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ABSTRACT: Nanoconfined fluids exhibit remarkably different thermody-
namic behavior compared to the bulk phase. These confinement effects
render predictions of thermodynamic quantities of nanoconfined fluids
challenging. In particular, confinement creates a spatially varying density
profile near the wall that is primarily responsible for adsorption and capillary
condensation behavior. Significant fluctuations in thermodynamic quantities,
inherent in such nanoscale systems, coupled to strong fluid−wall interactions
give rise to this near-wall density profile. Empirical models have been
proposed to explain and model these effects, yet no first-principles based
formulation has been developed. We present a statistical mechanics
framework that embeds such a coupling to describe the effect of the fluid−
wall interaction in amplifying the near-wall density behavior for compressible gases at elevated pressures such as pressurized methane
in confinement. We show that the proposed theory predicts accurately the adsorbed layer thickness as obtained with small-angle
neutron scattering measurements. Furthermore, the predictions of density under confinement from the proposed theory are shown
to be in excellent agreement with available experimental and atomistic simulations data for a range of temperatures for nanoconfined
methane. While the framework is presented for evaluating the near-wall density, owing to its rigorous foundation in statistical
mechanics, the proposed theory can also be generalized for predicting phase-transition and nonequilibrium transport of
nanoconfined fluids.

■ INTRODUCTION
Nanoconfined fluids exhibit remarkably different physical
behavior, such as anomalous phase transition and shift in
melting point and freezing point, compared to bulk fluids.1−5

Understanding the behavior of fluids confined in nanoporous
structures is relevant for reducing the impact of natural gas
production and predicting storage capacities in extreme
geological environments including shale and tight rock
formations.6,7 In addition to the efficient utilization of deep
geological formations for carbon-dioxide sequestration,8

storing hydrogen, and isolating nuclear waste, this under-
standing is also vital for developing nanofluidic devices.9,10

Heterogeneities and the effects of multiscale nature of pores
with sizes ranging from nanometers to a few micrometers on
fluid properties in unconventional formations remain a
knowledge gap.11,12 In nanoscale pores, fluids exhibit different
thermodynamic properties compared to the bulk phase mainly
due to the nanosystem size13 and significant fluid−wall
interaction due to confinement.14,15

Near the wall, nanoconfined fluid has a layered density,16−19

which was verified from X-ray reflectivity measurements20 and
atomic force microscopy.16 This layering arises due to entropic
and energetic effects, as a consequence of the confined motion
of the molecules at the wall and the resulting interaction with
the solid wall.21−24 Coupled with these entropic and energetic
effects are enhanced fluctuations in thermodynamic properties

due to the small system size, which is also responsible for the
significant shift in the phase transition and transport properties
of nanoconfined fluids.21 Several simulation efforts, employing
a range of fidelity and complexity, have reported anomalous
thermodynamic behavior. For example, these studies have
investigated the spatially heterogeneous density,25−27 the
layering structure in hard-sphere fluid via density functional
theory28−30 and perturbation theory,21,31 phase behavior using
grand canonical Monte Carlo (GCMC) simulations for
confined Lennard−Jones (LJ) fluids,32 capillary critical point
of nanoconfined fluids,33 the impact of chemical and
geometrical heterogeneities on the adsorption of LJ fluids,
and the role of electrostatic forces on the phase behavior of real
fluids.34,35

While statistical mechanics provides a rigorous foundation
for computing thermodynamic properties of bulk fluids, its
extension to nanoconfined fluids is not widely available.36,37 A
few theoretical attempts include extension of the van der Waals
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equation to confined fluids using perturbation theory,38

classical thermodynamics,39 classical density functional
theory,40 and generalized van-der-Waals theory.41 Although
extensive data from molecular dynamics simulations (MD) and
experimental measurements are available, systematic first-
principles-based approaches to consolidate thermodynamic
properties and behavior of nanoconfined fluids are lacking.
Therefore, the current work seeks to advance the theoretical
understanding of nanoconfined fluids using statistical mechan-
ics. To this end, we extend the statistical mechanics framework
to describe the energetic contribution to thermodynamic
properties that emerge from fluid−wall interactions in
nanoconfined fluids. Starting with the grand canonical
ensemble, we derive the corresponding partition function
that explicitly accounts for the fluid−wall interaction potential.
With this, an expression for the density amplification near the
wall is obtained. Next, the theory is tested through
comparisons against experimental data and MD simulations.
Specifically, the thickness of the adsorbed layers of methane
under nanoconfinement in cylindrical silica pores is compared
with available experimental data34 and MD simulations34 for a
range of pressure conditions. The agreement between the
theoretical predictions and experimental data is observed to be
better at lower pressures compared to higher pressures. Finally,
the predictions of the proposed theory for the temperature
dependence of methane density under confinement are
compared with experimental data42 for a range of temperature
conditions. We focus on methane as a reference system for
which the data are available, but theory is general and can be
applied to different fluid systems.

