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ABSTRACT

In the manufacturing process of semiconductor devices, wet processes such as cleaning and chemical treatment on surfaces with nanoscale fine
structures play a critical role. The mass transport within nanoscale structures exhibits properties different from those of bulk liquids, owing to
the influence of layered adsorption structures of liquid molecules formed near solid-liquid interfaces. In this study, we interpreted transport
phenomena near solid-liquid interfaces as successive hopping motions between adsorption layers (adsorption and desorption events) and
expressed their frequency using rate constants. Furthermore, we developed a theoretical model to quantitatively predict these rate constants
based on the Arrhenius equation and transition state theory (TST). To validate the constructed theoretical model, molecular dynamics (MD)
simulations were performed for two representative systems: a simple model consisting of Pt as the solid wall and Ar as the liquid molecule, and
a more realistic system with SiO; and H,O. The results showed that the initial desorption from the adsorption layer can be well described by
the theoretical model, whereas subsequent desorption proceeds more slowly than predicted. The observed discrepancy between the theoretical
model and the simulations was attributed to the breakdown of the quasi-equilibrium assumption in TST for the molecules remaining in the
adsorption layer. To interpret this mismatch, we proposed a conceptual model that focuses on molecular recrossing events at the adsorption-
layer boundary. It is expected to provide useful guidance for future modeling of transport phenomena near solid surfaces.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0331495
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I. INTRODUCTION

In recent years, semiconductor devices, as well as microelec-
tromechanical systems (MEMS) and nanoelectromechanical sys-
tems (NEMS), have become essential components of everyday
electronic equipment, playing a vital role in modern life. As
these devices continue to evolve toward greater miniaturization
and higher performance, there is an increasing demand for more
advanced and precise fabrication technologies. One such crucial
process in the manufacturing chain is the wet cleaning process. This
process removes microscopic impurities and residues generated dur-
ing fabrication, directly impacting device performance and produc-
tion yield. With the ongoing miniaturization of device features to the
nanoscale, a critical issue has emerged: the collapse of nanopatterns

on silicon wafers during the drying step following cleaning. This col-
lapse is known to result from the high surface tension of water, which
is commonly used as the cleaning solvent.' * To address this prob-
lem, a liquid displacement process using isopropyl alcohol (IPA),
which has a lower surface tension than water, has been introduced.
This process replaces water within the nanopatterns with IPA prior
to drying.” Meanwhile, challenges such as residual water and re-
adsorption of impurities remain in the IPA replacement process.
Unfortunately, currently, this approach is based mostly on trial and
error; thus, optimizing it requires a thorough understanding of mass
transport properties within the confined regions of nanostructures.
For these reasons, it is important to clarify the transport phe-
nomena of liquids near solid-liquid interfaces. However, experi-
mental observations of such nanoscale phenomena are limited by
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experimental conditions and the types of data that can be obtained.
Therefore, molecular dynamics (MD) simulations, which allow phe-
nomena to be captured on atomic and molecular spatiotemporal
scales, are highly effective. Numerous studies have investigated the
diffusion behavior of liquids near solid-liquid interfaces using MD
simulations.”” It has been shown that liquid molecules near such
interfaces form stratified adsorption layers parallel to the surface.
Regarding in-plane (parallel) transport phenomena, studies have
commonly assumed uniform diffusion within these layers and have
evaluated diffusion coefficients based on this assumption. Methods
used include the Green—Kubo relation,”'” which relies on the veloc-
ity autocorrelation function, and the Einstein relation, based on the
mean square displacement. For example, the previous study of our
group computed diffusion coefficients for water and IPA molecules
near SiO; walls, demonstrating that diffusion is slower in adsorption
layers closer to the wall and approaches bulk values with increasing
distance from the surface.®

In contrast, diffusion perpendicular to the solid-liquid inter-
face exhibits anisotropic behavior due to the presence along the
transport direction. This complexity renders conventional isotropic
diffusion models inadequate. To capture this anisotropy, one
promising approach involves using the Potential of Mean Force
(PMF) distribution,'! which quantifies a potential that provides
the average force acting on a molecule and reflects the changes
in free energy along the direction of interest.” '° The model rep-
resents molecular transport as a combination of a drift term,
which depends on the gradient of the PMF, and random Brow-
nian motion determined by the diffusion coefficient. A diffusion
coefficient is sought such that the resulting transport behavior
matches the actual observed transport. By examining the distance
dependence of the obtained diffusion coefficient from the inter-
face, the transport properties near the interface are quantitatively
evaluated. While this model is suitable for the quantitative evalu-
ation of transport properties, it is not appropriate for quantitative
predictions.

As an alternative approach to the above model, our group pre-
viously proposed a model that treats transport in the direction nor-
mal to the interface as a series of jumping motions between adjacent
adsorption layers.'” We further attempted to describe this jumping
motion by drawing an analogy to chemical reactions and applying
the Arrhenius framework. In this framework, molecular transport
is modeled as repeated adsorption to and desorption from discrete
layers. The frequency of adsorption and desorption at each layer is
described kinetically using rate constants. Thus, the overall transport
characteristics could be quantitatively captured by the magnitude of
these rate constants. Furthermore, the relationship between the free
energy barrier that a molecule must overcome during desorption
and the corresponding rate constant was also analyzed. This anal-
ysis was conducted using molecular dynamics simulations, focusing
on the transport of Ar molecules near a Pt wall as a simplified model
system. The logarithm of the rate constants exhibits a linear rela-
tionship with the free energy barriers, indicating that they follow
the Arrhenius relation. This supports the usefulness of the model
for describing transport properties in the direction normal to the
interface. However, the system analyzed is highly simplified, and
more general phenomena closer to real-world conditions have not
yet been explored. In addition, a theoretical framework to predict
the slope of the Arrhenius plot has not been established, leaving
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challenges for achieving quantitative predictive capability. Further-
more, while a good qualitative match was obtained, the Arrhenius
relation did not necessarily hold quantitatively.

To address this, the present study aimed to develop a theoretical
model capable of quantitatively predicting rate constants based on
the Arrhenius equation. This was achieved by employing transition
state theory (TST)'® to compute the reaction rate factors from PMF
distributions. The validity of the model was then examined by com-
parison with molecular dynamics simulation results. Two systems
were considered: a simplified model using Pt as the solid wall and Ar
as the liquid molecule, and a realistic system using SiO, and water.
First, we analyzed the adsorption structures of the liquid molecules
near the solid-liquid interface in both systems. Then, we evaluated
the adsorption and desorption kinetics to extract rate constants,
which were compared against the predictions of the proposed theo-
retical model based on TST. We critically examined the assumptions
underlying TST, considering the observed discrepancies and identi-
fying their limitations. Finally, by explicitly considering recrossing
events, in which desorbed molecules rapidly return to the original
or neighboring adsorption layer, we propose a conceptual model for
guiding modifications to the theoretical model.

