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ABSTRACT: Lower critical solution temperature (LCST) ionic
liquids (ILs) are thermoresponsive materials that undergo liquid—
liquid demixing with water into water-rich (WR) and IL-rich (ILR)
phases upon heating. Despite the vast combinatorial space of
cation—anion pairings, LCST behavior is observed in only a
handful of aqueous ILs. To uncover the enthalpic and entropic
driving forces that govern this unique phase behavior among
molecular liquids, we investigate an exemplary LCST IL,
tetrabutylphosphonium trifluoroacetate ([P444,][TFA]), by pairing
equilibrium molecular dynamics and finite-concentration thermo-
dynamic integration with chilled-mirror dew point water activity
experimental measurements. Computationally predicted excess
chemical potentials of water (,uIF;IZO) show excellent agreement

[l Metrics & More | Q Supporting Information

with experimental measurements over IL weight fractions wy = 85—95% at T = 300 and 323 K, with absolute deviations ranging
from 0.04 to 1.2 k] mol™', establishing accurate resolution of the non-ideal solvation contribution. ,uﬁzo is counterbalanced by a
strongly favorable ideal entropy of mixing, governed by the large (~19:1) IL/water molar volume ratio, and a uniformly unfavorable
solvation free energy (relative to bulk water). The excess partial molar enthalpy of water (hf; ) is marked by strong temperature
sensitivity, undergoing an exothermic to endothermic shift of ~5—6 kJ mol™" from 300—373 K. On the other hand, the non-ideal
entropy of solvation (sﬁz‘('i,d') is uniformly unfavorable. Mechanistically, this enthalpy/entropy temperature dependence is traced to

electrostatic screening probed by the charge—correlation structure factor S,,(k)/k* the competing water—water and water—anion

interactions, and the structural organization of water imposed by the hydrophobic P,,,," cation.

B INTRODUCTION

Nearly a century of research has revealed the dichotomous role
of water, either as a contaminant or co-solvent, in ionic liquid
(IL)/water mixtures. Anhydrous ILs, or room-temperature
molten salts, alone span a vast compositional space of ~10°
possible cation—anion pairings, offering tunable material
selection. The addition of water in ILs has long been
documented as an unwanted “impurity,” where small amounts
(<3% weight) dramatically shift transport properties,' limit gas
solubilities,” and promote unintended and/or hazardous
byproducts during synthesis or at electrochemical interfa-
ces.’™ Yet when incorporated deliberately, water can
modulate neat IL properties for more tailored molecular
design. For instance, across various protic/aprotic ILs, water
has been shown to broaden the liquidus range of ILs that
would otherwise crystallize at room temperature,'*~"” improve
mutual solubilities with other organic solvents,"® % tune local
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coordination environments for chemical selectivity,”

-31 -
and increase

stabilize proteins and macromolecules,”®
ionic conductivity while decreasing viscosity to flexibly meet
. . . 32-34 . .
engineering constraints. These contrasting behaviors
highlight water as a highly active participant in bulk,
thermophysical IL/water properties. Thus, fully realizing
water’s functional role in IL solutions across diverse
compositions, structures, and thermodynamic conditions

requires deep, molecular-level insight.
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More recently, certain IL/water mixtures have been found to
exhibit intriguing thermoresponsive lower critical solution
temperature (LCST) phase behavior, prompting interest in
catalysis,Ss’36 metal jon and protein extraction,””™** and
thermally driven water desalination.*>™>" Unlike commonly
observed upper critical solution temperature (UCST)
mixtures—where heating promotes mixing—LCST ILs instead
undergo spontaneous liquid—liquid separation, forming two
immiscible phases once the system exceeds a critical
temperature (T.), or “cloud point.” In a seminal work by
Kohno and Ohno,”* of 48 candidate ILs containing
alkylphosphonium/alkylammonium cations, LCST behavior
was observed in only six systems. Several combinatorial
discovery campaigns observe similar sparse “hit” rates across
1,2,3-triazolium (22 of 160),” cycloammonium (6 of 30),>*
and zwitterionic (3 of 12)”>°® ILs. This narrow selection
window is often rationalized a posteriori by the subtle balance
of hydrophobic/hydrophilic ion substituents, or quantitatively,
by the hydrophilicity index (HI),*>* i.e., the number of water
molecules per ion pair remaining in the demixed phase. While
computational and experimental studies have proposed
mechanistic hypotheses—entropy loss from directional hydro-
gen bonding (ie., a "ne§ative entropy of mbdng”),58_65
nanocluster formation®”®" ~7—gaps remain in their general-
ity, e.g, many LCST IL mixtures do not form hydrogen
bonds.”'~”* Consequently, understanding the origins of LCST
phase behavior requires mechanistic, thermodynamic insight
with microscopic structural interpretation.

