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In our previous work, we studied the thermodynamics of two cases of intercompartmental transport
through a carbon nanotube: one involving water molecules and the other involving nonpolar molecules.
Free energy calculations indicate that transporting water molecules from one compartment to another
via a narrow channel is impossible, whereas for nonpolar molecules, only approximately half can be
transported. Therefore, the interaction strength between transported molecules significantly affects
molecular transport. In this study, we examined the effect of interaction strength on molecular transport
both kinetically and thermodynamically via simple models and molecular simulation methods. The
results revealed that, depending on the interaction strength, the transport behavior can be categorized
into three regimes: water-like, nonpolar-like, and transition regimes. Interestingly, the molecular
fluctuations in the transition regime are so large that a significant number of molecules are transported
between the compartments in an oscillatory manner, exceeding the transport of half of the molecules

Received 26th September 2024, in the nonpolar-like regime. Thus, to induce molecular transport driven by large fluctuations, the

Accepted 21st January 2025 interaction strength should remain within a moderate range. Moreover, potential of mean force (PMF)
DOI: 10.1039/d4cp03711a analysis supports this large fluctuating behavior, as the PMF profile exhibits a flat region that allows

significant variation with no free energy cost. We elucidate the role of interaction strength in molecular
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1. Introduction

Chemical reactions in cells occur in complex environments where
they are tightly regulated and precisely controlled, as observed in
signal transduction via molecular transport, particularly through
channels in membranes that separate the inner and outer cellular
spaces."” To fundamentally understand the underlying physics of
how these channels operate, it is essential to first comprehend the
general principles that explain how and why molecular transport
through channels occurs spontaneously. To investigate this issue,
we studied simple models representing transport systems in which
molecules are transferred between two separate compartments
connected by a carbon nanotube (CNT).'**

In our previous study, we calculated the potential of mean force
(PMEF) for the complete transport of molecules from one compart-
ment to another. We investigated two types of transported mole-
cules, namely, water'® and nonpolar'* molecules, which represent
strong and weak interactions, respectively. We modeled nonpolar
molecules by using water molecules whose partial charges were set
to zero. In both cases, the transport of molecules into the initially
empty inner space of the CNT was thermodynamically sponta-
neous. However, further transport from the CNT to the other
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transport, as well as the deep connection between molecular fluctuations and molecular transport.

compartment depended on whether the molecules were water or
nonpolar molecules. For water molecules, the strong hydrogen-
bonding interactions made it thermodynamically unfavorable to
break these bonds, preventing the molecules from entering the
empty space of the other compartment without compensation
from the strong water-CNT interactions. In contrast, nonpolar
molecules, without such strong interactions, exhibited sponta-
neous transport due to an increase in entropy, although only up
to approximately half of all molecules were transported.

Given that the two model systems were identical except for the
magnitude of the partial charges of the transported molecules, the
observed differences in transport behavior highlight the significant
influence of the interaction strength on the process. This naturally
raises the following question: what happens if the interaction
strength varies between the two extremes? Specifically, does the
transport behavior in such cases resemble that of water or nonpolar
molecules, or does it exhibit entirely new characteristics?

In this work, we addressed this question by performing uncon-
strained molecular dynamics (MD) simulations via a transport
model in which all the molecules initially reside in one of two
compartments connected by a CNT. We varied the magnitude of the
partial charges, covering a range from water (charged) to nonpolar
(neutral) molecules. Each trajectory was analyzed to observe the
transport behavior across different interaction strengths. Through
this analysis, we identified three categories of behavior, namely, the
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water-like regime, the nonpolar-like regime, and the transitional
regime that has not been previously reported. To better understand
these behaviors, we also calculated the PMFs for representative
cases. The PMF results were consistent with the transport behaviors
observed in the unconstrained MD simulations, providing a thermo-
dynamic explanation for the different transport regimes.

Furthermore, understanding the conditions under which
complete transport can occur is crucial for controlling mole-
cular flow in industrial applications. For example, when aiming
to transfer all molecules from one compartment to another, it is
important to assess whether this is feasible. Our previous work
indicated that neither water nor nonpolar molecules could be
completely transported: transport rarely occurred for water
molecules, whereas only partial transport (approximately half)
was achievable for nonpolar molecules. Therefore, exploring
whether complete transport can be achieved with an intermedi-
ate interaction strength is of practical interest, particularly in
the context of engineering applications.

This paper is organized as follows: the next section provides
the details of our models and simulation methods. The Results
and Discussion section presents and explains the findings from
our unconstrained MD simulations and PMF calculations. The
final section summarizes our conclusions and their implications.

2. Computational models and methods

2.1. Computational models

To explore various transport cases of molecules with partial
charges of different magnitudes, we used the model employed
in our previous studies.'®'! As shown in Fig. 1(A), the model

(A) f=0.6 f=0.8

10 nm

Compartment 1 z;=4 nm
CNT Zent=4 nm
Compartment 2 Z,=4 nm
L 7 10 nm

3.17nm x 3.3nm x 32.0 nm
Fig. 1
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comprises two compartments connected by a CNT, with mole-
cules that move within the inner space created by the compart-
ments and the CNT. The compartments and the CNT are fixed
in space, while the transported molecules can move freely.
Additionally, we generalized the model of transported mole-
cules to allow variation in the strength of their interactions.

Specifically, in each case, all model parameters remained
unchanged, except that the transported molecules exhibited
partial charges of different magnitudes. The charge magnitude
determines the strength of the electrostatic interactions
between the transported molecules. The atoms in the other
parts of the model, i.e., the compartments and the CNT, consist
of carbon-based atoms with a partial charge of zero. Therefore,
changes in the magnitude of the partial charges affect only the
interactions between the transported molecules.