Il. SIMULATION DETAILS

To analyze the behavior of the liquid molecules near the
solid-liquid interface, molecular dynamics (MD) simulations were
performed, where the liquid is confined between two parallel solid
walls. Figures 1(a) and 1(b) show snapshots of the two systems
analyzed in this study: the Pt-Ar system and the SiO,-H,O sys-
tem, respectively. The coordinate system was defined such that the
z-axis is perpendicular to the solid-liquid interface. Periodic
boundary conditions were applied in the x and y directions.

(a) Pt-Ar system
heat bath heat bath
layer layer

50 MPa
1 i
frozen frozen
layer layer z
b) SiO,-H,0O system
heat bath ( ) e y heat bath
Si layer O layer

Si layer z

FIG. 1. Schematic of the simulation system that reproduces liquid confined by solid
walls: (a) Pt-Ar system and (b) SiO,—H,O system.
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For the Pt-Ar system, the potential model for Ar molecules
was described using the Lennard-Jones (L]) potential, expressed as

follows:
UL]:4£|:(%)12*(2)6:|, 1)

where the parameters were set to &= 0.238 kcal/mol and
0 =3.424 A" The Pt walls were modeled using the Morse potential,
expressed as follows:

UbMorse = D[e_za(’_’“) _ e—“(f—rn)]) )

where the parameters were set to D = 2. 39 kcal/mol, o = 1.85 AL
and 7o = 2.77 A" The interactions between Pt and Ar atoms
were modeled using the L] potential with ¢ = 0.157 kcal/mol and
0 = 3.424 A”' The cutoff radius for the LJ potential and Morse
potential was set to be 12 A. The Pt solid wall had an FCC crystal
structure, and its (001) surface was in contact with the liquid. Under
these parameters, the contact angle was found to be 41°, indicating
good wettability. The wall dimensions were 5.87 x 5.87 x 2.744 nm°,
consisting of 30 x 30 x 14 atomic layers. The simulation system
contained 6750 Ar molecules. The system was simulated under con-
ditions of 100 K and 50 MPa so that argon remained in the liquid
state.

For the SiO,-H,O system, the water molecules were modeled
using the SPC/E model.”* This model is known to reproduce the
self-diffusion coefficient close to the experimental value under ambi-
ent temperature and pressure,”’ making it well suited for analysis
of transport properties. As SPC/E is a rigid model, bond lengths
and angles were constrained using the RATTLE algorithm.”* The
potential model for SiO; is based on the CHARMM force field.””
In Ref. 25, this potential has been shown to reproduce experi-
mentally observed trends in the dynamical behavior of confined
water, including changes in translational and rotational dynamics.
Therefore, this potential model is particularly suitable for investi-
gating the transport properties of water molecules near SiO, solid
walls in this study. Intermolecular interactions between SiO, and
H,O were described using the L] and Coulomb potentials. The LJ
parameters for SiO,-H,O interactions were determined using the
Lorentz-Berthelot mixing rules. Long-range Coulomb interactions
were computed using the particle-particle particle-mesh (PPPM)
method,” with an accuracy of 107, The crystalline structure of SiO,
was set as a-quartz, the stable structure at ambient temperature and
pressure, with the (001) surface in contact with liquid water. On the
(001) surfaces, each Si atom possesses two dangling bonds, known
as germinal. To remove these dangling bonds, the SiO; surfaces were
terminated with silane (Si-H) on the right side of the wall and silanol
(Si-OH) on the left side of the wall. The silanol-terminated surface
exhibits complete wetting with water, whereas the silane-terminated
surface shows a finite contact angle of 76.5°. The wettability anal-
ysis is based on the calculation of the work of adhesion using the
phantom-wall method,” >’ and the detailed procedure and results
are provided in Sec. S1 of the supplementary material. The Si-H
and O-H bond lengths in these terminal groups were also con-
strained using the RATTLE algorithm.”" The wall dimensions were
4.32 x 4.16 x 1.84 nm°>. The system contained 3680 H,O molecules.
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The system was simulated at 300 K and 0.1 MPa. The cutoff distance
is 12 A for both LJ and Coulombic short-range interactions.

To achieve equilibrium at the target temperature and pressure,
a relaxation run was first conducted. Pressure control was imple-
mented by fixing the left wall’s outermost layer and applying an
external force to the right wall’s outermost layer, as shown in Fig. 1.
The thickness of the fixed layer was set to two Pt atomic layers in
the Pt-Ar system, while in the SiO,-H,O system, it was set to one O
atomic layer at the left wall and one Si atomic layer at the right wall.
After performing at least 20 ns of simulation for system equilibration
and confirming that the motion of the right wall had sufficiently con-
verged, the position of the right wall’s outermost layer was fixed at
its equilibrium position. To complete the relaxation, an additional
1 ns of simulation was performed under these conditions. Follow-
ing this, a production run of 20 ns was carried out to obtain data
for analysis. Temperature control during both relaxation and pro-
duction runs was performed by velocity scaling® of the atoms every
100 fs in the heat bath layers adjacent to the fixed layers, as shown
in Fig. 1. The thickness of the heat bath was set to two Pt atomic lay-
ers in the Pt—Ar system, while in the SiO,-H,O system, it was set to
one Si atomic layer at the left wall and one O atomic layer at the right
wall. All simulations in this work were performed using a Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS),*! and
we used Visual Molecular Dynamics (VMD)* software to visualize
the molecular model construction.