■ THEORY
Provided that a measure of the partition function for a
confined fluid can be derived, relevant quantities of interest,
such as density, pressure, and other thermodynamic properties,
can be obtained via equilibrium statistical mechanics.43

Therefore, we first develop an extension to the grand canonical
partition function of a confined fluid to account for fluid−wall
interactions. To this end, we begin our derivation by
considering the partition function (Ω) for a grand canonical
ensemble of a confined fluid, characterized by temperature
(T), volume (V), and chemical potential (μ):44
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where Q(N, V, T) is the partition function for the canonical
ensemble, N is the number of molecules, and kB is the
Boltzmann constant. The explicit expression for the partition
function Q(N, V, T) is
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where h is Planck’s constant, is the Hamiltonian of the
system, p1, p2, ···pN are the momenta, and q1, q2, ···qN are the
position coordinates of the molecules. We decompose
Q(N, V, T) for the confined fluid into kinetic Qkin and
potential contributions:

=Q N V T Q N V T N V T( , , ) ( , , ) ( , , )kin (3)

where the configuration integral, , is
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and is the interaction potential experienced by fluid
molecules due to fluid−fluid interaction and fluid−wall
interaction. We note that Qkin does not depend on the effect
of fluid−wall interaction; therefore, the subsequent analysis
will focus on N V T( , , ). At this stage, the interaction
potential is explicitly decomposed into fluid−fluid, f f , and
fluid−wall, f w , interactions as follows:

··· = ··· + ···q q q q q q q q q( , ) ( , ) ( , )N N N1 2 f f 1 2 f w 1 2
(5)

Furthermore, f w is the potential applied by the wall at a
given position, that is,

···

= + + ···+

q q q

q q q

( , , )

( ) ( ) ( )
N

N

f w 1 2

f w 1 f w 2 f w (6)

With this, the canonical partition function N V T( , , )
including fluid−wall interaction can then be expressed as
follows:
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where =N V T N V T( , , ) ( , , )bulk for = 0f w , and the
subscript “bulk” refers to the configuration integral without any
contribution from the wall interaction. To simplify the
notation, we introduce a quantity f i in eq 7 as follows:
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So that eq 7 can be written as follows:
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The quantity ( f i) helps in expanding the product in eq 9,
which represents the interaction of the wall with the fluid, as
follows:

+ = + + +
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where the terms on the right-hand side correspond to no
interaction between fluid and wall, individual molecule−wall
interactions, and pairwise interactions, respectively. The
expansion in eq 10 is identical to the expansion employed to
introduce first-order effect of fluid−fluid interaction,45,46 where
f i is referred as Mayer-f function. Note that in this case, the
Mayer function expansion is used to describe fluid−wall
interaction effects and not fluid−fluid interactions. It is true
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that viral-type expansions, obtained from Mayer-f for fluid−
fluid interactions, fail to describe thermodynamic properties of
high-density fluids. However, such an expansion for fluid−wall
interaction can analytically provide a first-order framework to
decouple fluid−wall interaction from fluid−fluid interaction.
Furthermore, even if the first-order expansion breaks down for
high-density fluids, a semiempirical generalized equation of
state to describe phase-behavior can be informed from such a
first-order estimate. Therefore, we have chosen to employ
Mayer−f function.

