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Equilibrium compositional heterogeneities contain thermodynamic information that is typically accessed
through multiple bulk states. Here, we show that this information can be extracted from a single system,
providing access to thermodynamic properties over a broad range of local compositions. In practice, a
single equilibrium simulation is sufficient to recover this behavior. In the system considered here, the
excess chemical potential of water follows a simple and thermodynamically consistent dependence on
local composition, enabling the recovery of the concentration-dependent extraction behavior across
extractant concentrations from a single liquid-liquid system. Within the present framework, this approach
provides access to equilibrium distributions across compositions from a single system. The resulting rela-
tionship quantitatively reproduces experimental data and retains predictive power well beyond the range
over which it is established. Remarkably, the same functional dependence is recovered from local compo-
sitional variations in homogeneous systems, indicating that it suggests an intrinsic thermodynamic property
rather than a feature specific to interfacial environments. The corresponding response coefficient suggests
a possible connection with correlation-based statistical mechanical descriptions such as Kirkwood—Buff-
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type approaches. Altogether, these results show that compositional heterogeneities can be used as a
thermodynamic sampling approach, enabling access to thermodynamic properties without sampling
DOI: 10.1039/d6cp01301e multiple bulk states or explicitly computing intermolecular correlation functions. Because this approach

relies solely on equilibrium local composition variations, it is not restricted to molecular simulations and
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Introduction

Understanding how thermodynamic properties emerge from
molecular organization remains a central challenge in multi-
component liquids."” In particular, establishing quantitative
connection between local composition and chemical potentials
is essential to describe processes such as molecular partitioning,
transfer, and extraction, and to predict how species distribute
between phases under equilibrium conditions.> In homogeneous
systems, thermodynamic properties can be related to density
fluctuations and intermolecular correlations, notably within the
framework of Kirkwood-Buff theory.*” However, extracting such
information typically requires extensive sampling or multiple
simulations at different bulk compositions, limiting both effi-
ciency and practical applicability in molecular simulations.
Multicomponent systems at equilibrium often exhibit spa-
tial compositional heterogeneities, such as those found at
liquid-liquid interfaces.®*'° In such systems, strong interfacial
enrichment of specific species, such as extractant molecules, is
commonly observed, leading to pronounced gradients in local
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can, in principle, be extended to experimental measurements of local composition.

composition across the interface. These heterogeneities span a
continuous range of local environments and therefore contain,
within a single system, information that is traditionally
accessed by sampling multiple bulk states at different compo-
sitions. Importantly, such variations arise spontaneously under
equilibrium conditions and are inherently sampled in standard
molecular simulations. Yet, the thermodynamic information
accessible from these routinely generated configurations
remains largely unexploited.

In particular, the concentration-dependent extraction beha-
vior of a molecular species can be recovered from a single
heterogeneous system, as illustrated here for water in a liquid-
liquid extraction system. By relating the excess chemical
potential of a molecular species to its local environment, a
simple and thermodynamically consistent relationship
emerges between chemical potential and composition. This
relationship is quantitatively predictive across a wide range of
extractant concentrations and retains predictive power well
beyond the range over which it is established, suggesting its
underlying thermodynamic origin. Moreover, it is recovered
from both interfacial gradients and local equilibrium compo-
sition variations, and is validated against independent
experimental data.
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These results suggest that compositional heterogeneities can
be viewed as a thermodynamic sampling framework, in which
equilibrium compositional variations contain the underlying ther-
modynamic response of the system. In this perspective, information
governing equilibrium distributions between phases, including
partitioning behavior and extraction selectivity, can be inferred from
a single heterogeneous system, without the need to compute
intermolecular correlation functions or sample multiple bulk states.

Results

To probe how compositional gradients provide access to thermo-
dynamic information, we consider a model system consisting of
two phases in contact: a pure aqueous phase and an organic
phase containing an aliphatic solvent (here n-dodecane) and
extractant molecules representative of amphiphilic extractants
commonly employed in nuclear fuel reprocessing (TBP
molecules).""> As we show below, this framework shows that
concentration-dependent water extraction behavior as a function
of extractant concentration is accessible from the composition
variations of a single system. The chosen extractant molecules
strongly solubilize water in the organic phase, providing a
stringent test case that has been extensively investigated experi-
mentally and computationally.”*™"” For clarity, water molecules
are hereafter denoted as species A, and extractant molecules as
species B when using a simplified notation.

