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Abstract

The theoretical model and the numerical analyses on the Gibbs-free-energy of
the association states of amphiphilic molecules in nanoconfined aqueous solu-
tions are presented in detail. We exhibit the continuous change of the Gibbs-
free-energy trend, which plays a critical role in the association states of the sys-
tem transforming from the dispersion state, through the “reversible state”, and
finally to the aggregation state in amphiphilic molecule solutions. Furthermore,
for the “reversible state”, we present the difference in the free-energy barrier
heights of the dispersion state and aggregation state, resulting from the compe-
tition between the entropy, which makes the solute molecules evenly disperse in
the solution and the energy contribution driving the amphiphilic molecules to
aggregate into a larger cluster. These findings provide a comprehensive under-
standing of confinement effects on the solute association processes in aqueous
solutions and may further improve the techniques of material fabrication.
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We present a detailed theoretical model and numerical analysis of the Gibbs free
energy of association states of amphiphilic molecules in nanoconfined aqueous
solutions. Our work reveals the continuous evolution of the Gibbs free energy
landscape, which plays a critical role in the transformation of association states
from dispersion, through a “reversible state,” and finally to aggregation. For
the reversible state, we demonstrate that the difference in free-energy barrier
heights between the dispersion and aggregation states arises from competition
between entropy—which drives uniform solute distribution—and energetic con-
tributions that promote amphiphilic molecules to aggregate into larger clusters.
These findings provide comprehensive insight into confinement effects on solute
association processes in aqueous solutions and may advance material fabrication
techniques.
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Introduction

Solute association in aqueous solutions plays a fundamental role in diverse pro-
cesses including crystal growth [?, ?], colloid particle nucleation [?, ?], surfac-
tant micellization [?, ?], gas hydrate formation [?, ?], and biomolecule-related
applications \cite{9-11}. When confined environments are involved—such as
spaces between macromolecules in cells [?], pores in soil [?], or nanochannels
in man-made nanomaterials [?, ?]—solute molecules exhibit behavior distinct
from that in bulk solution. Zhang et al. [?] found that protein native-state sta-
bility can be enhanced at smaller confinement volumes, while Arai et al. [?] ob-
served various morphologies during transitions in surfactant solutions confined
in nanochannels. Additionally, Desarnaud et al. [?] reported the formation of a
single skeleton crystal for sodium chloride at high supersaturation in confined
geometry.

Our previous work [?] demonstrated that pentanol molecules can switch be-
tween dispersion and aggregation states—a phenomenon termed “reversible
state transition”—in nanoconfined aqueous solutions using molecular dynamics
simulations. We constructed an ideal physical model and numerically calculated
the Gibbs free energy of a solute as a function of the number of molecules in
a cluster. The unexpected observation was attributed to the presence of two
minima separated by a maximum in the Gibbs free energy curve under confine-
ment, with a free-energy barrier comparable to thermal fluctuations. Confine-
ment also enhances the critical aggregation concentration because the limited
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solute number is insufficient to sustain a stable cluster at lower concentrations
in the confined volume.

In our MD simulations, the pentanol molecule was described by the Gromos
force field, where methyl or ethyl groups were treated as united atoms with im-
plicit hydrogen atoms. This approach significantly accelerated computation to
track dynamic association processes encompassing dispersion, reversible switch-
ing, and aggregation states. The packing of pentanol into clusters is minimally
affected, as these groups behave as cohesive entities during aggregation, al-
though a coarse description of water structure around methyl or ethyl groups
results from the absence of explicit hydrogen atoms.

In this study, we first derive the free-energy formula based on an ideal physical
model to elucidate the Gibbs free energy landscape of amphiphile association
in nanoconfined geometry. Second, we specifically examine the Gibbs free en-
ergy barriers for dispersion and aggregation states in the reversible state and
numerically investigate the relationship between barrier height and solute con-
centration. Finally, we summarize our conclusions regarding the characteristic
reversible state behavior of amphiphilic solute association in nanoconfined aque-
ous solutions.

II. Model and Methods
A. Model of the Amphiphilic Molecule and Cluster

(1) A single amphiphilic alcohol molecule is modeled as a cuboid with a hy-
drophilic head and hydrophobic tail, as illustrated by the red and green
geometry in Fig. 1(a). The molecule width, length, and tail length are
denoted by a, L, and I, respectively, with molecular volume v,, = a?L.

(2) A cluster consisting of densely packed amphiphilic molecules in water is
treated as an ideal spherical aggregate [?] with radius R(n):

3nv,, 1/3 3na?t e
R(n) = 47 - 4

where n is the aggregation number (number of molecules in the cluster). The
hydrophobic tails preferentially occupy the interior core while hydrophilic heads
reside at the interfacial region exposed to water, as shown in Fig. 1(b)

B. Methods for Gibbs-Free-Energy Calculations

We introduce a theoretical description of Gibbs free energy to calculate the free
energy of amphiphilic solute molecules in nanoconfined aqueous solutions. We
consider that only a single cluster forms and that each solute molecule is either
in the cluster or dispersed in solution. The total solute number is denoted by
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Figure 1: Figure 1

N, with N —n molecules in the dispersed state. The Gibbs free energy G as a
function of both cluster aggregation number n and solute number N is defined
as:

G(n,N) ={ 4mR(n)25s, [1 _ ]2%5(% }
et 1= ]

20
_ 2,00 _ hw
"k [1 R(n)]

+b- kBTng/4 —-—n- ‘Au’transfer|

v [ k(N —n)In <M)

—kBT(N—n)JrB(N_n)H

where kp is the Boltzmann constant and 7' is the system temperature. The
first three terms in curly braces represent surface energy contributions from hy-
drophobic tails, while the fourth term accounts for placing hydrophilic heads
on the cluster surface. The term n - A ansfer] T€Presents the free energy dif-
ference for transferring a single hydrophobic tail from the dispersed phase into
the hydrophobic core of the cluster. The terms in square brackets represent
the free energy contribution from N — n dispersed molecules. ;% and v, are
interfacial tension coefficients for hydrophobic tail-water and water-vapor in-
terfaces, respectively, while §;,,, and ¢,, are the corresponding Tolman lengths
[?]. Confinement effects are incorporated through V', the volume excluding the
walls.