In the present work, only individual molecular contributions
are considered and higher-order terms are neglected. This
approximation is valid for low-density (gas-like) fluids, yielding
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With this, eq 11 can be expanded to obtain N V T( , , ),
which explicitly depends on the fluid−wall interaction:

= [ + ]N V T N V T N( , , ) ( , , ) 1bulk (12)

with
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Because the spatial configurations that atoms occupy in a
nanoconfined volume are a consequence of both the fluid−
fluid and fluid−wall interactions, the effective potential
experienced by fluid atoms from the wall atoms is tightly
coupled to the fluid−fluid interactions, especially for liquid-like
fluids. The approximation (in eq 14) decouples these
interactions by first considering an unconfined fluid and then
superimposing the interaction of wall atoms as an additional
potential in the configuration integral. Furthermore, in eq 12,
the configurational integral N V T( , , ) reduces to

N V T( , , )bulk , when wall interactions are ignored (ϕ = 0)
and to ideal-gas configurational integral (which is unity), when
fluid−fluid interactions are also ignored, ensuring consistency.

As ϕ can be spatially varying for a potential, the influence of
spatial variation of ϕ on the proposed framework is considered
next. To introduce the dependence of the varying potential, the
center of an infinitesimal volume is considered at a distance z
from the wall (see Figure 1). Therefore, by introducing the
coordinate z in eq 12, we can express the canonical partition
function for a confined fluid so that eq 3 can be written as
follows:

= [ + ]Q N V T Q N V T N z( , , ) ( , , ) 1 ( )bulk (15)

where =Q Q N V T N V T( , , ) ( , , )bulk kin bulk is the canonical
partition function for the bulk fluid. To obtain ϕ(z) in eq 14,

f w is evaluated at z, and =V v zd ( )
V

, where dv(z) is an
infinitesimal volume centered at z.

The required grand canonical partition function, which
includes the fluid−wall interaction, is then given as follows:

= [ + ]z N1 ( )bulk bulk (16)

and

= [ ]N NQ N V T N k T
1

( , , )exp /
N

bulk bulk B
(17)

is the average molecular number with respect to the probability
distribution function that corresponds to the grand canonical
ensemble. Equation 16 shows that the potential applied by the
wall provides additional contributions to the partition function,
which scales with the average number of molecules (⟨N⟩bulk)
and the strength of the interaction field (ϕ).

In eq 17, a molecule in the volume V experiences an
isotropic environment and is not restricted by the confinement.
Therefore, even if the fluid−wall energetic interaction is
ignored, a purely entropic effect may also modify the density
near the wall, which is the case of hard−wall interaction. In our
work, the contribution due to the interaction between fluid
molecules and wall to the density amplification is derived. This
contribution is expressed as follows:

= [ ]N NQ N V T N k T
1

( , , )exp /
N

B
(18)

Q(N, V, T) is dependent on the fluid−wall interaction. By
using eq 16, the average number of molecules can be estimated
as follows:
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As the last step, we expand N2
bulk using the density

fluctuations for the grand canonical ensemble from standard
equilibrium statistical mechanics43

= +N N k T
N
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2
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This substitution yields the main result of this work

Figure 1. Schematic showing wall coordinate, position coordinate (qi)
in phase space, and interaction potential at a given location z.
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Equation 21 can also be expressed in terms of the density ratio
using = N

Nbulk bulk
. Equation 21 shows that the coupling of

thermodynamic fluctuations |k T N( )V TB , and the fluid−
wall interaction potential (ϕ) are responsible for the local
amplification of density. For a large system (⟨N⟩bulk⟩ → ∞) or
a system with weak interaction between the fluid and wall (ϕ
→ 0), the amplification of the density is negligible as expected.
Physically, density fluctuations in an unconfined fluid are
random deviations from average density. However, in confined
fluid, molecules experience asymmetry in the effective potential
due to the presence of wall atoms on one side and fluid atoms
on the other as they enter or leave a given subvolume of a pore
region. Therefore, due to these molecular fluctuations and
asymmetric potential, variable mean residence times in
different regions near the wall result in molecule density
enhancement/suppression. Note that the proposed theory is
self-contained and does not require inputs from simulations or
experiments. Only inputs required in the framework are
interatomic force-fields to describe fluid−fluid and fluid−wall
interactions and the thermodynamic properties of an
unconfined (bulk) fluid.