The models of transported molecules used in both our
previous and current studies are based on the TIP3P water
model,"> which has been widely used in MD simulations
involving CNTs and graphene plates.”>™® In our previous
research, we used the original TIP3P model for water molecules
and a modified version in which all partial charges were set to
zero for nonpolar molecules.""” In this study, we introduced a
charge scaling factor (f) for the partial charges in the TIP3P
model. For example, the scaling factor for water molecules is 1,
whereas for nonpolar molecules, the value is 0, as indicated in
Table 1. For other types of transported molecules with arbitrary
values of f, we adjusted the partial charges in the TIP3P model
by applying the corresponding factor values. This method
ensured that the net charge of any transported molecule
remained zero. Using this approach, we modulated the strength
of the electrostatic interactions. A similar method has

(B)

(A) Molecular transport models with charge scaling factor (f) values of 0.6 (left) and 0.8 (right) for the transported molecules (orange or green). The

blue lines represent the simulation boxes. (B) An example of molecular transport where all the molecules are transported from compartment 1 (left) to

compartment 2 (right), with f = 0.6.
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Table 1 The partial electric charges of atoms are determined by f for
various transported molecules. Partial electric charges are calculated by
multiplying the original partial charge values and the scaling factor f

Partial charge
of oxygen atom

Partial charge of

Charge scaling factor (f) hydrogen atoms

1.0 (original TIP3P water model) —0.834 0.417
0.9 —0.7506 0.3753
0.8 —0.6672 0.3336
0.7 —0.5838 0.2919
0.6 —0.5004 0.2502
0.5 —0.417 0.2085
0.4 —0.3336 0.1668
0.3 —0.2502 0.1251
0.2 —0.1668 0.0834
0.1 —0.0834 0.0417
0.0 (nonpolar molecule model) 0 0

previously been adopted to modulate the Lennard-Jones (LJ)
interaction strength.'®"?

We modeled the CNTs used as channels with the carbon atoms
defined in the AMBER force field,® which is commonly employed
alongside the TIP3P model.">'* The 6-12 L] parameters of
the carbon atoms in the CNTs were ¢ = 0.3400 nm, and & =
0.3598 kJ mol ™~ ". The CNT used in this study was of the (6,6) armchair
type with a length of 4 nm. The diameter of this CNT was small
enough that only one molecule could fit across its cross section,
although multiple molecules could be arranged along its length.

To create the compartments, we used modified graphene
plates. These plates exhibited the same shape and molecular
geometry as regular graphene plates, but their L] interactions
were weaker. Specifically, the L] parameters for the atoms were
¢ = 0.3400 nm, and ¢ = 0.03598 k] mol~'. The ¢ value is the
same as that for carbon atoms in the AMBER force field, but the
¢ value is 10 times lower. The reduced interaction strength pre-
vented the adsorption of transported molecules onto the compart-
ment walls. Each compartment had dimensions of 3.1 nm x
3.3 nm x 4 nm, as shown in Fig. 1(A). The two compartments
were connected by the CNT, with each compartment containing an
opening precisely sized to accommodate the CNT.

To calculate the L] interactions within the model, we used
the Lorentz-Berthelot rule,> > and for long-range electrostatic
interactions, we employed the particle-mesh Ewald (PME)
method.?* The cutoff distance for both the L] and electrostatic
interactions was set to 1.4 nm. Additional model details are

described elsewhere.'®*

2.2. Details of the MD simulations

We conducted MD simulations to investigate the effect of
the interaction strength on the kinetics and thermodynamics of
molecular transport for various molecules with different f values.

The simulations were performed under NVT (constant number,
volume, and temperature) conditions at a temperature of 300 K.
The number of transported molecules in the simulations was
400. To maintain the temperature, we employed a V-rescale
thermostat®® with a coupling constant of 0.1 ps. The integration
time step was set to 2.0 fs.

Periodic boundary conditions (PBCs) were applied along all
three Cartesian directions (x, y, and z). To minimize the
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interactions through PBCs along the z-axis, we used a simula-
tion box with a length of 32 nm along the z-axis, which was
significantly larger than the length of the transport system, i.e.,
12 nm, as shown in Fig. 1(A).

For the MD simulations, we used the GROMACS simulation
package (version 2023.3).%° To fix the positions of the CNT and
the two compartments, we utilized the freeze group option in
GROMACS.*® For trajectory analysis, we employed the MDAna-
lysis package (version 2.7.0).>”*® To visualize the simulation
results and prepare the figures for this paper, we employed
VMD (version 1.9.4)*° and xmgrace programs (version 5.1.25;
https://plasma-gate.weizmann.ac.il/Grace/).

2.3. Unconstrained MD simulations

To observe the direct impact of interaction strength, we conducted
a series of MD simulations with different fvalues without imposing
any constraints on the transported molecules. In these transport
simulations, all the transported molecules were initially placed in a
single compartment (compartment 1), as shown in Fig. 1(B).

To prepare this initial state, we first carried out a 10-ns NVT
MD simulation after placing the molecules in compartment 1
to achieve equilibrium within the compartment before initiat-
ing molecular transport. During this equilibration step, a
molecular barricade—a six-carbon ring with a size comparable
to the diameter of the CNT—was positioned at the boundary
between the CNT and compartment 1 to prevent molecules
from entering the CNT before the transport simulation began.'”
After the 10-ns equilibration period, we removed the barricade
to establish the initial state for the subsequent transport
simulations, as illustrated in Fig. 1(B). Finally, we conducted
unconstrained transport simulations with various f values to
investigate whether molecular transport occurred and to quan-
tify how many molecules moved to compartment 2.

2.4. PMF calculation

To better understand the unconstrained MD simulation results
and calculate the free energy change during complete molecular
transport (Fig. 1(B)), we used the PMF method previously applied
to the water case'® and the nonpolar case.'" In this study, we
considered various fvalues for the PMF calculation. The PMF is
represented as a function of the number of molecules in
compartment 1 (N;), because N; alone sufficiently represents
the state of the transport process, as explained below.

The system state can generally be characterized by three
variables, namely N;, the number of molecules in the CNT
(Nenr), and the number of molecules in compartment 2 (N,);
however, these variables are not independent. Specifically, Nenr
remained almost constant during the simulations, as shown
later, and, with its value varying between 10 and 15 depending
on the value of f. Therefore, the state was primarily determined
by N; and N,. Furthermore, since N; + N, + Ncnr = 400, there
was essentially only one independent variable: either N; or N,.
In our work, we chose N; as the variable for the PMF profile.

