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Abstract

Confining liquid in a hydrophobic nanoenvironment has enabled a broad spectrum of
applications in biomedical sensors, mechanical actuators, and energy storage and converters,
where the outflow of confined liquid is spontaneous and fast due to the intrinsic hydrophobic
nature of nanopores with extremely low interfacial friction, challenging design capacity and
control tolerance of structures and devices. Here, we present a facile approach of suppressing
the outflow of water confined in hydrophobic nanopores with an electric field. Extensive
molecular dynamics simulations show that the presence of an electric field could significantly
strengthen hydrogen bonds and retards degradations of the associated networks during the
outflow. The outflow deformation and strength are extracted to quantitatively characterize the
electrical suppression to outflow and agree well with simulations. This study proposes a
practical means of impeding the fast liquid outflow in hydrophobic nanopores, potentially
useful for devising nanofluidics-based functional structures and devices with controllable

performance.
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Introduction

Liquids confined in hydrophobic nanopores and nanochannels have demonstrated
extraordinary electrical, transport, and hydrodynamic properties due to strong
nanoconfinement effects, including superfluidity,! fast mass transport,*® anomalously low

2 solid-like ordering,'> enhanced

and negative dielectric constants,!' Coulomb blockade,'
thermal transport,'* ! and extreme phase transition temperature.'® !” These unconventional
properties have enabled numerous designs and explorations to nanofluidics-based functional

structures and devices with broad applications in chemical and biological sensing,'®2° energy

24,25

storage and conversion,?'"?* fluidic transistors and diodes, mechanical absorbers/dissipaters

26, 27 and water desalination.”®*° Among these designs, because of the

and actuators,
hydrophobic nature of nanopores and nanochannels that will drive the spontaneous, fast
outflow of liquids once intruded, the regulation and control of the outflow is the key. For
example, slowing down the translocation speeds of liquid molecules flowing out of solid-state
nanopores is essential to improve the sensitivity of biosensing.’! Outflow control to the
intruded liquid is also the foundation in nanoporous materials-liquid-enabled reusable energy
dissipation systems.**3* Moreover, with the appropriate control and manipulation of confined

liquid outflow, the release of associated solid-liquid interfacial energy can lead to a significant

mechanical output/strain and has been leveraged to design nanofluidics-based actuators.**

In fundamental, the intrusion process of bulk liquid into hydrophobic nanopores is a
continuous and stable stage even subjected to an external stimulus such as electric field*> ¢ or
temperature.’’ By contrast, the outflow of confined liquid usually shows a metastable state due
to the enhanced cohesion of liquid molecules at a confined nanoenvironment,*® 3° which
hinders the outflow. Besides, our recent work reveals that this liquid outflow is intimately
determined by dynamic orientations of molecular dipoles and hydrogen-bond networks at the

liquid-nanopore interface and can be well described by a solid-like mechanics model with the
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incorporation of temperature and pore size.** Inspired by the response of solid-liquid
interaction to electric fields, harnessing the solid-like outflow behavior and the associated
metastable state of liquid confinements in an electric field could yield a promising manipulation
strategy and control approach to liquid outflow, but is currently lacking. In this work, we report
an electrical suppression approach to slow down the outflow of water confined in hydrophobic
nanopores. Full-scale molecular dynamics (MD) simulations were performed, and the results
show that the presence of an electric field across the nanopores could significantly weaken and
even break the cohesion of confined water molecules in nanopores, thus retarding the outflow
process. Further comprehensive analyses on the internal stress and hydrogen bonding (H-bond)
network of the confined water suggest the electric field enhance largely the arrangement order
of the H-bond networks and thus alleviate degradation of H-bond networks during outflow.
Besides, the rotational dynamics of water molecules is restricted by an electric field, which
agrees well with the suppressed outflow of confined water. The present study suggests a facile
approach to slow down the fast outflow of confined liquid with electric fields and could be

used for designing electrically controllable nanofluidic devices and functional structures.

