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Abstract: Most previous studies on nanofluidic motions were focused on liquid-solid interactions, with
the important role of gas phase being ignored. Through a molecular dynamics simulation, we show that
the gas-liquid interaction can be an indispensable factor in nanoenvironments. Gas molecules in relatively
large nanochannels can be dissolved in the liquid during pressure-induced infiltration, leading to the
phenomenon of “nonoutflow”. By contrast, gas molecules tend to form clusters in relatively small
nanochannels, which triggers liquid defiltration at a reduced pressure. The results qualitatively fit with the
observations in a high-pressure-resting experiment on nanoporous silica gels.

Introduction

Understanding behaviors of liquids in nanoenvironments is
of important relevance to drug delivery, programmable catalysis,
selective absorption, and energy-related applications, among
others. For instance, as a nonwetting liquid is forced into an
otherwise energetically unfavorable nanopore by applying an
external pressure, the thermodynamic equilibrium at the liquid-
solid interface can be directly controlled by mechanical methods.
As a result, a significant portion of the work done by the external
pressure is converted to the solid-liquid interfacial tension, and
this structure can be used for developing high-performance
energy absorption and control systems.1

The fundamental infiltration and defiltration mechanisms of
nanofluidics are distinct from that of bulk phases, as analyzed
by a number of molecular dynamics (MD) simulations in the
past few years.2 However, in most of these analyses, the liquid
molecules were placed in vacuum nanotubes or nanochannels.
For example, Hummer et al.3 reported that a chain of water
molecules could spontaneously enter and continuously exist in
a carbon nanotube (CNT), resulting in water conduction, while
the absolute vacuum condition in their simulations is difficult
to achieve in real experiments. By embedding CNTs in a thin

membrane, Holt et al.4 were able to measure water or air flows
through the nanotubes; however, neither gas nor liquid molecules
were entrapped in the nanotubes, and such a system could not
be used for energy absorption. Currently, the study on gas
nanophase effects was focused on large liquid-solid interfaces
for flow boundary condition analysis,5 surface force measure-
ment,6 and gas solubility in water-filled nanopores.7 Both
computational and experimental investigations on the kinetics
of gas-liquid-solid interactions in confining nanoenvironments
are still lacking.

In a bulk liquid, the gas nanophase that typically consists of
a few to several hundred gas molecules often has secondary
influence on the liquid motion, in part due to the low gas
molecule density that is usually a few orders of magnitude
smaller than that of liquids. Thus, within a constant volume,
the overall forces exerted on liquid by gas molecules are
negligible, compared with liquid-liquid and liquid-solid
interactions. In a nanochannel, however, due to the radial
confinement the effective gas molecular density significantly
increases. As the nanotube diameter is smaller than a few
nanometers, a single gas molecule could make it difficult for
the infiltrated liquid molecules to bypass it; thus, the gas
molecule is analogous to a moveable “divider” which keeps
liquid molecules on one side, and the gas molecule can also be
pushed out of the way by the infiltrated liquid molecules. In
our recent experimental study on nanoporous silica gels, as will
be discussed in detail shortly, it was discovered that the liquid
defiltration in nanopores of relatively high gas concentrations
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was much easier than in nanopores of relatively low gas
concentrations. In the current study, through an MD simulation,
we show that the mass and energy exchange between gas and
liquid phases, which has long been ignored in studies on
nanofluidic motions, can be a dominant factor. In a nanotube,
the gas solubility is no longer a material constant; rather, it is
highly dependent on the characteristic length scale and signifi-
cantly affects the liquid motion.