For the PMF calculation, N; can be controlled by blocking
the passage of molecules to compartment 2. Specifically, for
molecules to move to compartment 2, they must pass through

This journal is © the Owner Societies 2025
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the CNT. Therefore, by constraining one of the molecules
within the CNT and fixing it in space, N; can be maintained
at a certain value. For convenience, we denote this value as Nj.
Now, if we slightly move the constrained molecule along the
CNT toward compartment 2, we can obtain a new value of Ny,
which is N — 1. In this procedure, one molecule in the CNT,
which occurs closest to compartment 2, is pushed into com-
partment 2 by the movement of the constrained molecule,
resulting in an increase in the N, value and a decrease in the
value of N;, whereas the value of the Noyt remains constant.
We then fix the previously constrained molecule again and
sample the state specified by N| — 1. By continuing to move the
constrained molecule toward compartment 2 step by step, we
can sequentially push the molecules into compartment 2 and
sample the states specified by Nj — 2, N| — 3, etc.

Although the entire procedure described above is designed
to calculate the PMF for molecular transport, if we focus solely
on the constrained molecule, it can be considered a PMF
calculation for moving this molecule from one point to another
within the CNT. This is similar to a standard PMF calculation
using umbrella sampling,***' which was implemented in our
work. In other words, we can map the change from Nj to N} — 1
during transport to the translation of the constrained molecule
over a certain distance along the CNT. This approach is feasible
because, in our case, molecular transport is directly related to
the translation of the molecule within the CNT.

Nevertheless, this PMF method, which is based on the
translation of the chosen molecule for constraint purposes, is
limited in the range of the N; domain due to the finite length of
the CNT, which is 4 nm. Because of this limit, the maximum
number of molecules that can reside in the CNT ranges from
10 to 15, depending on the value of f (refer to the available
space in the CNT shown in Fig. 1 and other figures). This
defines the domain size covered by the method (AN;) as
approximately 10 to 15. For example, if AN; is 10, using this
method with a well-chosen molecule for constraint purposes,
we obtain the PMF for 390 < N; < 400. To further determine
the PMF for 380 < N; < 390, instead of the previously
constrained molecule now in compartment 2, we must identify
another molecule in the CNT for constraint purposes and
subsequently calculate the PMF for that interval. This process
can be repeated until we obtain the PMF for N; = 0.

However, the above description does not capture the full
extent of the PMF method. Even with N; = 0, molecules remain
in the CNT, specifically, 10 molecules if AN; is 10. For complete
transport to compartment 2, all molecules within the CNT must
also be transferred to compartment 2 (Fig. 1(B)). To describe
this situation accurately, we must eventually record Ngyr.
However, in this work, to plot the entire PMF using a single
coordinate Nj, instead of directly using Ncnrt, We defined
negative N; values as N; = Nenr — AN;. Therefore, the state
N; = —1 (or Nenr = 9 for AN; = 10), which follows immediately
after N; = 0 (or Nonr = 10) in the transport sequence, represents
the situation where one molecule, previously located in the
CNT next to compartment 2, has moved into compartment 2,
leaving 9 molecules in the CNT. Similarly, the state N; = —2

This journal is © the Owner Societies 2025

View Article Online

PCCP

(or Nenr = 8) indicates that, compared with the fully-occupied
state of the CNT (N; = 0 and N¢nr = 10), two molecules have been
transferred to compartment 2, leaving 8 molecules in the CNT.
Thus, N; = —10 (or Nenr = 0) indicates that all 10 molecules in
the CNT have been transported to compartment 2, suggesting
that the CNT is now empty and that all the molecules are in
compartment 2, resulting in complete transport. Consequently,
when AN; = 10, the entire N; domain ranges from —10 to 400
and can be divided into intervals of AN; = 10. For each interval of
AN, = 10, we can separately calculate the partial PMF.

After calculating the PMF for each partial domain, we can
combine these piecewise PMF values to create a complete PMF
profile for the entire domain range of —10 < N; < 400 (for the case
of AN; = 10). Technically, when two adjacent PMF profiles are
combined, it is necessary to have overlapping regions in their
domains. For example, in the case of AN; = 10 mentioned above,
the domain of the second PMF profile could be 382 < N; < 392 to
ensure overlap with the domain of the first PMF profile, which is
390 < N; < 400. Further details are provided in our previous works.'*"*

Finally, while we described the sampling procedure
as involving the continuous movement of constrained mole-
cules to achieve different N; values, alternative methods for
establishing these states could be used. For example, instead of
preparing states one by one via the movement of constrained
molecules, we could utilize configurations obtained from
osmosis MD simulations in which complete transport from
compartment 1 to 2 is achieved. The detailed methodology for
this approach is described in our previous work."®

Now, let us consider the technical details of the PMF
calculation. As mentioned earlier, to compute the PMF due to
the change in N;, we can equivalently calculate the PMF as a
function of the translational distance dqnr of the constrained
molecule within the CNT. Note that, since the length of the
CNT is 4 nm, the maximum distance dgnr is 4 nm. However, for
our convenience, we can use the distance d, not from the end of
the CNT, but from the bottom graphene plate of compartment
2, such that d = dony + 4 nm (Fig. 1(A) and 2(A)).

For the PMF calculation of a partial N; domain with AN;, we
employed the umbrella sampling method, introducing as many
sampling windows as necessary to ensure sufficient overlap between
adjacent windows and adequately cover the distance dcnr. In each
window, the constraining force on the chosen molecule was
applied via an umbrella potential, namely, a harmonic potential
with a force constant of 3000 k] mol~* nm™2. This force constant
was chosen to be high enough to sample all desired states,
regardless of the value of f; in fact, it was successfully employed
in PMF calculations in our previous studies with f= 1'° and 0'".

With this umbrella potential, we performed a 1500-ps NVT
simulation for each window, using the first 500 ps for
equilibration and the final 1 ns for PMF calculation. Before
determining this simulation time, we carefully examined the
convergence of the potential energy and other physical quan-
tities, which reached equilibrium rapidly during equilibration.
Furthermore, in our previous work with f = 1,'"° we demon-
strated the convergence of the PMF obtained from 1500-ps
simulations using different time intervals.
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Fig. 2 PMF calculation for set 1 of the water case with f = 1. (A) Representative configurations of the nine windows selected from a total of 117 windows
used for umbrella sampling. The numbers at the bottom indicate the window numbers. In each window, an umbrella potential was applied to the blue-
colored water molecule to constrain the distance d from the bottom plate during the simulation. (B) Histograms of distances d of the constrained
molecule from sampling across all 117 windows. (C) PMF as a function of d, which is calculated by solving the WHAM equation. (D) Plot of Ny versus d. The
red line represents the regression curve obtained through nonlinear fitting, given by N; = 3.8206 d + 368.98 with a correlation coefficient of 0.9963. (E)
PMF as a function of Ny, where the x-axis in (C) was converted from d to Ny via the regression curve in (D).