Ill. RESULTS AND DISCUSSION
A. Adsorption structure of liquid molecules

In the simulated Pt-Ar and SiO,-H, O systems, we investigated
the adsorption structures formed near the solid-liquid interfaces.
Figures 2(a) and 2(b) show the number density distributions of
argon molecules in the Pt-Ar system and water molecules in the
SiO,-H,O system, respectively, along the direction normal to the
interface (z-direction). In addition, for each system, the liquid den-
sity in the region sufficiently far from the solid surface, where the
density becomes uniform, is also shown for reference. These dis-
tributions were calculated by averaging the number of molecules
within rectangular slabs of 0.1 A thickness along the z-axis. For water
molecules, the distributions were obtained from the z-coordinate of
their center of mass. The results reveal that several density peaks
are observed near the interface, indicating the formation of layered
adsorption structures, as has been widely reported in other studies.
Furthermore, as shown in Fig. 2(b), it is observed that larger den-
sity peaks are present on the silanol side compared to the silane side,
suggesting that silane groups absorb water molecules more strongly
than silanol groups. In this study, each density peak was regarded as
a distinct adsorption layer, and these layers were labeled as layer 1,
layer 2, layer 3, and so on, with a larger number indicating being
further from the wall side. Each adsorption layer was defined as
the region between two adjacent local minima in the density pro-
file. The density peaks of these adsorption layers gradually decreased
with increasing distance from the interface, eventually approaching
a uniform density in bulk regions sufficiently far from the wall. This
is because the liquid molecules in layer 1 are trapped by the rela-
tively stable potential of the solid wall, while those in the subsequent
layers are influenced by the more fluctuating potential of the adja-
cent adsorption layers. For subsequent analysis, we considered five
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FIG. 2. Number density distributions of liquid molecules per
area in the wall-normal direction: (a) Ar in the Pt-Ar system
and (b) H,O in the SiO,—H,0 system.
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adsorption layers formed on the solid-liquid interface in the Pt-Ar
system, and three layers on each side in the SiO,-H>O system (six
layers in total).

B. Arrhenius-based model of adsorption
and desorption phenomena

.

Figure 3 illustrates the conceptual model for describing the
transport behavior of liquid molecules in the direction normal to
the solid-liquid interface used in this study. In this study, building
upon our previous work,'” we focus our analysis on the adsorption
and desorption phenomena occurring between adjacent adsorption
layers. As shown in Fig. 2, liquid molecules near the solid-liquid
interface form structured adsorption layers. Molecules adsorbed
within these layers can desorb by jumping to adjacent layers. Once
desorbed, the molecules subsequently re-adsorb onto adjacent lay-
ers. The transport of liquid molecules in the interfacial region is thus
governed by a series of discrete adsorption and desorption events.
Consequently, the transport characteristics near the interface are
governed by the frequency of these adsorption and desorption phe-
nomena, rather than by continuous molecular diffusion, which is
typically assumed in bulk phases. In this study, we quantitatively
evaluated the adsorption and desorption phenomena by using rate
constants that characterize the frequency of the desorption events.
Furthermore, based on the Arrhenius equation, we constructed a
theoretical model to predict these rate constants.

For molecules located in adsorption layer m at a given time,
adsorption and desorption phenomena to the adjacent layers n and

\

PMF

Bensity

»

layer / layer m layer n z

FIG. 3. Schematic illustration of adsorption and desorption phenomena from the
adsorption layer m to the adjacent layers / and n.

are observed. Here, 1, m, and [ are consecutive natural numbers. The
frequency of adsorption and desorption phenomena from layer m to
its adjacent layers is quantitatively evaluated using rate constants,
which are extracted from the simulation results as follows:

d(Nm(t)) _

5 - knNm (1), (3)

Ad(Nmn (1)) _

5 - kmnNm(t), 4)

d(Nu(t)) _

—a KyiNm (t), (5)
km = kmn + kml~ (6)

Here, Niy denotes the number of molecules that remained in layer
m at time t without having crossed its boundaries since the initial
observation. Here, the boundaries refer to the interfaces between
adsorption layer m and its adjacent layers n and /, defined as the
z-positions where the molecular density exhibits local minima. Ny,
and N, represent the number of molecules that have desorbed
and been adsorbed into layer n and layer I, respectively. In this
study, a molecule is considered to have undergone adsorption and
desorption phenomena if it crosses the boundary into an adjacent
adsorption layer at least once. Recrossings, where a molecule returns
to the original layer after crossing the boundary, are not taken into
account during the counting, i.e., N never increases. This approach
is adopted because the analysis focuses on the survival probability
of the specific set of molecules adsorbed in the layer. By only track-
ing the set of molecules initially residing in the adsorption layer at
the start of the observation, the lifetime of molecule adsorption can
be determined. The parameters ky.» and k,,; in the equation are rate
constants that characterize the adsorption and desorption dynam-
ics toward layer # and layer I, respectively. The overall rate constant
km represents the total rate of desorption events from layer m. Based
on the definitions described above, the time evolution of the num-
ber of remaining and desorbed molecules was calculated for each
adsorption layer using molecular trajectories obtained from the MD
simulations.

Furthermore, to quantitatively predict the above rate constants
from an alternative perspective, we described a theoretical model
for adsorption and desorption phenomena based on the Arrhenius

J. Chem. Phys. 164, 144305 (2026); doi: 10.1063/5.0331495
© Author(s) 2026

164, 144305-4

20:25:20 9202 |!4dv 9T


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

equation. In a previous study by our group, theoretical models based
on the Arrhenius equation were developed by focusing on the free
energy barrier that liquid molecules must overcome when desorbing
from an adsorption layer.!” There, it was shown that the rate con-
stants for adsorption and desorption are related to the free energy
barrier through an Arrhenius-type relationship. In this study, we
extended these existing models to construct an Arrhenius-based
model capable of quantitatively predicting the rate constants.

The Arrhenius-based model focuses on the free energy barriers
that molecules within an adsorption layer must overcome to desorb
into the adjacent layers. As shown in Fig. 3, a molecule adsorbed
in adsorption layer m must overcome a free energy barrier AF,;
to move to layer [ and a barrier AF,,, to move to layer n. When a
molecule desorbs from adsorption layer i to layer j, the rate con-
stant k;; for that process can be expressed, based on the Arrhenius
equation, as follows:

k,‘j = kio exp (7 iBF’;{ ), (7)
where kg is the Boltzmann constant, T is the absolute tempera-
ture, and kjo is the pre-exponential factor associated with layer i.
The free energy barriers are determined from the potential of mean
force (PMF) distribution corresponding to the adsorption layers. In
the theoretical model, the reaction coordinate is defined along the
z-axis; thus, we focus on the one-dimensional PMF profile in the
z-direction. The PMF F(z) as a function of position z, relative to
the bulk region, can be related to the molecular number density
distribution through the following equation:

F(z) :kaTln(%), (8)

where F(z) is the free energy of a liquid molecule at position z rela-
tive to the bulk region, p(z) is the number density at z, and py is the
number density in the bulk region. The magnitude of the free energy
barrier that a molecule must overcome to move from adsorption
layer i to layer j is given by

AFj = —ksT In (P“““ ) )