(b)

Z axis »

Fig. 1 Representative snapshots of the simulated system illustrating the
liquid-liquid interface and the spatial organization of the different species.
For clarity and visualization purposes, only half of the periodic simulation
box is shown here. The full simulation box, including both liquid-liquid
interfaces, is provided in the supporting information (SI). (a) Snapshot
containing all components (water, n-dodecane and TBP molecules).
(b) The system where only water molecules (species A) are shown for
sake of clarity. Water and n-dodecane molecules are shown in blue and
orange color respectively. For TBP molecules, oxygen, phosphorous and
carbon atoms are shown in red, tan and black. The aliphatic hydrogen
atoms are not shown for more clarity.
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Fig. 1 depicts the molecular system at thermodynamic
equilibrium, highlighting the liquid-liquid interface that med-
iates water extraction. At this interface, extractant molecules align
with their polar headgroups oriented toward the aqueous phase.
Water transfer into the organic phase occurs primarily via protru-
sion events, ie., interfacial fluctuations that lead to the formation
and insertion of water clusters of varying sizes.'®"” These clusters
are subsequently stabilized in the organic phase through hydro-
gen bonding with the extractant molecules. The system therefore
samples a range of molecular environments, from simple water-
extractant interactions to larger, dynamically evolving aggregates,
whose detailed characterization is beyond the scope of the present
work (representative examples of such structures can be found in
ref. 16 and 17). The interface thus acts as the key region governing
exchange between the aqueous reservoir and the organic phase.
During the simulations, water molecules continuously cross the
interface in both directions, with no net flux between the two
phases, indicating that equilibrium is reached (see SI, Section S2).
For the analysis below, the z axis is defined as perpendicular to
the liquid-liquid interface (see Fig. 1).

The excess chemical potential of water (1) and the concen-
tration of extractant molecules (cp) along the z axis are depicted
in Fig. 2 and reveal how spatial variations in composition are
coupled to systematic changes in thermodynamic stability. The
excess chemical potential is obtained from the equilibrium
distribution along z, corresponding to an unbiased potential of
mean force (see SI, Section S3 for details). In the bulk aqueous
phase, u% remains constant and equal to 0 kcal mol ',
consistent with the choice of pure water reference state. Across
the interfacial region, u3* increases progressively, indicating a
reduced thermodynamic stability of water in this region. Upon
entering the organic phase, ui reveals a local stabilization
associated with the transfer of water clusters across the inter-
face. Deeper into the organic phase, gz increases gradually
until reaching a plateau at 3.36 kcal mol * corresponding to the
bulk organic region at its equilibrium extractant concentration,
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Fig. 2 Excess chemical potential of A (ug*°) and concentration of B (cg)
species along the axis perpendicular to the liquid-liquid interface (z axis).
The dotted black vertical line indicates the approximate location of the
liquid—-liquid interface.
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and thus defining the free energy cost of water extraction. The
concentration profile cg exhibits a complementary behavior.
While extractant molecules are essentially absent from the aqu-
eous phase, cg increases sharply across the interface, reaching a
maximum of 3.40 mol L™". This interfacial enrichment reflects
the strong affinity of the extractant for the interface and its role in
stabilizing transferred water. Upon entering the organic phase, cg
displays a local minimum (2.23 mol L"), consistent with the
region where water clusters are exchanged between phases.
Further into the organic phase, cg gradually decreases toward a
plateau at 0.61 mol L', corresponding to the bulk organic
composition.

In the organic phase, both profiles relax over several tens of
angstroms along the z-axis before reaching the bulk region,
indicating that water extraction is not localized at the interface
but extends deep into the organic phase. This behavior reflects
the progressive stabilization of water by extractant molecules.
As extractants accumulate near the interface, they stabilize
water species, leading to a local enrichment. These stabilized
species then diffuse into the organic phase, in dynamic
exchange with the aqueous phase, resulting in the gradual
relaxation of both concentration and chemical potential pro-
files toward their bulk values. From a conventional perspective,
this system would simply correspond to water extraction at a
fixed extractant concentration (~0.61 mol L' in the bulk
organic phase), requiring independently equilibrated systems
at different compositions to reconstruct the concentration
dependence of extraction behavior. However, as shown below,
the presence of compositional variations provides access to a
broader thermodynamic picture.

It is worth noting that resolving such compositional variations
requires extensive sampling. In practice, several microseconds of
simulation were necessary to reach equilibrium and obtain well-
converged profiles (see Fig. S3, SI), which may explain why such
behavior has rarely been reported. Importantly, this extended
relaxation could be attributed to electrostatic effects arising from
interfacial charge accumulation, as commonly observed in sys-
tems driven by an applied potential.”>>® However, the present
system is at equilibrium, and no significant charge density is
detected in the region where the relaxation occurs (see Fig. S5, SI)
confirming that this behavior originates from equilibrium com-
positional variations.