We then obtained the PMF profile from the sampling data as
a function of d by solving the equation of the weighted
histogram analysis method (WHAM).>*** With the use of the
strong linear relationship between N; and d, we converted the
PMF profile into a function of N;. This calculation was repeated
for each partial domain of N;, and the resulting PMF profiles
were then merged into a single, final PMF profile. Finally, we
adjusted the final PMF profile by shifting it along the y-axis so
that the PMF value at N; = 0 was set to zero, allowing the use of
the state at N; = 0 as a well-defined reference point. Further
information can be found in our previous works.'>*!

2.5. Illustrative PMF calculation for f= 1

To illustrate the PMF calculation procedure described in Sec-
tion 2.4, we detail the process using the water case with f=1, as

3638 | Phys. Chem. Chem. Phys., 2025, 27, 3634-3649

shown in Fig. 2. In this case, the occupation number of water
molecules in the CNT was observed to be 15 on average; thus,
AN, = 15. Accordingly, the N; domain of the first PMF profile
spans approximately 385 < N; < 400, which we refer to as the
set 1 domain.

In particular, for the PMF calculation of set 1, one water
molecule was selected for constraint, highlighted in blue in
Fig. 2(A). By applying constraints to the selected water molecule
at various initial positions, we considered 117 windows for
umbrella sampling. Snapshots of the system for representative
windows are shown in Fig. 2(A). The histograms for the distance
d of the constrained water molecule across all 117 windows are
displayed in Fig. 2(B). Fig. 2(C) shows the PMF profile as a function
of d. Using the linear relationship between d and N; (Fig. 2(D)), the
final PMF for set 1 was obtained and is presented in Fig. 2(E).
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Similarly, we performed PMF calculations for other domain
sets, and the results for sets 2 to 5 are shown in Fig. 3(A). In the
case of f= 1, the PMF of set 2 appears redundant because sets 1
and 3 together cover the domain region corresponding to set 2.
However, for cases with lower f values, a small gap exists
between sets 1 and 3, necessitating set 2 to fill this gap. For
the entire PMF, a total of 72 sets were used.

To combine the piecewise PMF profiles from all 72 sets into
one single unified PMF, we merged the profiles sequentially.
For two adjacent PMF profiles, one profile was shifted such that
the average PMF values within the overlapping region matched.
The two profiles were then averaged within the overlapping
region to create a larger, merged PMF profile. Repeating this
process across all sets resulted in a single unified PMF, as
shown in Fig. 3(B).

In the above procedure, the total number of windows used
across all 72 sets was 6144. Consequently, the total simulation
time, calculated as 6144 x 1.5 ns, was 9216 ns or 9.216 pus. The
same numbers of domain sets (72) and windows (6144) were
used for the other cases with different f values.

To gain a deeper understanding of the molecular details
within the CNT under the constraint force, we calculated the
densities of individual water molecules along the principal axis
(z-axis) of the CNT. The results are shown in Fig. 4. For each set,
the constraint force results in a very narrow spatial distribution
of the constrained water molecule, whereas the distributions of
other water molecules, which are farther from the constrained
molecule, are broader. Additionally, owing to strong intermo-
lecular interactions, the water molecules remain close to one
another, maintaining almost constant distances, which leads to
the periodic patterns in the profile plots.

The water density profiles also provide insights into the
molecular basis of the overlap between adjacent PMF profiles.
Specifically, for each set in Fig. 4, as the window number
increases, the narrow distribution of the constrained water mole-
cules (constrained molecule 1) shifts downward. Before it reaches
the end of the CNT at z = 14 nm, a broader distribution of
the molecule chosen as the constrained molecule (constrained

kdJ
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molecule 2) for the next domain set appears, ensuring overlap
between adjacent PMFs. Therefore, the density profiles from some
windows show the distributions of the two constrained water
molecules: one from the current set (constrained molecule 1) and
another from the following set (constrained molecule 2).

When considering the next set, we observe similar distribu-
tions of the aforementioned constrained water molecules (con-
strained molecules 1 and 2), but the relative broadness of the
profiles is reversed. This occurs because the previously con-
strained molecule becomes unconstrained, causing its distri-
bution to broaden, whereas the newly constrained molecule has
a narrower distribution. Despite this difference, the presence of
these common density profiles from two neighboring sets
indicates the sampling of the same states of N;, implying
overlap between the adjacent PMF profiles.

More precisely in Fig. 4, for set 1, the density profile of
the constrained molecule in set 1 (constrained molecule 1,
blue) and the profile of the constrained molecule in set 2
(constrained molecule 2, green) are shown together for window 88.
In set 2, similar density profiles (blue and green) at the same z
locations are observed for window 31. The overlap between the
same colored (blue and green) density profiles from different
sets results in the overlap of their PMFs. Similarly, for sets 2 and
3, window 46 of set 2 and window 1 of set 3 have similar water
density profiles (green and violet), whereas for sets 3 and 4,
window 62 of Set 3 and window 18 of Set 4 have similar profiles
(violet and dark green).

Although we discuss only the case with f = 0, the same
discussion is applicable to other cases with different values of f.

3. Results and discussion

3.1. Trajectory analysis from unconstrained MD simulations

From the unconstrained MD simulations, we obtained the trajec-
tories of systems under varying interaction strengths mediated by
electrostatic interactions. Initially, all systems began with all trans-
ported molecules located in compartment 1, as shown on the left in

(B)
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(A) PMF profiles for sets 1 to 5 of the water case with f = 1. To clearly illustrate the overlap between adjacent profiles, the profiles were shifted and

arranged with spacing between them. (B) All PMF profiles from sets 1 to 72 (top colorful profiles) were merged into a single PMF (bottom profile shown as
a thick black line). The region highlighted by the red dotted circle corresponds to the profiles shown in (A).
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dark green, and cyan, respectively, corresponding to the colors of the PMF profiles in Fig. 3(A). In the density plots, the x-axis and y-axis represent the
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and the z-coordinate, respectively. Some window numbers are colored blue, green, and red to indicate that windows with the same

color have similar density distributions for the constrained water molecules at the same z coordinates, resulting in overlap between their PMFs.