Pmax

where pmax is the maximum density within adsorption layer i and
Pmin is the minimum density at the boundary between layers i and
j, corresponding to the lowest density along the path of transition.
Furthermore, the pre-exponential factor associated with the process
of a liquid molecule overcoming a one-dimensional energy barrier
along the reaction coordinate can be calculated using transition state
theory (TST)'* as follows:

kio(T) = %{T‘), (10)

MkgT F(Z) me] ]
=1/ dz, 11
27‘[]12 /v;ellz k T z ( )

where QY is the partition function of the reactant (the liquid
molecules remaining within the adsorption layer), M is the mass
of a liquid molecule, and & is Planck’s constant. The integration
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range denoted as “well, i corresponds to the entire region of
adsorption layer i. Assuming the validity of the Arrhenius-based the-
oretical model described above, the adsorption and desorption rate
constants can be expressed as
ky _ P (12)
kio Pmax

The pre-exponential factor in this equation can be computed from
the number density distribution using TST. Therefore, this model
demonstrates that the rate constant governing the kinetics of adsorp-
tion and desorption phenomena can be predicted solely based on the
density distribution, which is a static property.

C. Analysis of the applicability
of Arrhenius-based model

To evaluate the validity of the Arrhenius-based model devel-
oped in Sec. III B, we compared the theoretical rate constants
obtained from the model with the observed rate constants derived
from actual adsorption and desorption phenomena captured in the
simulations. The analysis was performed for all ten adsorption lay-
ers in the Pt-Ar system and all six layers in the SiO,-H,O system, as
introduced in Sec. I1I A.

We tracked the time evolution of the number of remaining and
desorbed molecules for each adsorption layer. The molecule counts
were determined by checking every 50 fs whether each molecule
had desorbed from the adsorption layer or remained within it. This
interval of 50 fs was selected to reduce data size while still providing
sufficient temporal resolution to resolve adsorption and desorption
events. In addition, the analysis was repeatedly performed by chang-
ing the initial time step by 50 fs. For each initial time step t1,12,. . .,
the survival probability of molecules present in the adsorption layer
was evaluated independently, and the resulting survival probabilities
were then averaged to obtain the statistical quantities. By averaging
the survival probabilities with different time origins in this manner,
sufficient statistical accuracy was maintained at each time even as
the total number of molecules remaining in the adsorption layer
decreased over time. The left panels of Fig. 4 show the analysis
results of adsorption and desorption phenomena for layer 3 in the
Pt-Ar system and layer 2 (silanol side) in the SiO,-H,O system,
respectively, obtained from the MD trajectories. The number of des-
orbed molecules increases as the number of remaining molecules
decreases.

The rate constants were calculated based on the observed time
evolution of the number of remaining and desorbed molecules.
The observed rate constants were calculated at each time step by
numerically differentiating the molecular counts using the following
equation, with a time interval of At = 50 fs:

kij(t) _ Nij(t+At)—Nij(t) (13)
Ni(t)At

Although the theoretical model assumes constant rate con-
stants, we deliberately examined their time dependence to more
rigorously assess the model’s validity. The right panels of Fig. 4 show
comparisons between the rate constants obtained from adsorption
and desorption phenomena observed in the MD simulations and

those predicted by the Arrhenius-based model. The error bands
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in the figure were calculated by dividing the 10 ns trajectory into
1 ns blocks to account for statistical inefficiency.” In both cases,
the observed values reached a maximum at the initial time and
then decayed to a steady-state value. These observed values gener-
ally agreed with the theoretical predictions at the initial stage. This
trend was consistently observed across all adsorption layers.

Figure 5(a) also shows the comparison of the theoretical and
observed rate constants at the initial time for all adsorption lay-
ers. Each observed initial rate constant k(0) is plotted against
the corresponding theoretical prediction based on Eq. (12). The
dashed line in the figure represents the values predicted by the
Arrhenius-based model described by Eq. (12). The error bars were
calculated using the same method as in Fig. 4(b), taking statisti-
cal inefficiency into account.” The data points of the initial rate
constant k(0) closely follow the theoretical line, indicating that the
Arrhenius-based model effectively describes the initial adsorption
and desorption kinetics. Figure 5(b) presents a comparison between
the converged values of the observed rate constants and the cor-
responding theoretical values. The converged values were defined
as the first values at which the rate constant showed a change of
less than 1% over a 0.5 ps interval. The error bars were calculated
using the same method, as shown in Fig. 5(b). The observed val-
ues exhibit proportional relationships between pmin /pmax and kij [kio,
with system-dependent differences in their slopes. The proportional
relationship suggests that the model captures the qualitative trend,
namely a linear correlation between pmin/pmax, which is related to

10 20 30
time (ps)

the potential barrier height, and the normalized rate constant k;; [kio,
implying that an Arrhenius-type dependence is qualitatively main-
tained. However, the observed values are consistently lower than
the theoretical ones, indicating that the model cannot quantitatively
predict the long-time behavior.

In summary, the Arrhenius-based model accurately describes
the initial adsorption and desorption kinetics, but its ability to pre-
dict long-time behavior remains limited. The actual process appears
to follow a two-stage mechanism: an initial rapid desorption phase
followed by a slower steady-state phase. The rate constants at the
initial time are related to the number of molecules crossing the
boundary of the adsorption layer in the equilibrium distribution.
Meanwhile, the slower steady-state phase corresponds to the rate
constants for desorption of molecules that have been adsorbed on
the layer for a longer time. Evaluating the adsorption and desorption
of these strongly adsorbed molecules is critically important for accu-
rately characterizing the overall transport phenomena. Accurately
predicting the rate constants in the latter regime remains a subject
for future investigation.