Results and Discussion

Retardation in outflow of intruded liquid under an electric field. The inset of Figure 1a
depicts the atomistic modeling, which includes a hydrophobic silica nanotube with a length of
Lo = 11.95 nm and a variable radius r fully immersed in a water reservoir. The reservoir is
sandwiched between a rigid piston (positive z-direction) and a rigid wall (negative z-direction).
Details of the modeling are included in the Methods section. Figure 1a presents the history of
the pressure P exerted on the piston during a loading-unloading cycle, equivalent to the

hydrostatic pressure in the hydrophobic nanopore/water system, where the radius of nanopore



1o 1s 1.57 nm. In the absence of a pressure loading, water molecules cannot spontaneously
infiltrate the nanopore due to its hydrophobic nature. Upon a quasistatic pressure loading, P
initially increases with the system volume change AV /V, (black curve), where V|, denotes the
initial volume of the system. A plateau of P is observed as it reaches the infiltration pressure
P, = 63.2 MPa (determined as the plateau value), where the water molecules substantially
infiltrate the nanopore at the overcoming of capillary resistance. With AV /V, = 0.083, a
confined water cylinder is formed and fully occupies the nanopore, leading to the

incompressibility of the system and the following rapid increase in P with AV /V,.

During the quasistatic unloading process, the solid-liquid interaction drives the outflow,
leading to the reduction in P. The P-AV /V, relation coincides with the loading history before
the system recovers from the overloading stage with AV /V, > 0.083 (colorful curves). The P
history starts to deviate from that during the loading, and the deviation (P;, — P) reflects the
confined liquid cohesion against the outflow. Based on the pressure balance in the system, the
outflow can be modeled as a uniaxial tensile load on the confined water cylinder.*> A nominal
stress o and strain € can be defined as (P, — P) and (AVj/Vy — AV /V,), respectively, to
characterize the outflow (Figure 1b), where AV is the critical volume change that leads to
the complete infiltration of the nanopore.*’ The turning point in the P-AV /V, curve indicates
the breakdown of liquid cohesion and the failure of the confined water cylinder, which
corresponds to the ultimate stress in the a-& curve. The P-AV /V, relationship returns to that
during the loading process after the breakdown of liquid cohesion, which triggers substantial
outflow reflected by the rapid reduction in the number of confined water molecules N,, (Figure
1¢). Such a triggering mechanism is different from that due to the variation in confinement
geometry.*!* ¥ In the presence of an electric field in the positive z-direction, the substantial

outflow is delayed, as reflected by a higher ultimate stress and failure strain in Figure 1b. Video



S1 presents the atomistic animation showing the retardation of outflow in the presence of an
electric field. With an enhanced strength of electric field E, the delay is more significant.
However, the applied electric field does not influence the early stage of outflow before the
failure of the confined water, suggested by the similar slopes in o-¢ and N,,-¢ curves. Similar
phenomena can be observed with different confinement sizes 1 (see Figures S1 and S2).
Further analyses indicate that the applied electric field does not introduce asymmetric outflow

before the break of the confined water cylinder (Figure S3).

Figure. 1d,e presents a series of snapshots of the confined water molecules during the
outflow process with E = 0 and 0.3 V/nm. The shapes of the water cylinders are almost the
same when & < 4.0% despite the presence of the electric field. The solid-like necking behavior
is delayed with E = 0.3 V/nm at € =6.8%, compared to € = 5.3% without electric fields.
Figure 1f,g shows the evolution of confined molecule number Ny, jocq) at various radial
locations /1, and nominal strain € values, normalized by its maximum, confirming that the
applied electric field can delay the outflow. For both E = 0 and 0.3 V/nm, the outflow occurs

adjacent to the nanopore wall, reflected by the “yellow notch” r /1y = 0.8.