Fig. 1(B). The system state was defined by N;, Nenr, and N,
collectively expressed as a tuple, (N1, Nenr, N,). Therefore, the initial
state of the system was represented by (400, 0, 0) in the simulations.

As the simulation progressed, the system evolved
toward a free-energy-minimized state, corresponding to the

3640 | Phys. Chem. Chem. Phys., 2025, 27, 3634-3649

configuration with the lowest PMF value. Once this state was
reached, the system stabilized, with thermal fluctuations
around this configuration. For example, Fig. 5 shows the time
evolution of the system state, with N; (black), Nonr (red), and
N, (green) plotted for different values of the scaling factor f
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(0.0, 0.6, 0.7, 0.8, and 1.0). Note that N; + Nonr + Np = 400, as
the total number of transported molecules remains constant

at 400.
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Fig. 5 (A) Trajectory analysis results for systems with f = 0.0, 0.6, 0.7, 0.8, and 1.0, displayed from top to bottom. The states, specified by the numbers of
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Fig. 5(A) shows two distinct regimes of f based on the
trajectories. In one regime (f < 0.7), namely, for f = 0 (non-
polar) and f = 0.6, the dynamic behaviors are similar, with N;

0

100 200 300 400 500

time (ns)

transported molecules in compartment 1 (Ny, black), CNT (NcnT, red), and compartment 2 (N, green), are shown as functions of time. (B) The same plots
as in (A), but with the y-axis range limited to values below 20 to better visualize the changes in Nent (red) and N, (green). Note that for f = 1.0, since Ny +
Nent + N2 = 400 and N, ~ 0, Ny~ 400-NenT-
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and N, converging to nearly equal values. However, the fluctua-
tions for f= 0.6 are slightly larger than those for f= 0.0. In the
other regime (f > 0.7), namely, for f= 0.8 and 1.0 (water), the
common feature is that transport to compartment 2 is negli-
gible. In contrast, for f = 0.7, which lies between these two
regimes, the system does not converge to one of these char-
acteristic states. Instead, it appears to explore a broader range
of states, which will be further discussed later in relation to the
PMF calculation.

The trajectories depicted in Fig. 5(B) indicate that the CNTs
(red) are rapidly filled with molecules and remain in this state
over time. Consequently, Nonr remains nearly constant, typi-
cally at approximately 10 to 15, depending on the interaction
strength or scaling factor f. This suggests that, after the initial
period needed for the molecules to fill the CNT, the system
state is once again essentially determined by N; (or N,), as N,
(or N) is simply given by 400-N;-Nonr (Or 400-Ny-Nonr)-

To systematically analyze the change in N; with the fvalue,
we calculated the average (N;) and the standard deviation ay,.
For this calculation, we disregarded the first 20 ns of the
trajectory for equilibration and considered only the remaining
480 ns of the 500-ns simulation time for analysis. We examined
various cases of fwith intervals of 0.02, and within the range of
fbetween 0.6 and 0.8, we used intervals of 0.001. The results are
shown in Fig. 6.

Fig. 6(A) shows that when f < 0.65, the average number (N;)
is approximately 200-(Ngnr)/2 since (N;) =~ (N,) (refer to
Fig. 5(A) for f = 0 and 0.6) and (N;) + (Ngnt) + (N,) = 400.
Moreover, (N;) ~ 200 since (Ncyt) < 400. In the equilibrium
state, the molecules are distributed equally between the two
compartments, similar to nonpolar gas molecules. However, for
f > 0.75, as f increases toward 1, (N;) converges to 400-(Ncnt) &
400 since (N,) =~ 0 (refer to Fig. 5(B) for f = 0.8 and 1.0) and
(Nent) < 400. In this case, (N;) &~ 400 indicates that there is no
transport to compartment 2, as observed in the water case. Between
these two distinct regimes, there is a dramatic transition region
where f ranges from 0.65 to 0.75.

In the transition regime (0.65 < f < 0.75), as shown in
Fig. 6(A), with increasing f value, (N;) does not change
smoothly. Instead, it exhibits sharp and irregular variations.
Consequently, (N;) can decrease to 150 at certain f values,
which is significantly less than the value of ~200 observed
for f < 0.65, whereas for other values, (N;) can increase to 250.
This result suggests the following: first, more than half of the
molecules can be transported to compartment 2; second, in
contrast to the nonpolar-like and water-like cases, where equi-
librium is reached relatively quickly, the dynamics in this
transition region are slower (also refer to Fig. 5(A) for f= 0.7),
with various states explored in equilibrium, leading to large
variations in (N;).

To quantitatively understand the change in N; around (Ny),
we show only the fluctuation in Ny, which is calculated from the
standard deviation oy, in Fig. 6(B). In Fig. 6(B), the maximum
fluctuation occurs at f ~ 0.7. This large fluctuation suggests
substantial changes within the system, indicating the possibi-
lity of significant molecular transport. However, changes in N;
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that would directly support this transport are not observed in
Fig. 5(A) for f= 0.7. To systematically investigate the possibility
of such transport, we calculated the PMF.

Before we move to the PMF calculation, we must address the
statistical significance of our results, which were based on a
single simulation run for each value of f. To increase the
statistical validity of our results, it would be ideal to perform
multiple simulation runs and derive results from them. How-
ever, the objective of the fluctuation analysis is not to find
statistically exact values of fluctuations but to gain insight into
the system behavior as a function of f, allowing us to identify
and estimate the transition regime. Moreover, instead of con-
ducting multiple runs at sparse values of f, we performed single
runs at very dense values of f, specifically at very closely
neighboring values within the transition regime (f = 0.600,
0.601, ..., 0.799, 0.800). Since we can approximate the results
of two simulations from two very closely neighboring values of f
as being equivalent to two simulations at a single value of f, this
examination of very closely neighboring values of f in the
transition regime compensated for the statistical error of
single-run results.