Results and Discussion

Atomistic Study of the Gas-Liquid -Solid Interactions
in a Nanoenvironment.CNTs with varying radii are employed
as model nanoenvironments to explore the fundamental size
effects of nanofluidic behaviors, without introducing additional
parameters such as pore surface features. Insights of effective
gas solubility were obtained by studying a cluster of 12 carbon
dioxide (CO2) molecules8 in water confined by CNTs of four
different radii. The CO2 cluster was placed in the middle of a
long open-ended tube and surrounded by water molecules, and
the MD simulations were carried out at a constant temperature
(300 K) with a constant pressure of 10 MPa for 20 ps, by using
a condensed-phased optimized molecular potential for atomistic
simulation studies.9 The average distance between carbon atoms
in the nearest CO2 molecules is plotted as a function of CNT
radius in Figure 1, where the separation is considerably larger
in larger tubes, indicating an easier solvation. In a small
nanotube (e.g., (10,10)), the space is insufficient for the water
molecules to surround and dissolve the CO2 molecules, and thus
the integrity of the CO2 cluster remains, whereas in a relatively
large pore (e.g., (40,40)), the CO2 molecules were quickly

dissolved in the water in a few picoseconds. That is, there is a
critical pore size below which the solvation of CO2 molecules
becomes difficult. The observations hold at other pressures; thus,
during the liquid infiltration into a small nanochannel with
increasing pressure, the CO2 cluster is likely to remain with
high pressure and thus play an important role, whereas the CO2

phase can be rapidly dissolved in a large tube and the solid-
liquid interaction dominates the nanofluidic behavior. Note that,
if the gas molecules cannot be entrapped, such as at a large
solid surface or in a through-fluidic channel, the gas solubility
would exhibit different characteristics as the length scale
approaches the nanometer level.5 Moreover, in the current study,
the simulation time is insufficient to reveal the saturated liquid-
gas mixture configurations, which have been discussed by a
number of researchers.6,10

Inspired by the size effect of the gas solubility study, we
investigated (10,10) and (40,40) CNTs to analyze the effect of
gas phase on liquid infiltration and defiltration behaviors in a
nanoenvironment. One end of the CNT was closed, providing
a simplified boundary condition for either the end of a closed
nanochannel or the symmetric compression of liquid and “gas
phases” (CO2 molecules) from both ends of a long nanochannel.
Initially, the tube either was vacuumed or contained a certain
number of CO2 molecules, and its surface was assumed
smooth.11 The CNT length was chosen such that the end effect
was negligible in the initial infiltration stage12 (but it will become
important at the final stage of infiltration and the initial stage
of defiltration, when the entire pore is almost filled with water,
discussed below). Depending on the tube size, the CNT was
surrounded by several thousands of water molecules at a
constant temperature (300 K) with an initial pressure of 0.1 MPa.
By varying the size of the computational cell, the pressure
variation in the system (up to 100 MPa in this study) was
obtained through the bulk modulus of water (2.1 GPa). All
pressure values referred in this study are that in the water phase.
At any pressure, a normalized volume fraction of the infiltrated
water molecules was calculated, which is defined as the number
of H2O molecules in the CNT divided by that at 100 MPa, both
measured at 50 ps after quasi-equilibrium. In essence, the
volume fraction indicates the infiltrated volume of liquid in the
nanotube at a given pressure.

In a bulk water structure, a H2O molecule has approximately
four hydrogen bonds; however, a molecule adjacent to the open
end of a CNT tends to lose one or two hydrogen bonds, thus
having a higher energy level. Therefore, in the absence of other
assistance (e.g., an external pressure), the H2O molecules near
the CNT open end must rely on random thermal vibrations to
overcome the energy barrier to lose hydrogen bonds and to
infiltrate into the hydrophobic CNT. When a (10,10) CNT was
initially vacant, with the aid of pressure difference (at 78 MPa),
H2O molecules gradually diffused into the CNT and the
normalized water volume was about 27% (Figure 2a). On the
other hand, when the same CNT initially contained a single
CO2 molecule, due to the van der Waals attraction exerted by

(8) The carbon dioxide was chosen since its solubility in bulk water is high,
which helps to accelerate simulation. The essential features were retained
as nitrogen or oxygen was chosen.
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varying cross sections to better match the parallel experiments. Although
different infiltration and defiltration rates were observed, similar gas-phase
effects and tube radius effects were revealed.

(12) The interaction between the CNT atoms and water molecules is the van
der Waals interaction, whose cutoff distance is about 1 nm. The effect of
the CNT capped end on initial infiltration behavior is secondary as long as
the tube (pore) length is much longer than 1 nm.