Mechanical characterization of the outflow. Extensive calculations are performed to
investigate the effects of confinement size 1 and electric field strength E on the outflow. The
outflow is quantitatively characterized by the elastic modulus Y and ultimate stress Fry of the
confined water cylinder (see Methods section), corresponding to the early and later stages of
the outflow. According to Figure 2a, Y does not depend on the electric field. In contrast, Fry
increases with the increase of E. Both Y and Fpyy show enhancements at a stronger confinement
effect (smaller 1y). These observations can be further understood by examining the polar
structures of confined water molecules via the polar structural factor S(q) (see Methods

section).



Figure 2¢ shows that a regular, rotational-symmetric scattering pattern in S(q) is observed
with £ = 0 V/nm and € = 0%, indicating the ordered intermolecular structure of water
molecules due to the confinement effect. An electric field with E = 0.3 V/nm does not impact
the pattern or the intermolecular structure, corresponding to an unchanged Y. A similar
phenomenon is observed with different confinement sizes 1, (Figure S4). With E = 0 V/nm
and & = 5%, the intensity at |g| = 0.5 nm™! vanishes, suggesting the loss of molecules adjacent
to the solid-liquid interface due to the outflow. In addition, the dot-like patterns at |q| = 0.25
nm! become discontinuous rings, indicating that the intermolecular structure becomes
disordered. However, the electric field E = 0.3 V/nm can maintain the dot-like patterns and

the structural order at € = 5%.

Degradation of hydrogen-bonding network. Analyses on the H-bond network are carried out
to understand the outflow mechanism subject to an electric field. Figure 3a demonstrates the
H-bond snapshots, where the balls and sticks represent water molecules and H-bonds,
respectively, and the color indicates the number of H-bonds owned by a water molecule nyg.
At € = 0%, the H-bonds network spread over the water cylinder, and nyg is higher near the
central axis for both E = 0 and 0.3 V/nm. Close to failure of the water cylinder (¢ = 5.3% and
6.8% for E = 0 and 0.3 V/nm), the H-bond network is reduced to one or several chains within
the necking region while the rest of the network remains unchanged, suggesting that the
network degradation is a localized effect (Video S2). Figure 3b illustrates the evolution of the
ensemble average of the H-bond occupation < nyg > during the outflow with various E. A
higher E can delay the reduction in < nyg >, which is consistent with the delay in N,, (Figure
Ic). In addition, such reduction is more significant after the failure of the confined water
(marked by the ‘X’ symbols) but remains almost constant beforehand, which confirms the

localized feature in H-bond-network degradation. The same statement can be drawn by



comparing the evolution of < nyg > within the necking region according to the inset of Figure
3b. These localized features under electric fields are different from that in the electrowetting

of hydrophobic membranes and channels.*>#*

To further probe the H-bond degradation, Figure. 3¢,d demonstrates the variation of local
H-bond number density pyg with € at different radial locations r/r,. The black dashed line
separates the bulk region and interface region, where the interface region is recognized by the
outermost peak in the radial number density distribution (Figure S5). A significant pyg peak
locates in the interface layer for both E = 0 and 0.3 V/nm, which is caused by the densification
of water molecules.*’ The higher pyg is correlated with the notable surface stress exerted on
the confined water, presented in Figure 3e,f. During the outflow, such peak is reduced by the
loss of molecules and vanishes before the failure of the water cylinder, illustrating the H-bond
degradation is initiated in the interface layer. In addition, the outflow leads to a blurred pattern
in the distribution of pyp in the bulk region, suggesting a more disordered intermolecular
structure at a higher &, which is also reflected by the wavy radial distribution in axial virial
stress g,, at € = 5% in Figure 3e. With E = 0.3 V/nm, this effect of structural disorder is
suppressed, as presented in Figure 3d,f. This suppression agrees with the enhanced surface
stress and the increase of the associated surface energy density by the electric field (Figures
S6 and S7), which is similar to the electrowetting of hydrophobic membranes and channels.*
* Figure 3g shows the ensemble average of the H-bond orientation < cos(fyg_,) >, where
Oug—_, 1s the angle formed by the nanopore axis and H-bonds and ranges between 0 and 90
degrees. The insets present the cos(fyg—_,) contours with axial and radial locations at € = 0
(left) and 5% (right), and with E = 0 (top) and 0.3 V/nm (bottom). Variations of tetrahedral
order parameter further confirms the change of intermolecular structures during the outflow

(Figure S8).