Additionally, in the transition regime, the system behavior is
more unpredictable than it is in the water-like and nonpolar-
like states, which underscores the stochastic nature of the
system. This unpredictability accounts for the irregular fluctua-
tions observed in the transition regime. Consequently, a larger
number of simulations may be required to accurately charac-
terize the fluctuations as the stochastic nature of the system
increases. However, determining the exact number of simula-
tions necessary for statistical adequacy is challenging. This is
why we chose to perform the PMF calculation, which provides
a thermodynamic framework for understanding this stochastic
behavior.
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3.2. PMF

To better understand the molecular behaviors observed in the
unconstrained MD simulations, we calculated the PMF, which
represents the free energy change as a function of N;. The PMF
thermodynamically determines which dynamic processes occur
spontaneously, and according to the minima of the PMF, we
can predict the final system state reachable via these processes.
The PMF results are shown in Fig. 7. The right and left ends of
the N; axis correspond to the states where all the molecules
reside in compartments 1 (or (400, 0, 0)) and 2 (or (0, 0, 400)),
respectively.

To determine if the PMF results align with the observations
from the unconstrained MD simulations, we can first examine
the PMF value at the right end, where N; = 400, corresponding
to the initial state in the simulations, and then progress toward
the left end, reflecting decreasing values of N;. As shown in
Fig. 7, the PMF value at the right end is a local maximum,
which leads the system to transition to states immediately to its
left (N; < 400). This transition reflects the dynamic process in
which molecules begin to fill the inner space of the CNT
(Fig. 5(B)). Once the CNT is filled with molecules (at N; = 390
to 385, depending on f), further molecular transport to com-
partment 2 is determined by the value of f.

In Fig. 7, when fis greater than 0.7 (f= 0.75, 0.8, 0.9, and
1.0), as the system transitions further to the left (i.e., as N,
decreases), it encounters barriers that are too high to overcome,
causing fluctuations around the minimum value at N; = 390 to
385 (depending on f), as also shown in Fig. 5(A) (f= 0.8, 1.0).
However, when f'is less than 0.7 (f= 0.0, 0.2, 0.5, 0.6 and 0.65),
no such barriers occur, and the system state changes with a
monotonic decrease in N; until the PMF value reaches its global
minimum at the center of the PMF profile. The system then
fluctuates around this minimum (N; = 200-N¢n1/2 & 200), as
shown in Fig. 5(A) (f= 0.0, 0.6).

Finally, for f= 0.7, the PMF profile is almost flat, suggesting
that N; can vary significantly with no free energy cost.
This suggests that the system can explore a large configuration
space (refer to Fig. 5(A) for f = 0.7) and that substantial
molecular transport may be feasible. On the basis of this
analysis, f= 0.7 represents a characteristic interaction strength,
which we denote as f. and refer to as the critical charge
scaling factor.
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Fig. 7 PMF profiles as a function of N for various values of f ranging from
0.0 to 1.0.
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Accordingly, the transport behaviors can be categorized into
three distinct regimes on the basis of the value of f. When f is
smaller than f; (in our case, f < 0.7), the interactions between the
transported molecules are relatively weak, and the transport
behavior then resembles that of nonpolar molecules, as described
in our previous study.'" This regime is referred to as the nonpolar-
like regime or the weak-interaction regime. In contrast, when f'is
sufficiently larger than f; (in our case, f > 0.7), the system exhibits
behavior analogous to that of water molecules, as reported in our
previous study.'® We refer to this as the water-like regime or the
strong-interaction regime. Between these two regimes lies a
transition regime, occurring at approximately f= f.. In this regime
(0.65 < f < 0.75), the system transitions from a weak-interaction
regime to a strong-interaction regime as f increases, resulting in a
notable shift in transport dynamics.

Now, let us reconsider the fluctuations in Fig. 6(B) in
relation to the PMF. The magnitude of these fluctuations is
thermodynamically determined by the width of the PMF profile
around the minimum, which reflects the range that can be
explored by a system from the minimum to the height of
thermal energy kg7 above the minimum, where kg is the
Boltzmann constant and 7 is the temperature. Specifically, if
the PMF profile is narrow around the minimum, the fluctuation
is small. Conversely, if the profile is wide, the fluctuation is
large. Therefore, as f increases from 0, the PMF profile around
the minimum widens (compare the profile width for f= 0 (the
circle labeled A) with that for f= 0.65 (the circle labeled B) in
Fig. 7), leading to larger fluctuations, as shown in Fig. 6(B).
When f = 0.7, the PMF becomes nearly flat, indicating sub-
stantial fluctuations (Fig. 6(B)). However, for f values greater
than 0.7, two minima emerge near the two ends of the profile in
Fig. 7. These minima arise from the presence of a high barrier
between them. The fluctuations in N; around these minima
decrease with increasing f value due to the increasing barrier
height. Consequently, the fluctuations shown in Fig. 6(B)
decrease with increasing f.

To provide a greater understanding of the PMF profiles in
relation to the system configurations, we show the PMF profiles
alongside representative configurations in Fig. 8 and 9. In
Fig. 8, the case of f= 0.6 once again represents nonpolar-like
molecular transport behavior, with a single minimum in the
PMF profile. The corresponding configurations in Fig. 8 indi-
cate weak molecular interactions, resulting in the molecules
filling the space as typical gas molecules do. Furthermore, the
configurations show that as the system progresses from state I
to state A, the molecules are transported into compartment 2
via the CNT. In state E, the molecules are evenly distributed
between the two compartments, and the CNT is fully occupied.

Given that the PMF profile is symmetric, with a center at
state E, the configurations also reflect this symmetry. Specifi-
cally, state D corresponds to F, state C corresponds to G, state B
corresponds to H, and state A corresponds to I. Moreover, the
overall transport process from state I to A can be divided into
three subprocesses:"! (1) the CNT filling process from I to H, (2)
the intercompartment transport process from H to B while the
CNT is fully occupied with molecules, and (3) the CNT
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emptying process from B to A (refer to the three regimes
marked I, II, and III in Fig. 8). Importantly, the CNT filling
and emptying processes are exactly opposite to each other.

In contrast to Fig. 8, Fig. 9 shows the PMF for f = 0.8,
representing the case of water-like molecular transport behavior,
where the interactions between molecules are relatively strong.
Owing to these strong interactions, the molecules in the configura-
tions are closely aggregated rather than scattered in space, as in the
nonpolar case shown in Fig. 8. The configurations from state I
through state A illustrate the transport process, during which the
system overcomes the PMF barrier at E, leading to the complete
transport of all molecules from compartment 1 to 2. In addition to
the PMF symmetry, the configurations exhibit symmetry with a
center at E. Specifically, if we exchange compartments 1 and 2 in
the configuration at A, the resulting configuration closely resembles
the one at I. This symmetry is also observed in the pairs of B and H,
C and G, and D and F.