D. Analysis of distributional changes
beyond TST assumptions

To analyze the difference between the observed and theoreti-
cal values found in Sec. III C, we focus on the assumptions made
in Transition State Theory (TST). First, we briefly outline a simple
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FIG. 5. Comparison between the rate constant calculated from the theoretical
model and (a) the initial values and (b) the converged values of the rate constant,
measured from MD simulations.

derivation of TST. The rate constant for desorption from layer i to
layer j represents the probability flux of remaining molecules mov-
ing to layer j. Therefore, the rate constant k;; can be expressed as
follows:

kij(t) :Pi(t’ Zedge)v?m(t» Zedge)> (14)

f llp,—(t,z)dz =1, (15)

/ vfi ( t; Zedges v)dv if Zegge is right side,
V?ut ( t, Zedge ) = %

-y ﬁ(t, zedge,v)dv if Zegge is left side,

- (16)
/ fi(t,zedge,v)dv =1, (17)

where z.gg. denotes the z-coordinate at the boundary between
adsorption layers i and j. The function p;(t,z) represents the posi-
tion probability distribution of the remaining molecules along the
reaction coordinate z at time f, normalized over the entire adsorp-
tion layer, as indicated in Eq. (15). Thus, pf(t, zedge) gives the
probability that a remaining molecule is located at the boundary

ARTICLE pubs.aip.org/aipl/jcp

between layers i and j at time ¢. The function v?“t(t, zedge) denotes
the average velocity of those molecules at the reaction edge that pos-
sess velocity components directed toward desorption, as described
in Eq. (16). The function f;(t,z ,v) represents the velocity prob-
ability distribution of the remaining molecules at position z, and as
shown in Eq. (17), it is normalized. In Eq. (16), molecules that do not
move in the desorption direction are not included in the integration
range, since they do not contribute to desorption. In the case of the
Boltzmann distribution, for example, half of the molecules located
at the adsorption layer boundary have velocity components directed
toward the desorption direction, while the other half move in the
opposite direction and thus do not contribute to desorption. In this
case, v{"(#, zeage ) corresponds to half of the mean speed of the full
distribution. TST assumes that the position and velocity probability
distributions of reactants (remaining molecules) remain unchanged
even as the reaction (desorption) proceeds; this is referred to as the
quasi-equilibrium assumption.'® Moreover, it is assumed that these
probability distributions coincide with the Boltzmann distribution.
Based on these assumptions, Eq. (14) can be developed into Eq. (12).

We examined whether these assumptions are valid in the con-
text of actual adsorption and desorption phenomena. To assess
the validity of these assumptions in actual adsorption-desorption
phenomena, we first examined the validity of the assumption that
the position probability distribution p;(¢,z) remains static, i.e., the
supposition that the probability distribution function of molecules
remaining in the adsorption layer is time invariant. Thus, the dis-
tribution of molecules remaining within a given adsorption layer
was calculated at different time steps. To ensure statistical reliabil-
ity, the analysis was performed in the same manner as the counting
of remaining molecules described in Sec. I1I C: the time evolution of
the spatial distribution of remaining molecules was calculated using
multiple distinct time origins over a total duration of 20 ns, and the
resulting distributions were averaged. The left panels of Figs. 6(a)
and 6(b) show the time evolution of these distributions for adsorp-
tion layer 3 in the Pt—Ar system and layer 2 in the SiO,-H,O system
(silanol side), respectively. The spatial distributions of the remaining
molecules shown in the figure are normalized according to Eq. (15).
We refer to zieft and zygne as the z-coordinates at the left and right
boundaries of the adsorption layer, respectively. While the initial
distributions agreed well with the equilibrium distribution, a time-
dependent shift was observed as the number of remaining molecules
decreased. In particular, molecules tended to cluster toward the cen-
ter of the adsorption layer, and the density near the edges of the
layer declined. This indicates a breakdown of the static distribution
assumption of TST. Under equilibrium conditions, the stationary
distribution is maintained by a balance between molecular outflux
and influx across the layer boundaries. In the present analysis, how-
ever, the distributions were constructed solely from molecules that
had never left the adsorption layer from the start of observation,
and molecules entering the layer from neighboring regions were
intentionally excluded. Therefore, the compensating influx required
to sustain the equilibrium distribution at the boundaries is absent.
This leads to an effective erosion of the distribution near the layer
edges, resulting in a steady-state distribution that is biased toward
the interior of the layer. The right panels of Figs. 6(a) and 6(b) rep-
resent the time evolution of the edge probability: p;(*, Zege ). The
error bands in the figure were estimated by dividing the 20 ns trajec-
tory into 2 ns blocks in order to account for statistical inefficiency.*’

J. Chem. Phys. 164, 144305 (2026); doi: 10.1063/5.0331495
© Author(s) 2026

164, 144305-7

20:25:20 9202 |!4dv 9T


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

ARTICLE pubs.aip.org/aipl/jcp

0.6
. - ])3(t~,zloft)
L . 020 1 """" p3(t7 Zright)
2041 <
& = o154}
= 0.3 1 ] _‘éc ‘{
o) et B ;
2 0.2 5 === eq. density + 0.10 A :
N s = 0.0 ps £ l\
i 0.1 ps | W N —
Ol — 0.5 ps 0.05 \\~ _______________________
—— 2.5 ps ) )
0.0 4 l_ P —— T T T FIG. 6. Left panel: Time evolution of
32 Zlefs 33 34 35 “right 0 10 15 20 the position distributions of molecules
z (A) time (ps) remaining in an adsorption layer. Right
panels: Time evolution of the edge prob-
(b) ability. [(a) and (b)] Results for layer
3 in the Pt-Ar system and layer 2
0.6 ) in the SiO,—H,0 system (silanol side),
: 0.30 4 ' respectively.
i === pa(t, z1ert)
0.5 4 _ 0.25 ....... Pa(t, Zright)
—~ = i
2044 < 0.20
= =
~ 0.3 X e %c 0.15 A i
+3 \\ N
E 0.2 =7 === eq. density * 0.10 A 'I:'
— 0.0 ps & v
0.1 0.1 ps 0.05 1 w::::::::::HH::HHHHJHHHHE
— 0.5 ps
0.0 T T — 2|5 bz T 0.00 1 T T T
22 Zleft 23 24 25  Zright 0 10 15 20
z (A) time (ps)

The values of pf(t, zedge) showed a rapid decrease from the ini-
tial value, followed by convergence to a lower steady-state value.
This behavior closely matches the observed decay in the rate con-
stants. As shown in Eq. (14), the rate constant is proportional to
pi(t, zedge). Therefore, the decrease in the edge probability can be
considered a contributing factor to the reduction in the observed rate
constants of adsorption and desorption phenomena. More detailed
analysis of the time evolution of pi(t, zedge) and the adsorption-layer
dependence of its converged value is provided in Sec. S2 of the
supplementary material.