Figure 1. Gas solubility study showing the average distance between the
nearest carbon atoms in CO2 molecules as a function of the nanopore radius.
The insets show snapshots at 20 ps: in the smaller (10,10) tube the gas
molecules form a cluster, whereas the gas molecules were quickly dissolved
in a larger (40,40) tube. The water molecules were in red, and the CO2

molecules were in blue.
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the CO2 molecule, under the same pressure the normalized water
volume was 68% (Figure 2b), nearly 2.5 times larger. The effect
of the CO2 molecule on infiltration is obvious where the CO2

molecule has helped the liquid to enter the nanotube. Note that
in most previous MD studies on liquid motions in nanochan-
nels,2 this important effect was ignored, which would lead to
an underestimation of the liquid infiltration rate.

The CO2 molecules can also be critical to the defiltration
process. In the MD simulation, a long one-end-capped (10,10)
CNT that encompassed 10 CO2 molecules was analyzed. Due
to the dramatically decreased gas solubility in a small nanopore,
when the pressure was increased, the infiltrated H2O molecules
pushed the CO2 molecules toward the capped end to form a
cluster (similar to the inset in Figure 1); meanwhile, the water
pressure was increased continuously, leading to the entrance of
more H2O molecules, which stabilized at 100 MPa (Figure 3).

By comparing the total free energies of a CNT filled by water
molecules and an empty CNT with the same amount of water
molecules surrounding it, the effective excess CNT-water
interfacial tension can be obtained as 58 mJ/m2. According to
the classic capillary theory, the infiltration pressure should be
around 160 MPa, qualitatively fitting with the MD simulation
result, indicating that the long-term structure of the ensemble
is governed by thermodynamics. This was recently confirmed
by continuum analyses,13 mean-field models and simulations
of nanofluidic properties,14 as well as atomic simulations on
saturated gas concentrations,7 where unique nanometer-scale
phase behaviors were revealed. However, since thermodynamic

models predicted reversible system performance, to capture the
hysteresis of the infiltration-defiltration loop, kinetics of
liquid-gas-solid interaction must be taken into consideration.
In the current study, it was observed that upon unloading the
water molecules were confined in the CNT until the pressure
was lower than about 25 MPa, at which point the H2O molecules
began to “flow” out. In essence, at the defiltration pressure of
23 MPa in this simulation, the gas molecule cluster was able to
repel the water molecules out. About one-third of the water
molecules exited the nanochannel when the pressure was
reduced to 1 bar. Note that a prerequisite for the formation of
a gas molecule cluster is that the CNT diameter should be
sufficiently small, less than a few nanometers.15 Thus, the
numerical analyses indicated that the defiltration is possible for
relatively small nanopores and the trapped gas phase is the
critical driving force, both in qualitative agreement with the
experimental observations that will be discussed below.

By contrast, if the nanopore was relatively large, with
increasing pressure the water molecules infiltrated into the
nanopore and dissolved the CO2 molecules (inset in Figure 1)
and thereby filled the CNT volume at a sufficiently high
pressure. The situation then became similar to that of Figure
2a where the CNT was initially vacant and the liquid-solid
interaction dominates. To study the effect of CO2 molecules
on the liquid defiltration, in Figure 3 MD simulations for the
same (10,10) CNT without and with CO2 molecules were
compared. In the absence of the CO2 molecules, the normalized
infiltrated water volume was about 27%; the number of the H2O
molecules inside the CNT remained constant until the pressure
was increased to a critical value, at which point pressure-induced
infiltration started to take place. The higher pressure lifted the
system energy to the threshold of breaking roughly one-half of
the hydrogen bonds for several H2O molecules close to the tube
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Figure 2. Water infiltration in (a) a vacant CNT and (b) a CNT with a
single CO2 molecule; both were taken at 50 ps after equilibrium. The
infiltrated water molecules are red, and the CO2 molecule is blue. The water
molecules outside the CNT are gray.