The relationship between cluster aggregation number n and total solute number
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N, denoted n(N), is derived by differentiating G(n, N) with respect to n:

1/3
17}?0 1— Onuw (37}7"1) n—2/3
3w R(n) 47

b
+ Z ' kBTnil/4 - |A/1‘transfer‘ - B

N —n
=kgpln | ———
BT“(V—<N—n>vw>

where both sides represent the chemical balance between the cluster and dis-
persed molecules in confined aqueous solutions. By defining solute concentration
C = N/V, we obtain expressions for G(n,C) and n(C) at fixed volume.

For numerical calculations, parameters were set as follows: T = 300 K; V =
5.0nm x 5.0nm x 5.0nm; for water, vo° = 72 mN/m and 4,, = 1.23 A; for
pentanol molecules, v;° = 49.563 mN/m, a = 2.60 A 1=597A, b=0.02, and
—|Alranster] — B = —5.26kgp. All numerical analyses were performed using
Maple 18 software.

For a given amount of amphiphilic solute IV in volume V', the Gibbs free
energy G(n,N) or G(n,C) can be regarded as a function of cluster aggrega-
tion number n, denoted G(n) for clarity. Local minima in G(n) are found by
dG(n)/dn = 0 and d?“(n)/dn® > 0, while local maxima satisfy dG(n)/dn = 0
and d2%(n)/dn?® < 0. The barrier height G\, i, is defined as the magnitude
of the Gibbs free energy difference between a local minimum and its adjacent
maximum: Gyrier = |Gax — G

max min | .

IT1. Results

To describe how many solute molecules aggregate into a cluster as solute concen-
tration increases, we plot the n(C) function based on Eq. (3). As shown in Fig.
2 [FIGURE:2|, three concentration regions can be identified. When C' < 0.266
mol/L, the aggregation number is n ~ 1, indicating no aggregates form and
solute molecules remain dispersed. When sufficient solute is added (C > 0.425
mol/L), a distinct cluster emerges and grows larger with increasing concentra-
tion. Interestingly, in the intermediate “reversible state” region (0.266 mol/L
< C < 0.425 mol/L), the solute can exhibit both dispersion and aggregation
states, as three aggregation numbers correspond to a given concentration. This
bistability is clearly visible in the Gibbs free energy landscape shown in Fig. 3
[FIGURE:3].

Based on the Gibbs free energy formula in Eq. (2), we plot G(n,C) curves
at various concentrations. For C' = 0.266 mol/L, only one minimum exists
at n ~ 1, corresponding to the dispersion state. For C' = 0.439 mol/L, the
minimum at n ~ 26 indicates most molecules aggregate into a cluster. However,
at C' = 0.279 mol/L, G(n) displays two minima at n ~ 1 and n ~ 12 separated
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by a maximum at n ~ 4. According to Eqs. (4) and (5), these correspond to
stable dispersion, stable aggregation, and metastable states, respectively. This
bistability also appears at C' = 0.332 mol/L and 0.385 mol/L. The continuous
evolution of the Gibbs free energy landscape with concentration is presented in
Fig. 3(b) [FIGURE:3], which shows the surface colored by Gibbs free energy
value. As concentration increases, the minimum corresponding to the dispersion
state disappears while the aggregation state minimum emerges.

The emergence of minima and maxima at C' = 0.279, 0.332, and 0.385 mol/L
enables the system to switch between dispersion and aggregation states by over-
coming the free-energy barrier through thermal fluctuations. This activation
process depends directly on barrier height. Focusing on the reversible state re-
gion (0.266 mol/L < C' < 0.425 mol/L), Fig. 4 [FIGURE:4] shows the barrier
heights for dispersion and aggregation states versus concentration, calculated
using Eq. (6). The maximum barrier height is on the order of a hydrogen bond
energy (~ 8kpp) in water at 300 K, allowing transitions between states under
thermal fluctuations. Since energetic contributions driving aggregation domi-
nate and larger clusters have lower free energy, the aggregation barrier height
increases with concentration. The dispersion barrier height decreases, likely be-
cause the entropic effect promoting uniform solute distribution diminishes as
concentration rises.

IV. Conclusion

In summary, we have presented a detailed derivation of the Gibbs free energy
landscape describing amphiphilic solute association in nanoconfined aqueous so-
lutions. Numerical calculations demonstrate that under confinement, as solute
concentration increases, the free energy curve undergoes continuous transfor-
mation: from a single minimum at n ~ 1 (dispersion), through two minima
separated by a maximum (reversible state), and finally to a single minimum
at n ~ N (aggregation). In the reversible state region, the maximum energy
barrier is comparable to hydrogen bond energy (~ 8kpp), enabling switching
between dispersion and aggregation states. We identified differences between
dispersion and aggregation free-energy barriers, which arise from competition
between entropy (promoting uniform distribution) and energy (driving cluster
formation) as concentration increases.

Our work provides a comprehensive understanding of confinement effects on
solute behavior in aqueous solutions. The theory is expected to be applicable to
other amphiphilic molecules with more complex structures, such as peptides or
surfactants, in nanoporous media or cellular environments—widely encountered
confined systems.
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