Next, we evaluated the assumption concerning the velocity
distribution v?"t(t, zedge). In transition state theory (TST), it is
assumed that the velocity distribution of the remaining molecules
does not deviate from the Maxwell distribution over time. To exam-
ine the validity of this assumption, we analyzed the time evolution
of the velocity distribution of the remaining molecules located at
the boundary of the adsorption layer. The calculation was per-
formed by defining a probe volume with a thickness of 0.1 A in the
z-direction, located just inside the boundary of the adsorption layer.
At each time point, the velocities of molecules present within this
probe volume were collected for analysis. The thickness of 0.1 A
was chosen as a balance between sufficient resolution for capturing

the velocities of molecules near the boundary and the computa-
tional cost of the analysis. As in the spatial distribution analysis, the
time evolution of velocity distributions was evaluated using multi-
ple time origins over a 20 ns trajectory and averaged to improve
statistical accuracy. The left panels of Fig. 7 show the velocity dis-
tributions at the layer boundaries for the Pt-Ar and SiO,-H,O
systems, respectively. The velocity distributions of the remaining
molecules shown in the figure were normalized according to Eq. (17)
at each time point. Initially, the distributions were consistent with
the Maxwell distribution. However, as time progressed, the distribu-
tions shifted toward directions favorable for desorption, indicating
a breakdown of the Maxwell distribution assumption of TST. Sim-
ilarly to the spatial distributions, the velocity distributions deviate
from equilibrium because only molecules remaining in the adsorp-
tion layer are considered, while inflowing molecules are excluded.
As a result, the balance that sustains the Maxwell distribution is bro-
ken, leading to a nonequilibrium steady distribution biased toward
desorption-favorable velocities. The right panels of Fig. 7 show
the time evolution of the average velocity of desorbing molecules:
v?ut(t, zedge). The error bands in the figure were estimated by divid-
ing the 20 ns trajectory into 2 ns blocks to account for statistical
inefficiency.”” The average velocity starts from a minimum value at
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the initial time and gradually increases, eventually converging to a
steady value. As indicated by Eq. (14), the rate constant is propor-
tional to this average velocity. Therefore, the change in the velocity
distribution of the remaining molecules acts to increase the rate con-
stant over time. A more detailed analysis of the time dependence of
v?‘"(t, zedge) and the adsorption-layer dependence of its converged
value of V?ut(t, Zedge) is provided in Sec. S2 of the supplementary
material.

These comparisons between TST assumptions and the observed
adsorption and desorption behavior explain the decay in the
observed rate constants. At initial times, as shown in Figs. 4 and 5(a),
the theoretical and observed rate constants were in close agreement.
This is because the initial distribution of the remaining molecules is
the same as at the equilibrium state. However, as time progresses, the
spatial and velocity distributions of the remaining molecules deviate
from the equilibrium distribution, leading to discrepancies from the
values of the Arrhenius-based model. Instead of maintaining equi-
librium distributions, the remaining molecules evolve toward a new,
steady-state distribution specific to the desorption process. The posi-
tional distribution shifts in a direction unfavorable for desorption,
while the velocity distribution shifts in a direction favorable for it.
These changes in the distributions explain the observed time depen-
dence of the rate constants, which eventually converge to steady
values. From the observed time evolution of the rate constants, posi-
tional distributions, and velocity distributions, it is suggested that
the remaining molecules can be classified into two groups. One

5 10 15
time (ps)

group exhibits a fast rate constant, predominantly observed near
the initial observation time, corresponding to molecules that readily
migrate out of the adsorption layer. The other group is character-
ized by a slower rate constant k;;(oo) that dominates at later times.
The equilibrium distribution can be regarded as the sum of the
distributions associated with these two groups. As time progresses,
molecules in the former group rapidly desorb from the layer. Conse-
quently, the remaining population becomes increasingly dominated
by molecules in the latter group, and the observed positional and
velocity distributions gradually converge to those characteristics of
this slower group. In Secs. III E and III F, we focus on recross-
ing events of these two groups of remaining molecules to further
elucidate the underlying mechanism.

E. Effect of recrossing on the rate constant

Here, we interpret the fast desorption observed around the
initial observation time in Sec. III C and the subsequent slow des-
orption characterized by the converged rate constant k;j(oo) from
the viewpoint of molecular recrossing. In this study, recrossing refers
to a process in which a molecule that has desorbed once from an
adsorption layer i into a neighboring layer j returns to the original
layer i within a short time, without becoming sufficiently trapped in
layer j. Because such interlayer motion occurs while the molecule
is not yet strongly constrained in an adsorbed state, it is expected
to be observed as a fast transport process. In this section, we quan-
titatively analyze the extent to which interlayer transport induced
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by recrossing contributes to the rate constants. In particular, the
molecules remaining in each adsorption layer at an early observa-
tion time were classified into two groups: molecules that had newly
entered from a neighboring adsorption layer within 2 ps prior to the
observation time, denoted as Nj**", and molecules that had contin-
uously resided in the same adsorption layer for longer than 2 ps,
denoted as N, Accordingly, N™"(¢) + N24(t) represents the total
number of remaining molecules in the adsorption layer. The thresh-
old of 2 ps was chosen based on the representative timescale at which
the decay of the rate constant was observed in Sec. 111 C. For each
of these two groups, the time evolution of the number of remain-
ing molecules and the number of desorbed molecules was calculated.
Using these time-dependent quantities, the contributions to the rate
constant were then evaluated separately according to the following
equations:

NEEY(t+ At) — NFY (¢
k;}EW(t) _ 1 - ( ij ( + ) ij ( )), (18)
NP (1) + N7© (1) At
kl?'ld(t) _ 1 (Ngld(t-i-At) —Ngld(t))- (19)
TN ()N () At

Here, the superscripts “new” and “old” attached to the remaining
molecule numbers, the numbers of desorbed molecules, and the rate
constants denote the contributions from molecules that migrated
from a neighboring adsorption layer within the preceding 2 ps and
from molecules that have remained in the same adsorption layer
for longer than 2 ps, respectively. Figure 8 shows the time evolu-
tion of the rate constants decomposed according to Eqgs. (18) and
(19). Panel (a) presents ki, in the Pt-Ar system, while panel (b)
shows kz; in the SiO,-H,O system. As shown in the figure, the
large rate constants observed near the initial observation time are
mainly due to the contribution from molecules that have recently
entered from neighboring adsorption layers. This contribution cor-
responds to recrossing events, in which molecules that have once
migrated into an adjacent adsorption layer return to the original
layer on a short timescale. In other words, the fast interlayer trans-
port observed around the initial time can be interpreted as a fast
desorption process arising from molecular recrossing. These results

(a)
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indicate that, to quantitatively predict the rate constants for inter-
layer transport, it is essential to consider the fast interlayer motion
induced by recrossing and the slower interlayer transport associated
with molecules that are sufficiently adsorbed.