Figure 3. Sorption isotherm curves of a CNT obtained from MD
simulation: with and without gas molecules.
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opening. Subsequently, more H2O molecules could enter the
CNT and the infiltration took place when the pressure was
between 78 and 100 MPa (saturation). The infiltration pressure
was thus determined to be about 80 MPa. Upon removing the
external pressure, all of the H2O molecules were “locked” inside
the CNT, since, after the H2O entered into the CNT, new
hydrogen bonds were generated and the H2O molecules had a
more favorable energy level. In addition, a van der Waals
attraction existed between the CNT wall and the infiltrated H2O
molecules. Thus, the numerical simulation predicted that “non-
outflow” is possible for either small nanopores without gas
molecules trapped inside or large nanopores where the gas
phases were dissolved in water.

Experiment on Nanoporous Materials.To validate the MD
simulation results of the gas-phase effect on nanofluidic
behaviors, a pressure-induced infiltration experiment was per-
formed on a hydrophobic nanoporous Fluka C8 end-capped silica
gel of average pore size ofr ) 7.8 nm and standard deviation
of 2.4 nm. At the first-order approximation level where the
solid-liquid interaction was characterized by a single parameter
of effective interface tension, it could be employed as an
“analogue” to the CNTs, even though the details of its pore
surface features were abundantly different. The specific surface
area of the silica gel was 287 m2/g, and the particle size was
15-35 µm.16 Initially, 0.5 g of the nanoporous silica gel was
immersed in 7 g of 15 wt %aqueous solution of sodium chloride
and sealed in a polymethyl methacrylate container, as depicted
in Figure 4. The nanopores of the silica gel were of a three-
dimensional structure, which has been discussed by Polarz and
Smarsly.17 The sodium chloride was added to improve the gas
solubility, so that the phenomena predicted in the MD simulation
could be more pronounced. The addition of sodium chloride
might increase the complexity of liquid behaviors in nanopores,
the details of which are still under investigation. Nevertheless,
the major characteristics of infiltration and defiltration were not
affected.1

By using a type 5569 Instron machine, immediately prior to
the infiltration-defiltration experiment, a preloading cycle was
applied so as to deactivate the inaccessible pores, with crosshead
speed of 0.5 mm/min and maximum pressure of 40 MPa. The
air bubbles in between the silica particles were removed by using
a Branson 200 ultrasonic machine before the test. Note that a

significant amount of gas molecules was entrapped in the
nanopores.18 As the piston was compressed into the container,
the piston displacement,d, and the force acting on the piston,
F, could be continuously measured. We denotedA ) 286 mm2

as the cross-sectional area of the piston. The applied pressure
was calculated asP ) F/A, and the specific system volume
change was defined as∆V ) d‚A/m, with m being the mass of
the nanoporous silica gel. When the pressure was low, water
could not enter the hydrophobic nanopores, resulting in a
relatively linearP - ∆V relationship with the slope close to
the bulk modulus of water. When the pressure was higher than
the critical value of 17 MPa, water could be forced into the
nanopores as the energy barrier associated with the capillary
effect was overcome, leading to the prominent infiltration
plateau of the sorption isotherm curve, as shown in Figure 5a.
The infiltration process was completed when the pressure was
27 MPa. As the applied load was reduced, after the initial linear
unloading, the confined liquid came out of the nanopores,
forming the defiltration plateau. When the applied pressure was
reduced to zero, most of the nanopore volume had been
recovered, and therefore, as the loading-unloading cycle was
repeated the sorption isotherm curve was nearly the same as
the first loop. During the infiltration and defiltration process,
the liquid phase was clear and no air bubble could be detected,
indicating that the gas phase in the nanopores remained
confined.19

(16) The gas absorption analysis was performed at Quantachrome Instruments,
Boynton Beach, FL.
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Kong, X.; Qiao, Y.Philos. Mag. Lett.2005, 85, 331.

Figure 4. Schematic diagram of the experimental setup. By compressing
the piston into the container, the liquid can be forced into the hydrophobic
nanoporous silica gel. As the pressure is reduced, the confined liquid may
or may not come out of the nanopores, depending on the gas content in the
nanoenvironment and the nanopore size.