Mechanisms in dynamics of confined molecules. Figure 4 compares the H-bond potential of
mean force (PMF, see Methods section) with respect to the molecular separation g and pair
angle Bpy (inset of Figure 4a) with different € and E. Each pair of water molecules with
potential of forming an H-bond is considered. The rectangular region at the bottom-left
corresponds to the formation of H-bonds, and a lower PMF in this region suggests a higher H-
bond strength.*> Two PMF barriers (in red color) locate at the top and on the right of the H-
bond region, and respectively correspond to breaking an H-bond with the rotational and
translational motion of water molecules. A saddle region locates around 79 = 3.2 A and
Oon = 35 degrees. Without the applied electric field, the outflow reduces the strength of H-
bonds at € = 5%, demonstrated by the broadened saddle and the lowered PMF in the valley
outside the H-bond region (Figure 4b). In the presence of an electric field with E = 0.3 V/nm,
the PMF remains the same as that in the absence of the electric field at ¢ = 0 (Figure 4c¢), in
good consistency with the unchanged intermolecular structure in Figure 3b,g. However, the
electric field can maintain the H-bond strength against the outflow at € = 5%, indicated by a

similar PMF contour at € = 0% (Figure 4d).

To understand the molecular mechanisms of the H-bond orientation (Figure 3g), Figure S5a
shows the probability density distribution of the angle between the axial (z-) direction dipole
orientation 8,_, at various radial locations r /1y (r; = 1.57 nm) with &€ = 0%. The distributions
are different in bulk and interface regions. The dominance of 6,_, is 90 degrees in the bulk
region, while two preferences locate at 45 and 135 degrees in the interface layer, which are
caused by the solid-liquid interaction. In general, the distribution is axial-symmetric with
respect to 6,_, = 90 degrees. With E = 0.3 V/nm (Figure Sb), the symmetry of the
distribution breaks down and the preference of 6,_, shifts to ~ 135 degrees, indicating the

strong regulation effect on water orientation. We should note that this dipole behavior may lead



to a local variation of the applied static electric field.*® Figure 5c further shows the probability
density distribution of 6,_, with E = 0 and smaller nanopore size (7, = 1.07 nm).
Consequently, a higher portion of confined water molecules is included in the interface region
as the border shifts to r/ry = 0.4 (Figure S5). However, the preference of §,_, in bulk and
interface regions remains the same as that with 1, = 1.57 nm (Figure 5a). The electric field of

E = 0.3 V/nm generates a similar impact on 6,,_,, as shown in Figure 5d.

Both rotational and translational dynamics of the confined water that reflects structural
rearrangement were also extracted to understand the molecular mechanisms in the retardation
of H-bond-network degradation subject to an electric field. Figure Se plots the effect of the
electric field on the rotational dynamics of the confined water, where the rotational correlation
time Ty, is determined by fitting the rotational auto-correlation function C,(7) (see Methods
section and Figure S9). In the absence of the electric field, at € = 0%, T o is ~1.25 ps at
different radial locations 7 /1, (solid navy symbols), close to that in water without confinement
(dashed cyan line). At € = 5%, T slightly drops to ~1.20 ps within the interface region,
suggesting more vibrant rotational dynamics (hollow navy symbols), which corresponds to the
degradation of H-bond initiated in the interface region (Figure 3c). An electric field with E =
0.3 V/nm systematically promotes 7., above 1.6 ps at € = 0% (solid red symbols), which
indicates the restriction on the rotational dynamics of the confined water molecules and
corresponds to the delay in the H-bond-network degradation (Figure 3d). In addition, T ot
within the interface region increases to ~1.75 ps, notably higher than 1.60 ps obtained without
confinement (pink dashed curve). This phenomenon suggests that the electric field can enhance
the confinement effect and further restrict the rotational dynamics close to the solid-liquid
interface. At € = 5%, 7ot drops to 1.60 ps (hollow red symbols), similar to the case without

electric fields.