Similar to the three regimes I, II, and III in the PMF profile
shown in Fig. 8, three distinct PMF regimes are identified in
Fig. 9. Regimes I and III in Fig. 9 are associated with the CNT
filling and emptying processes, respectively, whereas Regime II
corresponds to the intercompartment transport process.10 In
contrast to Fig. 8, Regime II features a barrier instead of a well.

3.3. Fluctuation-induced molecular transport

The PMF analysis results revealed that more than half of
nonpolar-like molecules (f < 0.65) or water-like molecules

View Article Online
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(f = 0.75) cannot be transported from compartment 1 to 2
owing to the well at the center of the PMF profile and the
barrier, respectively. However, the PMF profile at f ~ 0.7, which
lies in the transition regime between the nonpolar-like and
water-like regimes, is nearly flat. This flat shape suggests that
the system can explore a larger configuration space rather than
being confined to a narrow region around the well. Conse-
quently, a significant number of molecules—potentially more
than half—may be transported between the two compartments
in this regime. Therefore, it is important to carefully examine
the transition regime, particularly around f ~ 0.7.

Although the PMF profile at f &~ 0.7 suggests large fluctuations,
the magnitude of these fluctuations based on unconstrained MD
simulations (sy, ~ 70 in Fig. 6(B)) is insufficient to ensure
complete transport (ideally, o, ~ 200 when N; oscillates between
400 and 0). More directly, the trajectory for f = 0.7 in Fig. 5(A)
shows that the system has not yet converged and is still exploring
other states. This suggests that the 500-ns simulation time is
inadequate for the transition regime to fully explore all possible
equilibrium states. Therefore, additional simulation time is
needed to adequately sample all potential states.

To address this issue, we conducted extended simulations
up to 10000 ns (10 us) around f = 0.7. The trajectory analysis
results are shown in Fig. 10. At f= 0.695, the behavior resembles
that of nonpolar molecules (as shown for f= 0.0 in Fig. 5(A)) but
with a much larger magnitude of fluctuations. In contrast, at =
0.705, the behavior is more similar to that observed in the
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Fig. 8 PMF for f = 0.6 as a function of Ny, along with the nine configurations corresponding to the points marked A through | in the PMF profile.
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Fig. 9 PMF for f = 0.8 as a function of Ny, along with the nine configurations corresponding to the points marked A through | in the PMF profile.

water-like regime (as shown for f= 1.0 in Fig. 5(A)). However, causing N; and N, to fluctuate around their averages, similar
at f = 0.7, f = 0.703, and f = 0.704, the behavior exhibits to the nonpolar case. However, in contrast to the nonpolar-like
characteristics of both nonpolar-like and water-like regimes. case, these fluctuations emerge as oscillations between two
Specifically, the system experiences thermal fluctuations, distinct states: one where compartment 1 is more filled and one
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Fig. 10 Trajectory analysis results for systems with f values of 0.695, 0.7, 0.703, 0.704, and 0.705 (top to bottom). The states, represented by Ny (black),
Ncnt (red), and N, (green), are plotted as functions of time.
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where compartment 2 is more filled. Furthermore, these two
states exhibit thermodynamic stability, with N; (black) and N,
(green) remaining constant over certain periods, indicating
relatively stable aggregated states. In these states, relatively
strong interactions prevent the molecules from scattering, as
they do in the nonpolar-like regime, and cause them instead to
aggregate, similar to the water-like regime. This combination of
nonpolar-like and water-like behaviors leads to large fluctua-
tions between the two compartments.

Since f = 0.703 exhibits pronounced characteristic behavior
with large fluctuations and two stable states, we further examined
the trajectory, with representative configurations shown in Fig. 11.
To clearly illustrate the oscillatory behavior between these two
stable states, we marked several points (1 through 5) in the PMF
profile. These points correspond to states with maximal transport
within specific time intervals, and the corresponding configura-
tions are shown in Fig. 11. Although complete transport is not
achieved, a significant number of molecules are spontaneously
transported between the two compartments. Additionally, the
transport process is bidirectional and reversible.
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In fact, compartment 1 (or, equivalently, compartment 2)
alternates between filled and empty states, although it is never
fully filled or completely empty. This behavior resembles that
observed during dewetting transitions®***> between nanosized
plates'®'® or within CNTs,"® where oscillations between dry and
wet states occur by adjusting the strength of solute-water LJ
interactions. However, a key difference between our study and
previous dewetting transition studies is the focus. While those
studies primarily examined local water occupancy in confined
spaces due to wall-water interactions, our work emphasizes how
interactions between transported molecules influence global
system-wide molecular transport between compartments.

As discussed in Section 3.1, this transport system exhibits
stochastic behavior near f = 0.7. Therefore, what we observed
for f=0.703 is one of many thermodynamically possible results.
In other words, in a different simulation, the transition could
occur at an earlier or later time than the one we observed here.
Likewise, while no transport is observed for f = 0.705, increas-
ing the simulation time could yield transport similar to that
observed for f = 0.703. However, as f increases further, the
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Fig. 11 Trajectory analysis showing Ny, Nent, and N, for a system with f = 0.703, along with the five configurations corresponding to the points marked 1

through 5 in the plot.
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probability of such transport decreases, resulting in reduced
fluctuations, as shown in Fig. 6(B). This is because as f
increases, the attractive interaction strength between the trans-
port molecules also increases, leading to a higher barrier in the
PMF profile. Consequently, overcoming the barrier becomes
more difficult, reducing the transport probability. Eventually,
for sufficiently large f values, transport ceases altogether.

4. Conclusions

In this study, we investigated the effect of the interaction
strength between transported molecules on molecular trans-
port through a narrow channel connecting two compartments
(compartments 1 and 2). To modulate the interaction strength,
we adjusted the electrostatic properties of the model molecules
being transported, using the TIP3P water model as a prototype.
Specifically, we varied the electric charges of the molecules by a
constant factor, referred to as the charge scaling factor f. A
scaling factor of f= 1 corresponds to the original TIP3P model,
whereas f = 0 represents nonpolar molecules. Previous studies
have shown that with strong interactions (water case, f = 1),
spontaneous transport does not occur. In contrast, with weak
interactions (nonpolar case, f= 0), transport can occur, but only
approximately half of the molecules are transported.