■ RESULTS AND DISCUSSION
In this section, the proposed theoretical framework is
employed to predict the thickness of the adsorption layer
and compare with small angle neutron scattering (SANS)
experiments for a range of pressure conditions for pressurized
methane for consistency. Then, as a second test of the theory,
the prediction of density as a function of temperature in
confinement are compared with another set of SANS
measurements. Both SANS data sets are obtained from
literature. To further assess the fidelity and the validity of
the assumptions that were introduced in the theoretical
development, we also compare theoretical predictions with
MD simulations. We briefly describe the steps involved in
computing theoretical results:

• Calculate the potential energy interaction between fluid
and wall atoms by considering the atomic coordinates of
a given solid matrix and a given coordinate in the pore
volume available to the fluid. A cylindrical coordinate in
the pore volume is represented by a radial distance (r),
azimuthal angle (θ), and axial location (z).

• Average the potential energy over θ and z to get a
potential as a function of r. The details of the
interatomic force-field are described in the later section.

• Apply this potential in eq 21 to compute the ϕ(r). The
distance from the wall is represented by r (same as z in
eq 21 for a planar wall) for the cylindrical pore.

• The other physical quantities such as ⟨N⟩bulk and μ
required in the partial derivative term and the
denominator are computed for the bulk fluid as function
of p and T to obtain normalized density in the pore as
function of r.

Comparison of Adsorption Layer Thickness. Mo-
hammed et al.34 investigated the adsorption of methane in
cylindrical silica nanopores using SANS measurements and
simulations. In these studies, the shell layer thickness,

corresponding to localized regions of high-density fluid, were
reported for MCM-41 and SBA-15 with diameters of 34 and
68 Å , respectively. The measurements were performed at
298 K and pressures ranging from 15 to 100 bars.

Before comparing the thickness of the shell structure, we
summarize important physical details that are deduced from
the theory and are relevant for the understanding of
adsorption.

Contribution of the fluid−wall interaction can be decom-
posed into two parts: first, the effect of the strong interaction
of wall atoms with the fluid molecule immediately near the
surface, and, second, the influence of the first fluid layer on the
subsequent fluid layers. We investigate these effects by
considering a cylindrical pore with a diameter of 68 Å ,
which is representative of the SBA-15 solid matrix. Interactions
of both the fluid and the wall atoms are described by the LJ
potential:
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where εij is the depth of the potential well, σij is the distance at
which the potential energy is zero, and rij is the interatomic
distance. The subscripts i and j refer to two interacting atoms.
For the fluid (CH4) molecule, these parameters are
represented by the TraPPE−UA potential,47 which represents
each methane molecule via the unified-atom approach. For the
wall (SiO2) atoms, we use the parameters of the ClayFF
potential.48 Both force fields have been employed in earlier
studies of confined fluid phase behavior and transport.35,49

The fluid−wall interaction is shown in terms of the effective
potential in Figure 2a and its influence on the density
amplification in Figure 2b,c. The effective potential term from
the wall at a given point within the pore depends on the

Figure 2. (a) Quantity ϕ + 1 represents the effective potential at a
given radial distance, where r = 0 corresponds to the center of the
pore. Peak near the wall (r/R ≈ 1) is due to the interaction between
the fluid molecule and the wall atoms, whereas the secondary peak is
due to the potential provided by additional fluid molecules in the peak
near the wall. Corresponding peaks in the density enhancement due
to the effective potentials are shown in (b) for p = 15 bar and in (c)
for p = 99 bar. The pore diameter is 68 Å .
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temperature, number density and distribution of surface atoms,
and the interaction force between atoms and fluid atoms. Since
the fluid−wall interaction term is independent of pressure, the
effective potential term is identical for both cases, p = 15 bar
and p = 99 bar. The effective fluid−wall potential translates to
an increase in the density, computed based on the proposed
model in eq 21, near the wall from the corresponding bulk
value shown by the normalized density. We also show the
density profiles obtained from our MD simulations. The
position of the first peak coincides with the corresponding
theoretical predictions. While the peak density from the theory
at p = 99 bar is in excellent agreement with the MD result, the
density enhancement at p = 15 bar is underpredicted by the
theory. As the bulk properties correspond to gas-like fluid, the
derivative with respect to the chemical potential in eq 21 is
computed based on the ideal gas equation, which may be
inaccurate for high-density fluid near the wall. Another
interesting difference between the theory and the MD result
is the nonvanishing density near the wall in the MD results.
While the repulsive part of the potential from the wall forbids a
molecule in the near-wall region, the kinetic energy of the
molecule or its collisions with other fluid molecules reduce the
minimum distance of approach in the simulations. This effect,
further explored in the subsequent subsections, is too complex
to be incorporated in the theory and is therefore beyond the
scope of the current work.

