 340 0.645(5) 0.234(11) 325 0.653(5) 0.204(5)
340 0.647(4) 0.227(6) 360 0.621(5) 0.223(6) 340 0.636(4) 0.206(10)
360 0.624(7) 0.235(8) 370 0.604(4) 0.219(11) 360 0.613(7) 0.215(6)
400 0.568(8) 0.254(8) 380 0.597(3) 0.226(6) 370 0.594(8) 0.216(14)
416(4) 0.403(7) 400 0.566(7) 0.250(7) 375 0.589(5) 0.221(10)

420(3) 0.391(2) 429(3) 0.378(9)

“The numbers in parentheses indicate the 67 % confidence limits of the last digit of the reported value.

whereas, corresponding changes in the vapor density are
0.012 g-em™ (5 %) and 0.020 g-em™ (8 %) at E = 2.0 V-nm™
and 2.5 V-nm™, respectively. Hence, beyond 1.5 V-nm™ we
observe broadening in the vapor—liquid coexistence envelope,
which essentially increases the critical temperature. On the other
hand, critical density monotonically decreases with increasing
electric field. Tables 2 and 3 summarize the values of vapor—liquid
coexistence densities for methanol and ethanol, respectively.

The layering of the fluids on the surface can be observed
from the z-density profiles of ethanol and methanol at a typical
temperature of 360 K, which is shown in Figure 4. It is evident
that significant layering is present in the liquid and vapor phases
of nanoconfined ethanol and methanol. The number of layers
in the liquid and vapor phases is three and two, respectively.
The density of the contact layer in the liquid phase is approxi-
mately 2 g~cm_3, for both methanol and ethanol; whereas,
in the case of the vapor phase, the contact layer density
is approximately 1 g-cm™. The density in the liquid phase
beyond the three layers is constant at around 0.638 g-cm™ and
0.633 g-cm_3, for methanol and ethanol, respectively. On the
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other hand, vapor density decays to zero after a distance of
1.5 nm from the surface. The density of the fluid in the layer
adjacent to the surface increases with the increase in electric
field at a constant temperature for both liquid and vapor phases,
though the change in the vapor phase density is on the order
of 1 %, and that of the liquid phase is approximately 10 %.
However, overall vapor and liquid phase densities are reduced
due to the decrease in the density away from the contact layer,
which is more visible in the vapor phase, as evident in Figure 4.

Figure 5 shows a plot of critical temperatures vs the electric
field for methanol and ethanol. Table 4 summarizes the critical
properties of nanoconfined methanol and ethanol under
different electric fields. It is evident from the figure that the
change in critical temperature is quadratic in nature. With
increasing electric field, the critical temperature reduces until
a strength of 1.5 V-nm™', beyond which it increases. In the
absence of an external electric field, the ethanol shows a higher
critical temperature than that of methanol, as expected. However,
under the applied electric field the behavior of the critical
temperature reverses. As the electric field increases, the critical

dx.doi.org/10.1021/je5001582 | J. Chem. Eng. Data 2014, 59, 3090—-3097



Journal of Chemical & Engineering Data

Table 3. Vapor—Liquid Equilibrium Data for Ethanol in Confined Graphitic Slit Pore of 4.0 nm under Variable Electric Field”

density, density, density,
p/g:em™ [at E = 0.00 V-nm™"] p/gem™ [at E = 0.5 V-nm™] p/gem™ [at E = 1.0 V-nm™]
T (K) liquid vapor T (K) liquid vapor T (K) liquid vapor
300 0.689(6) 0277(5) 325 0.661(4) 0.268(6) 300 0.695(5) 0.269(4)
325 0.665(4) 0.274(7) 340 0.643(3) 0.265(8) 325 0.670(5) 0.267(12)
340 0.657(3) 0277(7) 360 0.621(6) 0.274(6) 340 0.653(2) 0.268(8)
350 0.643(5) 0.279(12) 370 0.617(6) 0.273(10) 350 0.645(6) 0.267(4)
360 0.633(3) 0.283(8) 380 0.599(10) 0276(12) 380 0.601(3) 0.286(7)
452(3) 0.431(4) 437(10) 0.420(9) 414(4) 0.413(3)
density, density, density,
p/g-em™ [at E = 1.5 V-nm™'] p/g-em™ [at E = 2.0 V.nm™'] p/gem™ [at E = 2.5 V-nm™']
T (K) liquid vapor T (K) liquid vapor T (K) liquid vapor
300 0.690(3) 0.263(5) 300 0.684(3) 0.259(8) 325 0.653(8) 0.242(11)
325 0.667(6) 0.264(13) 325 0.661(7) 0.258(10) 340 0.634(8) 0247(13)
340 0.651(6) 0.265(8) 350 0.639(4) 0.244(10) 350 0.624(9) 0235(7)
360 0.628(5) 0267(7) 360 0.624(8) 0.259(8) 360 0.618(7) 0.235(9)
370 0.616(4) 0.267(8) 375 0.592(9) 0262(7)
412(3) 0.413(9) 417(2) 0.400(8) 426(3) 0.376(3)