To systematically examine the dependence of molecular
transport on f, we performed unconstrained MD simulations
for various values of f. Interestingly, we found that at an
intermediate interaction strength (f= 0.7), significant transport
occurs, with more than half of the molecules transported. This
intermediate regime of f represents a transitional phase
between the strong-interaction regime (water-like case) and
the weak-interaction regime (nonpolar-like case).

To better understand the underlying transport dynamics, we
calculated the PMF (free energy change) as a function of the
number of transported molecules in compartment 1 for various
values of f. Specifically, the PMF profile for f = 0.7 exhibits a
characteristic flat region, indicating that no thermodynamic
force is required for the system to move between states in this
region. This explains the extensive molecular transport observed,
which results in large fluctuations in the number of molecules in
each compartment, similar to the dewetting transition.

An interesting direction for further research would be a
detailed thermodynamic analysis involving the decomposition
of the PMF into its energetic and entropic contributions, as
explored in our prior works.'”'" While this analysis is beyond
the scope of this study, one key aspect can still be discussed on
the basis of previous research. In those works, we demonstrated
that when the energetic contribution dominates the entropic
contribution, a barrier forms at the center of the PMF profile, as
observed in the water-like regime (strong-interaction case).
Conversely, when the entropic contribution dominates, a well
appears, as observed in the nonpolar-like regime (weak-
interaction case). Therefore, the large flat region observed for
f = 0.7 may be explained by the cancellation of these two
opposing contributions.
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Thus, to transport a large quantity of molecules between the
compartments, the interaction strength should be moderate. If
the interactions are too strong, the molecules will aggregate,
making dissociation during transport energetically unfavorable.
Conversely, if the interactions are too weak, the molecules are
likely to scatter to maximize entropy. However, with moderately
strong interactions, the entropic and energetic contributions
become comparable and compete with each other. In such a
case, molecules can either aggregate or scatter, maximizing
fluctuations during the thermodynamic process. As a result, a
significant number of molecules are transported. Further
detailed thermodynamic analysis, including PMF decomposi-
tion, would be an important subject for future studies.

A primary concern in molecular transport for engineering
applications is controlling molecular flow. Our study suggests
that an optimal interaction strength could enable the transport
of many molecules, but this process remains reversible, with
molecules oscillating between compartments owing to the
nature of fluctuations, which lack directionality. To achieve
unidirectional molecular flow, additional methods, such as
introducing osmolytes into the desired compartment or utiliz-
ing gated channels, are necessary.

Finally, as our study is based on a simplified model system,
connecting our findings to realistic systems is important. In our
model, transport molecules with f = 1 represent water mole-
cules. Consequently, our results pertain directly to water trans-
port between two compartments, which serves as a reference
real system. However, as f decreases below 1, the transport
molecules no longer represent water but can instead be inter-
preted as less polar molecules. For example, molecules with
shapes similar to that of water but with lower polarity (corres-
ponding to f = 0.7 in our model) could exhibit extensive
fluctuation-driven molecular transport. This provides an oppor-
tunity for experimental validation in future studies.

Another extension of the reference water system involves
modifying intermolecular interactions while maintaining f= 1.
Specifically, hydrogen bonds between water molecules are
responsible for strong intermolecular interactions that hinder
transport between compartments. Thus, hydrogen bonding
plays a critical role in modulating molecular transport. Tuning
the strength of hydrogen bonds, for example, through the
addition of salts, might provide a realistic means of controlling
transport for a given molecule. Exploring how transport beha-
vior changes with salt concentration would be particularly
interesting, especially as it represents a more realistic system.
Indeed, in our previous work,*® we reported that osmolytes,
which are not salts but exhibit strong L] interactions with water
molecules, can induce nearly complete transport to another
compartment.

In our model, strong interactions are primarily electrostatic,
but another potential source of strong interactions is LJ inter-
actions. This raises an intriguing theoretical question: can
strong L] interactions substitute for strong electrostatic inter-
actions? For example, if nonpolar molecules such as CO,
exhibit sufficiently strong LJ interactions, comparable to the
strength represented by f= 0.7 in our study, could fluctuation-

Phys. Chem. Chem. Phys., 2025, 27, 3634-3649 | 3647


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03711a

Open Access Article. Published on 29 January 2025. Downloaded on 8/12/2025 4:03:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

driven extensive transport still be observed? Investigating this
possibility would be an interesting topic for future work.

Furthermore, in realistic systems, the number of transport
molecules may differ from the 400 molecules studied in our
model. In our previous work for f=1'° and f= 0"", we observed
that the PMF profile shapes were similar to those obtained with
400 molecules in this study when the periodic boundary effect
was disregarded for water cases. Additionally, scaling behaviors
for barrier heights in water systems and well depths in nonpolar
systems were observed in relation to the number of molecules.
However, for intermediate f values, such scaling behavior in the
PMF profile remains unexplored. This presents another avenue
for future research, particularly concerning fluctuation-driven
transport, a process in which entropic and energetic contribu-
tions are expected to be balanced. For example, how does the
critical value of f vary with the number of molecules? Is it still
0.7, as observed in our current model with 400 molecules?

Similarly, the shape of the transport molecules could influ-
ence transport behavior. Investigating how molecular shape
affects fluctuation-driven transport would be another valuable
direction for future studies.

Until this point, we have focused on the properties of the
transport molecules. However, in real systems, the surface interac-
tions between transport molecules and compartment walls can
significantly influence the transport process. For example, as
discussed in Section 2.1, we reduced the surface interaction
strength to prevent adsorption. However, these surface interactions
can range from repulsive to attractive in real systems. Our previous
study®® demonstrated that attractive surface interactions between
regular graphene plates and water molecules led to the adsorption
of molecules onto the walls, which resulted in reduced transport.
Conversely, when the surface interactions were relatively weak, the
transport molecules tended to stay away from the compartment
walls, moving freely within the inner space without contacting the
walls, including the CNT, which also reduced transport. Therefore,
in the case of repulsive interactions, it is essential to consider
effective strategies to drive the molecules toward the CNT, such as
employing gravity or enhancing attractive interactions between the
CNT and the transported molecules. In this study, we utilized a
regular CNT that is more attractive to the transported molecules
than the compartment walls.
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