Although the profiles along the z-axis describe the spatial
organization of the system, they do not directly reveal the
thermodynamic dependence of p§ . To uncover this relationship,
we express pyc as a function of the local concentration of
extractant molecules. This mapping is particularly well-defined
in the present system due to the negligible solubility of water in
the aliphatic solvent in the absence of extractant molecules. When
expressed as a function of local composition, the data collapse
onto a single, well-defined thermodynamic relationship (see
Fig. 3). Remarkably, the same behavior is recovered from experi-
mental data reported in the literature for TBP/water/n-dodecane
systems.'>'®%° The TBP/water extraction system has been exten-
sively investigated experimentally in the literature using a variety
of organic diluents.”>*>*"*? In the present work, the quantitative
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Fig. 3 Excess chemical potential of A (u2*) as a function of the concen-
tration of B (cg) showing the collapse of all data onto a single master curve.
Experimental data are included for comparison and exhibit quantitative
agreement with the simulation results.>*>8-22 Experimental values were
converted into excess chemical potentials using ux*“ = —RT In(ca/c®),
where ¢® = 55.5 mol L™ corresponds to pure water. Data marked with
an asterisk (*) were obtained in kerosene or related aliphatic hydrocarbon
diluents rather than in n-dodecane.

comparison primarily focuses on n-dodecane systems to maintain
consistency with the molecular environment used in the simula-
tions. For completeness, additional literature data obtained in
kerosene or closely related aliphatic hydrocarbon diluents are also
included in Fig. 3 and exhibit a broadly consistent trend. These
results suggest that local equilibrium composition variations
contain sufficient thermodynamic information to reconstruct the
concentration-dependent response observed in the present system.
The collapse onto a single curve indicates that the thermodynamic
response of the system is governed by a simple functional depen-
dence on the local extractant concentration cg:

I = 5% — 2RTIn(2) @)

The expression involves a small number of physically mean-
ingful parameters, providing a compact description of the ther-
modynamic response. The quantity ui¢ denotes the excess
chemical potential of species A, defined relative to the chosen
reference state (pure water in the present work). The variable cp
corresponds to the local concentration of extractant molecules,
which governs the stabilization of A in the organic phase. The
parameter 5, represents the excess chemical potential of A at a
reference extractant concentration (c°), while the dimensionless
coefficient o quantifies the sensitivity of pz to variations in cg.
The parameter o thus emerges as an effective thermodynamic
susceptibility, as it quantifies the response of pg to variations in
local composition within the present system. The thermal energy
scale is set by RT. Water extraction behavior in other extractant
systems has also been rationalized using explicit thermodynamic
modeling approaches based on equilibrium solution theories.”®
These experimental values are typically obtained from bulk sys-

tems at different compositions. In contrast, the present approach
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samples a continuous range of concentrations within a single
simulation through the spatial gradient. Each position along the
z-axis thus corresponds to a local environment analogous to a
bulk system at a given composition, effectively probing a contin-
uous range of local equilibrium compositions. More generally,
Kirkwood-Buff-type fluctuation theories are known to relate
chemical potential variations to intermolecular correlation inte-
grals in multicomponent systems, suggesting that the present
behavior may reflect an underlying correlation-driven thermo-
dynamic response. The present logarithmic form can therefore
be viewed as a physically motivated effective description corres-
ponding to the leading-order concentration dependence of ui € on
local composition. Using the thermodynamic definition of the
chemical potential, this relationship can be directly expressed in
terms of the partition coefficient D leading to a power-law
dependence on extractant concentration: D oc (cp/c®)”, up to a
constant prefactor (see Section S3.4, SI).

The proposed expression accurately describes the data
shown in Fig. 3, with a root mean square deviation of 9.86 X
10~ keal mol . This value is more than an order of magnitude
smaller than the thermal energy RT (~0.596 kcal mol ' at
300 K), indicating that the functional form accurately captures
the thermodynamic behavior of the system. Remarkably, this
single curve, obtained from a single equilibrium simulation,
reproduces the concentration-dependent thermodynamic
response observed over a broad range of extractant concentra-
tions. In this sense, it effectively contains the equivalent of an
entire set of extraction data across compositions, which would
traditionally require multiple independent bulk simulations or
experiments. The parameter &5 is found to be 2.944 keal mol ™,
corresponding to the excess chemical potential of water at the
reference concentration ¢® (1 mol L™'). The thermodynamic
susceptibility o is found to be 1.400. While ui¢ depends on the
chosen reference state and concentration ¢°, « remains invariant,
highlighting its intrinsic thermodynamic character. Importantly,
o is not a local structural quantity and cannot be reduced to a
coordination number. Instead, it reflects a collective response of
the system, extending beyond short-range interactions. These
results suggest that heterogeneous equilibrium simulations can
provide access to concentration-dependent thermodynamic
response properties without explicitly computing intermolecular
correlation functions. More broadly, it highlights the ability of
the present framework to extract thermodynamic information
that is typically accessible only through more involved theore-
tical or computational approaches.?”