F. Conceptual transport model accounting
for boundary recrossing events

Here, we discuss a conceptual model for devising modifi-
cations to the theoretical model, motivated by the relationship
between recrossing events and the converged values of rate constants
obtained in Sec. III C. As described in Sec. III E, migration accom-
panied by recrossing is a major factor responsible for the large rate
constants observed near the initial time. Furthermore, the converged
positional and velocity distributions of the remaining molecules
shown in Sec. I1I D can be interpreted as the distribution of a molec-
ular sub-ensemble consisting of molecules that have not undergone
repeated recrossing up to that time. Accordingly, boundary-crossing
events of the remaining molecules can be classified into two dis-
tinct processes: a fast process in which molecules rapidly cross back
and forth across the layer boundary multiple times, and a com-
paratively slow process that proceeds without recrossing. In this
section, these two transport processes are modeled according to the
schematic pathway illustrated in Fig. 9. As depicted in Fig. 9, cross-
ings at the layer boundary are decomposed into two contributions:
direct crossings of the remaining molecules characterized by the rate
constant k;j(co) and repeated boundary crossings occurring on an
average of Ncross times. Here, recrossing is interpreted as multiple
successive crossings of the layer boundary and is quantified by the
number of such crossings. Once a molecule crosses the layer bound-
ary in accordance with k;;(c0), it is assumed to undergo, on average,
Neross boundary crossings before being re-adsorbed onto either of
the adjacent adsorption layers. Thereafter, the molecule is assumed
to re-enter the slow process governed by k;j(o0), and this sequence
is repeated. The initial crossing associated with k(o) is included
in the definition of the average recrossing number Nerogs, i.€., even
if there is no recrossing Neross = 1. In the transport model, for sim-
plicity, the left and right adjacent adsorption layers are assumed to
be symmetric and to exhibit identical desorption behavior. Accord-
ingly, attention is focused on the number of boundary-crossings per

(b)

0.035
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process governed by k(o) and a fast process involving Neross Crossings at the
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unit time in the positive and negative directions at the layer bound-
ary. Under these assumptions, the following expression holds for the
number of molecules crossing the layer boundary per unit time in
equilibrium:

2krstN = 2Ncrossk(°°)Na (20)
kst
k = . 21
( OO) Neross 1)

Here, N denotes the total number of remaining molecules, and krst
is the rate constant obtained from Eq. (12). Within the model of
transition state theory (TST), the rate constant krst is defined on
the basis of the molecular flux across the layer boundary under the
assumption of an equilibrium distribution. Accordingly, krstN rep-
resents the number of molecules crossing the layer boundary per
unit time in either positive or negative direction. Consequently, the
total number of boundary-crossing events per unit time, summed
over both directions, is given by 2krsrN. In the transport model-
ing proposed here, boundary crossing is initiated by a slow process
characterized by the rate constant k(o). For each such slow pro-
cess, it is assumed that the molecule undergoes, on average, Neross
consecutive boundary crossings, including recrossing events. Under
this assumption, the number of hopping events occurring per unit
time is k(oo )N, and each event gives rise to Ncross boundary cross-
ings. Therefore, the total number of boundary-crossing events per
unit time, including both directions, is expressed as 2Ncrossk( o0 ) N.
From Eq. (21), it follows that the converged value of the rate constant
can be quantitatively related to the average number of recrossings
at the layer boundary, Neross. In this sense, Eq. (21) and the present
model based on Nross Offer a physical interpretation of the difference
between krst and k(o0 ), highlighting the role of recrossing processes
in reducing the effective rate constant.

Neross is defined as the mean number of times a molecule that
has entered the vicinity of the layer boundary from either the left or
the right adsorption layer via the rate k;j(co) subsequently under-
goes repeated crossings of the boundary region. The present model
does not provide a fully established quantitative scheme for predict-
ing Neross. As a possible approach to estimating this quantity, we,

ARTICLE pubs.aip.org/aipl/jcp

therefore, consider a stochastic description of boundary-crossing
events based on Rice theory,’”"“ which enables the evaluation of
level-crossing frequencies in random processes. In this Rice-theory-
based evaluation, the recrossing problem at the layer boundary is
reformulated as a problem of counting the number of crossings of
the origin z = 0 by a particle that diffuses from the origin with a self-
diffusion coefficient D, at temperature T. According to Rice theory,
the average number of crossings per unit time u(t) of the reference
position z = 0 at time ¢ is given by

w(t)= [ Wp(z=0.n.1) dv (22)

where p(z = 0,v,t) represents the joint probability distribution of
position and velocity at z = 0. The absolute value in Eq. (22) ensures
that crossings in both the positive and negative directions are
counted equally as single crossing events. In the present study, we
assume that the molecular motion under consideration is in equilib-
rium and that the statistical properties of position and velocity are
independent. Under this assumption, the joint distribution can be
factorized as

p(zv,t) =p(zt)p(v), (23)

where p(z,t) and p(v) represent the positional and velocity dis-
tributions, respectively. The positional distribution p(z,t) is given
by the solution of a one-dimensional diffusion process with a self-
diffusion coefficient in the z direction, denoted by D,, corresponding
to particles initially localized at z = 0 at t = 0,

2

1 z
p(Z, t) = ﬁ exp (_Hzl‘) (24)

The velocity distribution p(v) follows the equilibrium Maxwell
distribution at temperature T and is expressed as follows, where m
is the molecular mass:

m mvz
PO) =\ SksT eXp(_szT)' (25)

Substituting Egs. (23)-(25) into Eq. (22), the crossing rate y(t) can

be written as
1 /[ kgT
t)= -— . 26
u() 'V 2mD;,t (26)

The cumulative number of crossings up to time ¢, denoted by
Neross (1), is then obtained by integrating u(t) over time,

t
_ ’ ’ z kg Tt
Ncross(t) = ‘O/,u(t )dt = T[H 2mDZ' 27)

These expressions indicate that Neoss can be quantitatively
evaluated from known physical parameters, such as temperature,
molecular mass, and the self-diffusion coefficient. By substituting
the resulting Neross into Eq. (21), the converged value of the rate
constant, k(oo0), can be predicted within the present theoretical
model.
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In this study, the self-diffusion coefficients of liquid molecules
appearing in Eq. (27) were evaluated separately for each adsorption
layer. In the vicinity of the solid-liquid interface, molecular motion
in the direction normal to the interface is strongly constrained by
the adsorption, making it difficult to estimate the self-diffusion coef-
ficient using the same methods as those applied to bulk liquids.
Following previous studies,'”'° the molecular motion normal to
the interface was approximated as Brownian motion in an exter-
nal field defined by the potential of mean force (PMF), and the
self-diffusion coefficient was evaluated using the Langevin equation.
Details of the computational procedure are provided in Sec. S3 of
the supplementary material. The self-diffusion coefficients obtained
by this method for liquid molecules in each adsorption layer of the
Pt-Ar and SiO,-H,O systems are shown in Figs. 10(a) and 10(b),
respectively.