To highlight the effect of confinement size on the rotational dynamics of water molecules,
Figure 5f shows 7.4 in nanopores with r, = 1.07 and 1.31 nm at € = 0%. In the absence of
electric fields, .o With 1y = 1.31 nm (solid navy symbols) and 1.07 nm (hollow navy symbols)
is close to that with ry = 1.57 nm. However, the electric field with E = 0.3 V/nm can further
enhance 7., if the confinement effect is stronger (i.e., smaller 1), indicating more severe
restrictions on the rotational dynamics, which is consistent with the higher ultimate stress Fry
at a smaller 7 in Figure 2b. In addition, analyses of the mean square displacement indicate that
the electric field can restrict the translational dynamics of confined water molecules (see

Figures S10 and S11), which also partially contributes to the delay of outflow.

Conclusion

We have reported the outflow suppression of confined water in a hydrophobic nanopore with
an electric field. Full-scale MD simulations were performed, and the results indicate that once
the liquid is intruded into a hydrophobic nanopore, the subsequent outflow process is composed
of an initial continuous part and a substantial one associated with the failure of the confined
water. The electric field could enhance the ultimate failure strength of the confined water,
leading to an overall delay in the outflow process. Extensive calculations also reveal that the
presence of an electric field promotes the arrangement order of the H-bond network and thus
delays its degradation. Further study on the intermolecular structural rearrangement indicates
that this alleviated degradation attributes to the restriction to the rotational dynamics of
confined water molecules. Besides, smaller confinement pore sizes lead to more severe
restrictions. The present study offers a mechanism foundation for understanding the outflow of
confined liquid in response to an external electric field and also sheds insights for electrically
controlling and manipulating the confined liquid in the design of nanofluidic devices and

functional structures.
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Methods

Atomistic modeling and computational methods. The computational model contained a
hydrophobic silica nanotube with a length of L, = 11.95 nm and a radius 1, = 1.07, 1.31, or
1.57 nm immersed in a water reservoir. The water reservoir possessed a dimension of 7 nm (x-
direction) X 7 nm (y-direction) X 20 nm (z-direction) and was sandwiched by a piston moving
in the z-direction, and a rigid wall. The upper and lower ends were separated by ~6 and ~2 nm
from the piston (positive z) and wall (negative z), respectively. The behavior of water
molecules were described by the SPC/E model*’ while the silica nanotube were considered as
rigid as its rigidity does not affect the outflow behavior.*’ The interaction between the nanotube
and water molecules were modeled by the Lennard-Jones potential.>*> To mimic the
hydrophobicity of the nanopore, the equilibrium distance and potential well depth of the solid-
liquid interaction were set as g water—sinanopore = 3-319 A, €0,water—Si,nanopore = 0.1423
kcal/mol, 00 water-0,nanopore = 3.319 A, and €0,water—0,nanopore = 0.0455 kcal/mol.*® The
particle-particle-particle-mesh (PPPM) method with a root mean of 0.0001 was applied to
evaluate the long range Coulombic interactions. Periodic boundary conditions were applied to

both x and y-directions.

All molecular dynamics simulations were performed with LAMMPS.* The timestep was
set as 1 fs. The system was first equilibrated in the canonical (NVT) ensemble at the
temperature T = 300 K for 1 ns. In the following 1ns, the location of the piston was slightly
adjusted with a rigid body algorithm>® to ensure a zero pressure P on the piston. Next, A
quasistatic displacement load in the negative z-direction was applied on the piston to intrigue
the infiltration of water molecules. After the completion of infiltration, the system became
incompressible. An electric with a strength E between 0 and 0.3 V/nm, on the same order of

51, 52

that in ion channels or membranes, was applied in the positive z-direction across the
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nanotube. Such method has proved well in the study of the electrical effects on confined
liquids.>* °* Meanwhile, a quasistatic displacement in the positive z-direction was applied on

the piston to perform unloading, which initiated the outflow of confined water molecules.