“The numbers in parentheses indicate the 67 % confidence limits of the last digit of the reported value.

(b) —0.0---05
L 1.0--- 1.5
R X | . 2.5

2.0
1.5}¢
2
£ 1.0
L
N
e  0.5f
0.0
o
£
@
)
Q b
0.0 J . . +
0.0 1.0 2.0 3.0
Z (nm)

4.0 0.0

- 2.0
Z (nm)

1.0

Figure 4. Density profiles of liquid phase (left panels) and vapor phase (right panels) of the nanoconfined methanol (top panels) and ethanol
(bottom panels), across the width of the graphite slit pore, under varying electric field at a temperature of 360 K.

temperatures of the methanol become higher than that of
ethanol. The difference is maximum at E = 1.5 V-nm™, at the
minimum critical temperature. However, with a further increase
in the electric field, the critical temperature of ethanol
approaches the value of methanol as can be seen for the case
of E = 2.5 V-nm™. In order to understand the reason for ethanol
to behave unusually, we consider a typical temperature of 340 K
to observe the effect of the electric field and the ethyl group
on the densities, with respect to the case for E = 0.0 Voam™L
The vapor-like phase of confined ethanol has a significantly
higher density compared to that of confined methanol, due to
the effect of the surface and the additional methyl group. With a
high density in the vapor phase, the cohesive energy per particle
is also higher in the ethanol vapor phase, making the vapor phase
of the methanol relatively more responsive to the external field.
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The effect of the preferential wetting on the surface by the alkyl
group is hardly seen in the critical temperature difference
between the two fluids at zero electric field. However, with
an increase in the electric field from E = 0.0 V.nm™ to E =
1.5 V.am™', due to the responsive vapor phase of methanol,
the vapor phase density is reduced by 8 % as opposed to 4 % in
ethanol. This primarily leads to the higher difference between
the vapor and liquid densities in the case of methanol. This
essentially means a higher temperature is needed to make the
two phases indistinguishable leading to relatively higher critical
temperature for the confined methanol compared to the confined
ethanol.

In order to understand the behavior of critical temperature,
we calculated the radial distribution function, g(r), of the liquid
phase of confined methanol and ethanol. Though g(r) is not

dx.doi.org/10.1021/je5001582 | J. Chem. Eng. Data 2014, 59, 3090—-3097



©)

Journal of Chemical & Engineering Data
460 found to increase beyond the first coordination shell, for both
—0—Methanol methanol and ethanol. The mean field theory®” states that
Z 450 L —O- Ethanol
= T, = cze/ky
=
£ ol where T, is the critical temperature, ¢ is a constant, z is the
B coordination number for a molecule in the fluid, € is the energy
g of interaction with the nearest-neighbor molecule, and kg is
E- 430 - Boltzmann’s constant. As per the theory a decrease in the
] coordination number up to an electric field strength of 1.5 V-
= a0t nm™! predicts a decrease in the critical temperature. A further
:f:: increase in the electric field, E > 1.5 V-nm™), increases the
S a0 b coordination number, and so does the critical temperature.
Hence, the mean field theory correctly predicts the behavior of
the critical temperature of nanoconfined polar fluids under
400 PRI the influence of the electric field. In order to understand the
0.0 05 1:0 1.5 20 25 effect of the electric field on the orientation of methanol and
Electric field (V/nm)

Figure S. Critical temperature, T,, of confined methanol and ethanol
in a graphitic pore of width 4.0 nm, against variable electric fields.