Figure 5. Sorption isotherm curves of the C8 reversed-phase silica gel:
(a) subjected to a cyclic loading and (b) with high-pressure resting. The
curves have been moved along the horizontal axis. During the high-pressure
resting, the gas molecules in the nanopores diffused out, which led to the
“nonoutflow”, indicating that the presence of gas molecules in the nanopores
is critical to the defiltration process.
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The excess gas molecules in the nanopores could be removed
through room-temperature diffusion. After the pressure-induced
infiltration, if the peak pressure was maintained at 50 MPa for
12 h, the confined liquid would remain in the nanopores.
Initially, due to the gradual dissolution of the entrapped gas,
the gas concentration inside the nanoporous silica gel was higher
than that outside, while over time an equilibrium condition
would be reached under hydrostatic pressure. As a result, the
gas molecules diffused from the nanopore and a large number
of air bubbles of average size of about 0.1 mm appeared. Under
this condition, as the applied pressure was subsequently reduced
to zero, little defiltration could be observed and therefore the
defiltration plateau was quite unclear, as shown in Figure 5b.
That is, most water remained in the nanopores, which could
also be verified from the second loading cycle where very few
water molecules could enter the nanopores (i.e., the infiltration
plateau was much narrower compared with that of the first
loading). Under the atmosphere pressure, the total volume of
air bubbles appearing after the high-pressure resting, normalized
by the mass of silica gel, was about 0.35 cm3/g, smaller than
but close to the accessible nanopore volume. Clearly, during
the holding at peak pressure, the reduction in gas concentration
in nanopores significantly enhanced the confinement effect of
pore walls and resulted in the “nonoutflow” of the confined
liquid. In other words, the gas phase inside the nanopores
provided a critical driving force of defiltration, the absence of
which would cause difficulties of liquid motion, as predicted
by the MD simulation.21

In a comparison experiment on a Fluka C18 end-capped silica
gel immersed in water, it was confirmed that, in addition to the
gas content, the defiltration process was also affected by the
pore size. The average pore size of the silica gel was 22 nm,
with the standard deviation of 5.7 nm. The experimental
procedure were kept the same as that of the C8 end-capped silica.
It was observed that, no matter whether the high-pressure resting
was performed, the “outflow” was negligible. After the high-
pressure resting, the total volume of air bubbles was close to
the accessible nanopore volume (i.e., the gas diffusion charac-
teristics were quite insensitive to the nanopore size). Note that
while a few conventional porosimetry theories such as the
change in effective contact angle and the “ink-bottle” effect of
pore walls could relate the liquid behaviors to the pore size,20

the gas-phase effect is pronounced only when the pore diameter

is comparable with gas molecular size and should be explained
by the MD simulations.21

Conclusion

To summarize, while the nominal gas molecule density is
lower than that of liquids by orders of magnitude, the influence
of gas molecules on liquid infiltration and defiltration in
confining nanoenvironments can be significant, and ignoring it
can be questionable. The MD simulation of nanotubes not only
shows the dependence of the defiltration behavior on the pore
size and the pore surface properties, but also reveals the inherent
interactions between gas and liquid phases, where the effective
gas solubility highly depends on the characteristic length scale.
In a nanochannel, even a single gas molecule can significantly
promote the liquid infiltration and may make the confined liquid
unstable. The low effective gas solubility in a small nanochannel
leads to the formation of trapped gas clusters during infiltration
and the outflow behavior during defiltration, whereas the liquid-
solid interaction is dominant after the gas phase is dissolved in
larger nanopores or after the gas phase is diffused out of small
nanopores, causing the nonoutflow phenomenon. Note that the
current experimental work is only loosely related to the MD
simulations. It shows analogous liquid behaviors but does not
provide a quantitative validation of the numerical results. More
work is in progress to better match simulation with experiment,
with system parameters such as the pore surface features and
coverage being incorporated, and to deduce the quantitative
contribution of gas effect on infiltration and defiltration in
selected systems. Since gas entrapment in nanopores and
nanotubes is almost inevitable in practice, for analyses of
nanofluidic motions its effect must be carefully taken into
consideration.
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