Mechanical characterization method. The elastic modulus E was determine by taking the
linear stage of the nominal stress (o)-strain (¢) relationship within € < 3%. The ultimate stress
Fry was taken as the maximum of o, averaged by the values in the adjacent 10 ps. To reduce
the error caused by the thermodynamic noise,> each simulation was repeated by 5 times with
different random initial velocities of each atom, and the averaged results of Y and Fry were

reported in Figure 2.

Structural factor. The structural factor S(q) was calculated as'”

Ny 2 N 2
1
S@ =G |[ Dcosta-m | +( D sint@-ro | . (1)

In this expression,q represents the scattering vector, r; is the position vector of the i-th oxygen
atom confined in the nanotube, N,, is the total number of confined water molecules, and the
bracket denotes the ensemble average. At least 10,000 frames of molecular coordinates during

0.5 ns were utilized to obtain the S(q) at a given nominal strain € and electric field strength E.

Potential of mean force. The potential of mean force PMF with respect to the molecular
separation 1gq and pair angle 8gy were determined by PMF = —kzTg (700, Oon),* where kg
is the Boltzmann constant and 7 is the temperature. The distribution function of the two
variables g(rgo, fon) Was defined as the ratio of the average number of oxygen atoms in a
shell between 1 and rgg + drgo from a specific O atom if the pair angle 8oy is between
Oou +dOoy , to the same number if the molecules were noninteracting, which is

21p. sin By dOouréodroo . Here, p. is the number density of the confined water. In our
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calculations, the steps for radius dfoy and angles 8oy were 0.01 A and 0.4 degrees,
respectively. At least 10,000 frames of molecular coordinates during 0.5 ns were utilized to

obtain the PMF at a given nominal strain € and electric field strength E.

Rotational and translational dynamics. The rotational dynamics of the confined water
molecules was investigated with the rotational auto-correlation function coupled with the 2-

order Lagrange Polynomials>®

1
Cu(® =5 <3[u@®) - pt + D) 1>, (2)

where u is the dipole vector at time t. The rotational correlation time 7,4, can be obtained by

fitting the decay of C,(7) to an exponential function

Cu(7) o exp (— T:0t> . (3)

The translational dynamics of the confined water molecules was discussed with the mean-

square displacement, MSD, calculated via
MSD(7) =< |r;(t + 1) — 1;()|? >. (4)
The virial stress was calculated via

Nslab

1
v E (Mg, Vi j + Tiifij) (5)
slab T

O-ij =

where Vg, 1s the volume of the slab, subscript k denotes the k-th atom in the slab, m, is the
atomic mass, vy ; and vy ; are the atomic velocity vector components in the i and j-directions,
respectively, 7y ; is the position vector component in the i-direction, and f; ; denotes the force

vector component in the j-direction.

13



Supporting Information

Supporting Figures S1-11 showing additional pressure loading curves; nominal stress-strain
curves; outflow rates at both ends of nanotubes; polar structural factor; radial number density
distribution; confinement stress distribution; tetrahedral order parameter; rotational correlation
function; mean-square displacement (PDF). Supporting Video S1 showing the molecular
animation of confined water molecules during the outflow with an applied electric field.
Supporting Video S2 showing the degradation of hydrogen-bonding network during the

outflow with an applied electric field.
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Figure 1. Outflow of intruded liquid from a hydrophobic nanopore under an electric field. (a)
Applied pressure P on the piston as a function of the normalized displacement loading AV /V,