Fig. 4 shows u3* as a function of ¢ using the fitted relation-
ship. To assess the predictive capability, the model was evaluated
well beyond the calibration range by extending the curve up to ¢g ~
3.6 mol L™, corresponding to a pure extractant phase (ie., in the
absence of aliphatic solvent). An independent simulation of pure
water in contact with a pure extractant solution was then performed
to validate this extrapolation (see Fig. 5). This simulation was also
carried out on the microsecond timescale to ensure thorough
sampling of equilibrium and a well-converged value of ug®
(see SI, Section S1 and S2). The resulting value of 1.885 kcal mol "
for cg ~ 3.53 mol L™" is also shown in Fig. 4. Remarkably, the
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Fig. 4 Excess chemical potential of A (42*°) as a function of the extractant

concentration (cg). The shaded orange region, delimited by dashed grey
lines, indicates the composition range used to establish the relationship.

The value of ux*® in the pure extractant phase, obtained from an indepen-

dent molecular simulation, is also shown for comparison, highlighting the
predictive capability of the approach beyond this range.

independently obtained value lies directly on the extrapolated curve
(deviation < 7 x 107% kcal mol™ '), demonstrating that the
relationship retains predictive power far beyond the range of
compositions directly sampled.

We now compare these results with available experimental
data. As demonstrated above, the relationship presented in
eqn (1) accurately captures the thermodynamic behavior of the
system. Consistent with Fig. 3, excellent agreement with experi-
mental data is obtained over a broad range of intermediate
extractant concentrations. Deviations emerge only near the
pure extractant limit. In this regime, experimental values differ
from the present prediction (experimentally ~3.40 mol L™" of
water into pure extractant phase,">'>'%*"? here 2.35 mol L™ ),
which may reflect limitations of the force field used for the
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Fig. 5 Excess chemical potential of A (ua*) and concentration of B (cg)
species along the axis perpendicular to the liquid—-liquid interface (z axis)
for a system consisting of a pure water phase in contact with a pure
extractant phase. The dotted black vertical line indicates the approximate
location of the liquid-liquid interface.
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molecular simulations. Importantly, this discrepancy does not
affect the validity of the proposed thermodynamic relationship,
which remains internally consistent and quantitatively predictive
within the simulation framework. Furthermore, good agreement
is also obtained for significantly lower extractant concentrations
than those directly sampled in the simulations and therefore
outside the fitting range used to establish the thermodynamic
relationship (e.g: 0.06 mol L™ experimentally’® vs. 0.09 mol L™ at
¢z =0.35mol L™, and, 0.13 mol L™ experimentally in n-octane®®
vs. 0.15 mol L™ at ¢z = 0.50 mol L™ %). This further supports the
robustness of the proposed concentration-dependent behavior in
the extrapolated dilute regime.

While the above analysis relies on spatial concentration
gradients, the observed relationship is not specific to strongly
inhomogeneous conditions. Instead, it reflects the existence of
local composition-dependent thermodynamic environments
accessible within equilibrium configurations of the system.
To illustrate this point, we analyze local composition variations
in a configuration where pure water and pure extractant phases
are in contact. Fig. 5 shows the profiles of yz and ¢g in this
system. In this case, the concentration gradients in the organic
phase are much weaker than in the diluted system. Nevertheless,
finite local variations in cg and pi° remain present within the
bulk organic region (from z ~ 75 to 0 A) and can be analyzed
using the same thermodynamic framework. The z-averaged
concentration profiles shown here provide a coarse-grained
description of the local compositional environments sampled
during the simulations. The present analysis relies on finite-time
averaged concentration profiles. In the limit of infinite sam-
pling, these profiles would converge toward the corresponding
bulk equilibrium composition. The present work does not
attempt to quantify the underlying equilibrium concentration
fluctuations directly. Nevertheless, such fluctuations and the
associated intermolecular correlations remain present in homo-
geneous systems, suggesting that the observed behavior may
ultimately be connected to a more fundamental fluctuation-
based thermodynamic description. Despite the limited amplitude
of the accessible composition variations in this nearly homo-
geneous system (see Fig. 5), the same functional dependence
is recovered over the explored concentration range, from
pure extractant conditions to dilute regimes. The fitted para-
meters remain consistent, with p§§ = 2.965 kcal mol ™" (vs.
2.944 kcal mol™ " with the gradient) and « = 1.419 (vs. 1.400),
and a low RMS deviation of 6.79 x 10> kcal mol . This result
suggests that the observed relationship is not generated by the
macroscopic concentration gradient itself. Rather, the gradient
primarily acts as an efficient mechanism to broaden the range
of locally accessible compositions and thereby improve the
statistical sampling of the concentration-dependent thermody-
namic response.