Using the self-diffusion coefficients obtained for each adsorp-
tion layer, the converged values predicted by the conceptual model
were evaluated by substituting them into Eqgs. (21) and (27). How-
ever, when the recrossing number N5 is evaluated using Eq. (27),
Neross (t) increases monotonically with time and does not exhibit a
converged value. As a result, the time ¢ remains as a fitting para-
meter in the evaluation of N¢oss, which constitutes a limitation of
the present Rice-theory-based formulation. To address this issue, we

0.15 /’
7/
d
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wn
2
=010 ﬁ
v
= '3
=0.05F -
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FIG. 11. Comparison between the converged rate constants k;; (oo obtained from
MD simulations and those predicted by the conceptual model based on Nerss, as
evaluated using Rice theory.
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first examined at which time ¢ produces Ncross, where Eq. (21) holds.
Using a least-squares fitting procedure, we determined that Eq. (21)
is satisfied on average at t = 2.4 ps for the Pt-Ar system, while for
the SiO,-H,O system, it holds at t = 1.7 ps across all adsorption lay-
ers. Notably, this fitted timescale closely coincides with the timescale
over which the rate constants obtained from the MD simulations
converge to their steady values, as indicated in Fig. 4. In particu-
lar, the rate constants reach 95% of their converged value k(oo)
after 2.34 £ 0.16 ps in the Pt-Ar system and 1.66 + 0.18 ps in the
SiO,-H,O system, where the uncertainties represent the variation
among different adsorption layers. Both the absolute values and the
relative ordering of these timescales are in good agreement with the
fitted times. This correspondence provides physical justification for
the choice of the fitting parameter and supports the validity of the
proposed model, in which the rate constants are corrected based on
the average recrossing number evaluated using Rice theory. By sub-
stituting these values of ¢ yields, the recrossing numbers averaged
over the different adsorption layers are obtained as Neross(2.4 ps)
=17 for the Pt-Ar system and Neross(1.7 ps) =3.9 for the
Si0,-H, 0 system. Using these representative times, the predicted
rate constants were calculated and compared with the rate constants
directly obtained from MD simulations, as shown in Fig. 11. As can
be seen from the figure, good agreement is observed for all adsorp-
tion layers, demonstrating that the proposed model incorporating
recrossing events is effective in quantitatively predicting the con-
verged values of the rate constants. These results indicate that the
present modeling, which focuses on molecular recrossing at layer
boundaries, provides a useful model for describing transport phe-
nomena between adsorption layers. Although the model still faces
limitations in achieving fully quantitative predictions, it offers a
physically transparent basis for understanding the role of recrossing
events. In particular, the current formulation considers recrossing
processes only on one side of an adsorption layer, and further refine-
ment will require accounting for recrossing on both sides as well as
the collective molecular dynamics within the entire adsorption layer.
Addressing these issues is expected to lead to a more comprehensive
and predictive theoretical model in future studies.

IV. CONCLUSION

In this study, we investigated the transport characteristics
of liquid molecules in the direction normal to the solid-liquid
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interface. Building upon previous research, the movement of lig-
uid was modeled as a series of jumping events (adsorption and
desorption phenomena) between discrete adsorption layers, and
the frequency of these events was evaluated using kinetic analysis.
Furthermore, a theoretical model was developed to quantitatively
predict the corresponding rate constants based on transition state
theory (TST).

We validated the theoretical model by comparing it with actual
adsorption and desorption behavior observed in MD simulations.
Two systems, the Pt-Ar system and the SiO,-H,O system, were
examined. In both systems, liquid molecules near the interface
formed multiple distinct adsorption layers. For each adsorption
layer, we observed molecule migration during MD simulation.
Across all systems and adsorption layers, the rate constants were
found to be highest at the initial time and then decreased, eventually
converging to a unique steady value for each layer and liquid type.
Comparison with theoretical predictions showed excellent agree-
ment at the initial stage. However, the steady state rate constants
tended to be consistently lower than the theoretical ones by a con-
stant factor. This indicates that while the theoretical model captures
the qualitative features of the adsorption and desorption phenom-
ena, it falls short in quantitatively describing the time-dependent
behavior of the rate constants.

This discrepancy with the theoretical model was attributed
to the breakdown of the quasi-equilibrium assumption in TST. In
terms of positional distribution, molecules gradually concentrated
near the center of the adsorption layer over time. As for the velocity
distribution, it shifted in the direction of desorption. These changes
in distributions are likely responsible for the observed deviations in
rate constant from theoretical values. These results demonstrate the
limitations of theoretical models based on TST.

Finally, by focusing on the number of molecular recrossing
events at the adsorption layer boundary, we proposed a conceptual
model that provides an interpretation for the discrepancies between
the transport phenomena observed in MD and the theoretical model
based on TST. This model explains the observed converged values of
the rate constants by highlighting the role of recrossing processes in
reducing the effective rate constant. Within this model, the observed
transport behavior can be explained by considering that, on aver-
age, 1.7 recrossing events occur at the adsorption-layer boundary
in the Pt-Ar system and 3.9 in the SiO,-H,O system. In addition,
as a method for evaluating and predicting the number of recross-
ing events, we examined an approach based on Rice theory, which
treats the frequency of reference-level crossings in stochastic pro-
cesses. Although predictions of the converged rate constants based
on this evaluation still face challenges in achieving fully quantitative
accuracy, the approach was shown to capture the essential features
of desorption dynamics between adsorption layers. The proposed
model is, therefore, expected to provide useful guidance for future
modeling of transport properties near solid surfaces. With further
refinement of the modified model, improvements in the efficiency
of wet processes, such as semiconductor cleaning and etching, are
anticipated.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed descriptions of
(i) the calculation of the contact angle of water on SiO, surfaces

ARTICLE pubs.aip.org/aipl/jcp

presented in Sec. II, (ii) the time evolution of the positional
and velocity distributions of the remaining molecules discussed in
Sec. 111 D, and (iii) the evaluation of the self-diffusion coefficient
using the Langevin equation described in Sec. II1 F.
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