during the loading and unloading. The unloading is accompanied by an electric field with
strength E = 0, 0.1, and 0.3 V/nm. Upon unloading, the pressure difference (P;, — P) reflects
the liquid cohesion against the outflow, where P, denotes the infiltration pressure. The
confinement radius 7y i1s 1.57 nm. Inset: schematic of the atomistic model of the water-
hydrophobic nanopore system, which comprises a silica nanotube with a length of Ly and a
variable radius 7. L and UL stand for loading and unloading, respectively. The electric field is
applied in the axial (z-) direction across the nanotube. (b) Nominal stress-strain (o — €)
relationships during the outflow with different electric field strengths E. The nominal stress o
and strain ¢ are defined as (P;, — P), and (AV;s/Vy — AV /V,), respectively, where AV, is the
critical volume change that leads to the complete infiltration of the nanotube. (c) Number of
confined water molecules N, as a function of € during the outflow with multiple E values.
Uncertainties in (a)-(c) result from averaging the data in the adjacent 15 ps. (d), (¢) Atomistic
snapshots of confined water cylinders during the outflow with E = 0 and 0.3 V/nm. (f), (g)
Evolution of the local number of confined water molecules Ny, 10ca1 With € at various radial
locations r /1, and with E = 0 and 0.3 V/nm.
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Figure 2. Mechanical characterization of the confined liquid outflow in an electric field.
Comparison of (a) elastic moduli Y and (b) ultimate stress Fpy of confined water cylinders with
different confinement sizes r, and electric field strength E. (c) Structural factor S(q) of
confined water molecules at € = 0 and 5% and with E = 0 and 0.3 V/nm, where q is the
scattering vector. The confinement radius 7y is 1.57 nm.
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Figure 3. Hydrogen bonding network of the confined water during outflow subject to electric
fields. (a) Snapshots of hydrogen-bonding network at different nominal strain € and with
electric field strength E = 0 and 0.3 V/nm during the outflow. The confinement radius 7y is
1.57 nm. All scale bars represent 1 nm. (b) Ensemble average of hydrogen bonds owned by
each water molecule < nyg > as a function of nominal € with various electric field strengths
E. (c), (d) Evolution of the hydrogen bond number density pyg with ¢ at different radial
locations /1y and E = 0 and 0.3 V/nm. (e), (f) Radial distribution of the axial virial stress g,
at different € and with E = 0 and 0.3 V/nm. (g) Variation of the H-bond orientation during the
outflow with E = 0 and 0.3 V/nm, where Oyp_, is the angle between the HB and the axial (z-)
direction and varies between 0 and 90 degrees. Inset: distributions of Oyg_, along radial and
axial directions at different € and with E = 0 and 0.3 V/nm.
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Figure 4. Potential of mean force (PMF) of confined water molecules with (a) E = 0 V/nm and
e =0%, (b)) E=0 V/nm and € = 5%, (c) E = 0.3 V/nm and € = 0%, and (d) E = 0.3 V/nm
and € = 5%, where kg and T denote the Boltzmann constant and temperature, respectively.
Inset of (a): the PMF is based on the molecular separation rgq and pair angle 8oy of each pair
of water molecules confined in the nanotube. The confinement radius 7 is 1.57 nm.
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Figure 5. Dipole orientation and rotational dynamics of confined water molecules during the
flow subject to an electric field. Probability distribution of the dipole orientation angle 6,,_, at
different radial locations r /1, with (a) E = 0 V/nm and (b) E = 0.3 V/nm and a confinement
size of 1y = 1.57 nm, and (c) E =0 V/nm and (d) E = 0.3 V/nm and a confinement size of
7o = 1.07 nm, where 6,_, is the angle between the dipole vector u and the positive z —
direction. Rotational correlation time 7, at different radial locations r /7, (e) with E = 0 and
0.3 V/nm, & = 0 and 5%, a confinement size of r, = 1.57 nm, and (f) with E = 0 and 0.3 V/nm,
¢ = 0, and confinement pore sizes of r; = 1.31 and 1.07 nm.
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