Importantly, the relationship presented in eqn (1) remains
robust despite the underlying microscopic complexity of the
system, including transient aggregates of varying size and
composition. This robustness suggests that the excess chemical
potential is governed by collective thermodynamic effects
extending beyond specific local structures. In this context, the
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which quantifies the response of the excess chemical potential to
variations in local composition. More generally, statistical
mechanical theories of solutions, including Kirkwood-Buff-type
approaches, relate chemical potential variations to intermolecular
correlation functions and concentration-dependent collective
organization."® In this perspective, the present logarithmic ther-
modynamic response may reflect an underlying correlation-driven
behavior, with « acting as an effective thermodynamic response
parameter associated with the local molecular environment.
However, establishing a rigorous formal connection between the
present framework and fluctuation-based statistical mechanical
theories remains beyond the scope of the present work.

Conclusion

In this work, we demonstrate that the concentration-dependent
extraction behavior of a molecular species across compositions can
be recovered from a single equilibrium system by exploiting
compositional heterogeneities. By leveraging spatial composition
variations within a heterogeneous system, we show that partition-
ing, solvation, and extraction properties can be inferred without
the need to sample multiple bulk states or explicitly compute
intermolecular correlation functions. We further show that the
excess chemical potential can be expressed as a simple function of
local composition, leading to a collapse of the data onto a single
master curve and enabling quantitative predictions across a wide
range of extractant concentrations. This relationship is validated
against independent experimental data and retains predictive
power well beyond the range over which it is established, including
in extreme compositional regimes (pure water phase in contact
with the pure extractant phase).

More fundamentally, this behavior is not specific to concen-
tration gradients, but reflects an intrinsic property of local
equilibrium composition variations. The introduction of a ther-
modynamic susceptibility provides a compact and physically
meaningful description of the response of the system, which
may be viewed as a coarse-grained representation of the under-
lying intermolecular correlations. Altogether, these results sug-
gest that local equilibrium composition variations may contain
useful thermodynamic information related to macroscopic
concentration-dependent behavior in complex molecular sys-
tems. In the context of liquid-liquid extraction, this approach
provides a practical route to predict extraction behavior across
compositions from a single equilibrium simulation.

This framework can be extended to more complex multi-
component systems, including liquid-liquid extraction and multi-
component partitioning, where competing interactions and
speciation effects can be captured from local equilibrium compo-
sition variations or concentration gradients. Importantly, while
molecular simulations provide a convenient route to access well-
resolved compositional gradients, the underlying principle is not
restricted to computational approaches. Liquid-liquid interfaces
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inherently sample a continuum of local environments that can, in
principle, be probed experimentally. Recent advances in techni-
ques such as X-ray reflectivity, which provide access to interfacial
composition profiles,'®*° therefore open the possibility of extract-
ing similar thermodynamic information from experiments.

Methods

Molecular dynamics simulations were performed using the
AMBER20 software package.*" The systems consist of a liquid-
liquid interfaces between an aqueous phase and an organic
phase composed of n-dodecane (in the diluted case only) and
TBP extractant molecules. Large-scale simulations comprising
~200000 atoms were carried out over several microseconds
(up to ~8 ps for the diluted extractant and ~5 us for the pure
extractant phase) to ensure adequate sampling of equilibrium
compositional fluctuations. Classical molecular dynamics meth-
odologies were employed, including validated force fields and
established algorithms for temperature and pressure control,
long-range electrostatics, and bond constraints (see SI, Section
S1 and S2, additional methodological discussion is provided in
the SI).>>"*! simulations were performed at 300 K and 1 atm. The
excess chemical potential of species A (water) was obtained from
equilibrium concentration profiles, without the use of biasing
techniques. In practice, this quantity, 3¢, is obtained from the
local probability of occurrence of species A, P,(z), along the
interface (see SI, Section S3), such that u(z) oc —RTIn(P,(2)).**
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