The next relevant question is how the enhanced fluid density
affects the subsequent layering structure to address this
question; the additional potential provided by the enhanced
density of the fluid near the wall is used to find the density
enhancement in the region adjacent to the first peak. The
additional potential provided by the fluid in the first layer is
determined using the mean field approach, which can be
expressed as follows:50−52
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where the quantity Δn is the additional fluid density compared
to the bulk in the first layer and ε and σ are standard LJ
parameters for the fluid−fluid interaction, and are provided in
the Supporting Information. Using this mean-field potential,
the effective potential term that gives rise to a secondary peak
at r/R ≈ 0.73 is plotted in Figure 2a. Note that Δn required in
the estimation of the effective potential term in eq 23 is
obtained using the enhanced density, relative to the bulk
density, in the first layer as shown in Figure 2. Using this
effective potential, the computed density amplification in the
second layer from eq 21 is also shown in the figure. The
amplitude of the density enhancement of the secondary peak is
overpredicted by the theory when compared to the MD
simulations. This can be explained by considering that eq 23
was originally derived for the effective mean-field potential
from the nearly stationary wall atoms. However, as the fluid
molecules in the first layer are in dynamic equilibrium, the
fluctuations in Δn in eq 23 are expected to yield significant
fluctuations in the effective potential and therefore correspond-
ing density enhancement in the secondary peak. While the
absolute value of the density amplification is sensitive to the
mean-field approach and series approximation, the positions of
the peaks are expected to be reasonably accurate even at higher
pressures. Therefore, in order to examine the quantitative

accuracy, we proceed by comparing results with SANS
measurements from literature.

Figure 3 compares predictions of shell thickness as a
function of pressure from SANS measurements and MD

simulations.34 The shell thickness from the SANS measure-
ments is calculated based on the model developed by Chiang
et al.53 Similarly, for the MD calculations, Mohammed et al.34

defined the shell thickness as the region where the density of
the fluid increases near the wall and then approaches near-
uniform values. Using the same metric, in the proposed theory,
we also estimate the shell thickness as the region of higher
density compared to the uniform density at the center. In
Figure 3, the shell thickness is in good agreement with the
SANS measurements and the MD simulations. While the
agreement is better at lower pressures, theoretical predictions
deviate for high-pressure conditions for the cases with smaller
diameters. For small pore diameters, the layering of the fluid
molecules is influenced by the potential from the entire fluid
layer annulus of the first peak due to long-range interactions
(see Figure S2 in Supporting Information). However, in the
results obtained from the theory for the density enhancement
of the second layer, the effective potential contribution cannot
be obtained as an integrated contribution from the entire area
of the annulus ring of fluid layer due to the inherent nature of
the employed mean-field approach. Therefore, the potential is
obtained only along a line across the annulus ring.

Before proceeding to present further comparisons of the
theory with experimental results from literature, the
importance of fluid−wall interactions and fluid−fluid inter-
actions is highlighted by tracking time trajectories of methane
molecules inside the pore using MD simulations. The position
and properties of randomly selected five methane molecules
are tracked as a function of time. The properties tracked
include the kinetic energy and the potential energy landscape,
that is, the potential energy with respect to the wall and the
potential energy with respect to the other fluid molecules.
Figure 4 shows the properties obtained from a single
molecule’s trajectory (and the properties including fluid−
fluid potential, and the related discussion of the other four
molecules are documented in Supporting Information). Figure
4a shows the potential energy landscape inside the pore
induced by fluid−wall interactions. The magnitude of the
potential energy, high near the wall and negligible at the center,

Figure 3. Shell thickness as a function of pressure. SANS data and
MD data are taken from Mohammed et al.34
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not only has a nearly uniform distribution at the core of the
pore but also has nonuniformly distributed deep attractive
potential wells. The kinetic energy of the molecule plotted in
Figure 4b shows the existence of dense regions near the wall,
which indicates that the molecule remains in the attractive
wells longer compared to the other regions. Furthermore, the
molecule with low kinetic energy remains trapped for much
longer duration (shown by blue dense regions near wall in
Figure 4b), as expected. The density enhancement near the
wall can also be understood in terms of a dynamic equilibrium
of molecular exchange between the first peak and the bulk
fluid, which is a function of the fluid−wall potential energy
landscape. The ratio of residence times of molecules in the first
adsorption layer and the bulk can be approximately expressed
as follows:
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where τf−w and τbulk are the residence times in the first peak
and the bulk, respectively. Wang and Hadjiconstantinou52