Table 4. Critical Temperature, T, and Density, p,, of
Methanol and Ethanol in Graphitic Slit Pore of Thickness
4.0 nm under External Electric Field, E*

methanol ethanol
E T, Pe T, Pe
V-nm™ K g-cm’3 K g-cm’3
0.00 450(3) 0.418(4) 452(3) 0.431(4)
0.50 434(10) 0.416(5) 437(10) 0.420(9)
1.00 418(5) 0.413(6) 414(4) 0.413(3)
1.50 416(4) 0.403(7) 412(3) 0.413(9)
2.00 420(3) 0.391(2) 417(2) 0.400(8)
2.50 429(3) 0.378(9) 426(3) 0.376(3)

“The numbers in parentheses indicate the 67 % confidence limits of
the last digit of the reported value.

affected significantly by the electric field, the integral of the
radial distribution function, i.e. the overall coordination
number, N(r) values in the liquid phase for both methanol
and ethanol are found to vary with electric field, as shown in
Figure 6. Interestingly, N(r) does not change much in the
presence of the electric field until the first coordination shell.
However, the difference is clearly observed at a higher distance.
It is clear from the plot that the coordination number decreases
up to E = 1.5 V-nm™. For E higher than 1.5 V-nm™, N(r) is

ethanol molecules under confinement, we investigated the order
parameter (S), defined as

1 2

N 2((3 cos” 6 — 1)) (10)
where 6 is the angle between the electric field and the end-to-
end vector. It is evident from this expression that when the
molecules are parallel or antiparallel to the field, ie., 8 € 0°,
180° S = 1. For the case when molecules are perpendicular
to the field, i.e., @ = 90°, S tends toward —0.5. In the random
alignment of molecules, S should approach 0.

Figure 7 shows the order parameter of different phases
against several temperatures for E ranging from 0 V-nm™' to
2.5 V.-nm™". The order parameter values are very small which
indicates a weak dependency of molecular arrangement on the
electric field. Figure 7a shows the variation of the order para-
meter of methanol molecules within the liquid phase. The order
parameter value increases slowly with increasing temperature
indicative of enhanced randomness at higher temperatures.
However, the value decreases with an increase in the electric
field. The order parameter value drops further when the electric
field is higher than 1.5 V-nm™. Lower values of the order
parameter indicate that the molecules tend to align along the
electric field. On the other hand, for the vapor phase, the order
parameter does not show any significant effect with electric
field at lower temperature (see Figure 7b). However, the effect
of the electric field is slightly visible at higher temperature,
where molecules orient toward the electric field at a higher
electric field. In the case of ethanol molecules, the order
parameter in the liquid phase is relatively irresponsive to the

8

Figure 6. Overall coordination number N(r) of the liquid phase at variable electric fields in V-nm™, for methanol (a) and ethanol (b). Insets show

closer view of coordination number near the first coordination shell.
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Figure 7. Order parameter S of liquid phase (left panels) and vapor phase (right panels) confined in graphitic pore of width H = 4.0 nm against

temperature for variable electric fields in V-nm™,

for methanol (top panels) and ethanol (bottom panels). The lines are to guide the eye.

temperature (see Figure 7c) as clearly seen for E = 1.5 V-nm ™!

However, alcohol molecules tend to orient more along the
electric field at higher E values. In the vapor phase, the behavior
of ethanol molecules is more or less similar to that seen for the
methanol. However, it should be noted that the errors in the
order-parameter values are high due to the competing effects of
the surface and electric field. Nevertheless, the order parameter
approaches the zero value line with the continuous increase in
the temperature, as expected due to the increase in the thermal
fluctuations with increasing temperature favoring a more random
alignment of the molecules.

4. CONCLUSION

We have studied the vapor—liquid phase transitions of methanol
and ethanol confined in graphitic slit pores of size H = 4.0 nm
under variable electric field strengths (0.0, 1.0, 1.5, 2.0, and 2.5)
Vonm™'. The electric field is found to reduce the critical
temperature of the nanoconfined methanol and ethanol up
to a field strength of 1.5 V-nm™}, and thereafter the critical
temperature increases for both methanol and ethanol with
increasing electric field. The critical density is found to decrease
with increasing electric field. We have also investigated the
coordination number N(r), in the liquid phase, of confined
methanol and ethanol under electric fields. It is found that N(r)
decreases up to a field strength of 1.5 V:-nm™ and increases
thereafter for both methanol and ethanol. This explains the
observed trend in the critical temperature as per the mean field
theory.
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