referred to this ratio as τjump to quantify the dependence of the
number density of atoms and the temperature on the layering
of the fluid near the wall. Figure 4c shows the residence time of
the molecule inside the pore, resembling the potential energy
landscape due to fluid−wall interaction. As the kinetic energy
of molecules depends on the temperature, the dynamic
equilibrium and the extent of enhancement is a strong function
of temperature. The dependence of the enhancement of the

near-wall density as a function of temperature is considered in
the next section.

Comparisons of Density Variation with Temperature.
In this section, the proposed theory is compared against the
SANS measurements of the density variation for a range of
temperatures (T > 140 K), for which the bulk methane is in
the gas phase. Using SANS, Chiang et al.42 studied the
methane adsorption in SBA-15 at low pressure ( 1 bar) for a
range of temperatures, between 20 and 295 K. Figure 5 shows
the normalized density variation as a function of temperature.
The density from the proposed theory and MD is normalized

Figure 4. Locations traversed by a representative molecule to illustrate the potential energy landscape induced by fluid and wall interactions inside
the pore. The residence times as a function of radial distance from the center are also shown. The results are obtained from MD simulations, where
the conditions correspond to T = 298 K and P = 99 bar.

Figure 5. Variation of normalized density with temperature. SANS
data are taken from the experiments of Chiang et al.42

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c04347
J. Phys. Chem. B XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c04347?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in a similar manner as presented in ref 42. It is worthwhile to
point out that the density averaged over the entire pore, the
density averaged over 10 Å distance from the wall, and the
peak density of the first layer from MD simulations scale in a
nearly identical manner for temperatures greater than 160 K
with less than a percent difference. For a consistent
comparison, only the first density peak from the theory and
our MD calculations are shown in Figure 5. The theoretical
predictions of the density decrease as a function of temperature
and are in excellent agreement with the SANS measurements.
Our MD calculations also predict a similar dependence of the
density variation as predicted by the theory and the SANS
data. At low temperature (150 K), the slight discrepancy can
be attributed to the assumptions for gas-like fluid employed in
the derivation of the proposed theory that may not be valid for
this high-density case. For temperatures above 200 K, the good
agreement of the proposed theory with MD and SANS
demonstrates that the assumptions made in the derivation of
the theoretical results are valid for the gas-like fluid, and the
proposed theory is accurate.

Before we proceed to the conclusions, we make a remark
about the employed Mayer−f function in the proposed theory.
The observed mild breakdown at specified high pressures or
low temperatures for the employed truncated expansion means
that only the first term in the series (eq 10) is sufficient to
describe fluid−wall interactions accurately. In the Mayer−f
expansion, the higher-order terms (a limitation in the proposed
work) may not be as significant for fluid−wall interactions as
they are in the case of fluid−fluid interactions. Before an
attempt to rigorously verify this observation, it will be relevant
to investigate if this observation is general, that is, also true for
other fluids and wall atoms. However, such a task is quite
extensive and is beyond the scope of the current work.

■ CONCLUSIONS
We develop a first-principles-based expression to explicitly
account for fluid−wall interactions relevant for describing the
thermodynamic behavior of nanoconfined fluids. The theory
introduces an expression for a partition function in the grand
canonical ensemble that embeds the contribution of the fluid−
wall interactions. The partition function is then employed to
obtain an expression for density amplification near the wall in
terms of the interaction potential. The derivation yields an
explicit term in the density expression that couples the fluid−
wall interaction to thermodynamic fluctuations arising due to
confinement. The resulting theory is tested by employing the
density amplification relation to obtain the thickness of the
adsorbed methane inside cylindrical silica pores and is shown
to be in good agreement with SANS measurements from
literature. The agreement between the theoretical predictions
and experimental data is better at lower pressures compared to
higher pressures. Comparisons for predicted densities of
methane as a function of temperature are shown to be in
good agreement with MD simulations and experimental data.
The proposed theory offers a rigorous framework to investigate
phase transition and thermodynamic behavior of other fluids
and develop the response functions for describing non-
equilibrium transport of nanoconfined fluids at the funda-
mental level.
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