Molecular thermodynamics provides the natural starting
point for understanding LCST IL/water mixture chemistry.
Liquid—liquid phase behavior is rationalized by enthalpy and
entropy components to the Gibbs free energy of mixing, AG,,;,
= AH,_;, — TAS,;, The microscopic origins of enthalpy—
intermolecular IL—IL, water—water, and IL—water interac-
tions—can govern miscibility through competition between
large IL cohesive energies (~—500 kJ mol™') and ion—water
“cross-interactions.””*”> Extensive research has connected this
enthalpic balance to the subtle addition/subtraction of
hydrophilic constituents (e.g., small anions such as CI7, I,
BF,”) and (relatively) more hydrophobic constituents (e.g.,
charge-diffuse anions such as PF,~ and TFSI", or long-alkyl
chain cations such as Cgmim®).>*’~7® Hydrophobicity does
not completely preclude water retention; nominally immiscible
IL/water systems can still carry ~1% weight water due to the
inherent hygroscopicity of common ILs.”” Thus, beyond
purely local features (i.e., ion size, shape, charge distribution,
hydrogen-bond strength and directionality), McDaniel and
Verma® emphasize that long-range electrostatics more
decisively influence miscibility, explaining why even structur-
ally similar ions can exhibit disparate phase behaviors.

Entropic contributions originate from spatial order and loss
of configurational microstates.”’ In pure water, spatial order
emerges from cooperative formation of hydrogen-bond (H-
bond) clusters characterized by varied (often tetrahedral)
topologies and transient (~1—10 ps) lifetimes.*”"** The
pioneering work of Frank and Wen®” established that near
infinite dilution, small and highly charged kosmotropes (i.e.,
“structure-making” ionic solutes) enhance water’s local order
and induce an entropy penalty, whereas larger, charge-diffuse
chaotropes (“structure-breaking” ions) disrupt the surrounding
H-bond network.””™ Generalizing these infinite-dilution
principles, however, has sparked much debate in the literature.
While many studies argue that ions and simple salts perturb

water structure beyond their first solvation shells,”*~'*°

spectroscopy experiments'*°""'* and molecular dynamics
(MD) simulations''" indicate that, for single ions in bulk
water, reorientational dynamics and H-bond lifetimes outside
the first hydration shell remain largely unchanged. Evidently, as
these principles are extended from single ions toward
concentrated aqueous salt mixtures, what precludes a universal
understanding of the microscopic origins of entropy is the
diversity in ion molecular structure, from size, shape, and
charge distribution to functional groups. For instance,
amphiphilic ions have large and predominantly entropic
(solvation) free energy costs associated with cavity formation
to accommodate nonpolar moieties, often resulting in
compensation via self-assembly or aggregation, ie., the
hydrophobic effect.””*"'*~"'* Moreover, the water structure
near ion pairs is strongly size-dependent.”’ Collins’ seminal
“law of matching water affinities”''” established that ion pairs
of comparable size (e.g., Li*/F~, Cs*/I”) favor ion—ion contact
in solution—either through strong electrostatics for small,
highly hydrated ions or hydrophobic association for large,
weakly hydrated ions—whereas asymmetric pairings are
preferentially separated by the solvent (e.g., water “cages”) to
compensate for an imbalance in solvation enthalpies.'”*"'*!
Beyond these paradigms of infinite dilution and simple
aqueous electrolytes, achieving a mechanistic understanding of
enthalpy—entropy balance for general IL/water mixtures
remains an active area of research. Most studies examine
how changing (1) IL composition,'**~"** (2) water concen-

. . . 7,124,126,128,131,132,134—148
tration (i.e., mole fraction, tzo): SRR and

less frequently, (3) thermodynamic conditions,"*>"*>!#%159

modulate structure, transport, and phase behavior. A common
observation in composition-centric studies is that the electro-
static strength of ion—water interactions dictates excess
chemical potentials and, therefore, miscibility.'®'>" Anion—
water interactions are thus especially important in this regard.
On the one hand, hydrophilic anions (e.g, carboxylates,
ethanoate, halides, nitrate, trifluoroacetate, etc.) form strong,
enthalpically favorable H-bonds that promote water miscibility;
on the other hand, highly fluorinated and/or charge-
delocalized anions (e.g, PFs~, TFSI, tricyanomethanide,
etc.) form ILs that are typically hydrophobic and immiscible
with water,'®*%!?>152715° Between these extremes lie partially
miscible ILs, including those containing BF,”, CF;SO;~, and
phosphate anions, where miscibility is much more sensitive to
the cation hydrophobicity, which increases based on the
cationic core (i.e., imidazolium < gyridinium < tetraalkylphos-
phonium) and side-chain length.” 156157

While a comprehensive review of concentration-dependent
IL/water behavior is beyond the scope of this work, several
themes emerge from the literature. Studies commonly
delineate qualitative “compositional regimes”:'>" trace or
water-scarce (IL-rich) (xyo < 02), intermediate (02 S

~

X0 S 0.9), and water-rich (xy,0 2 0.9) concentrations. In IL-

rich regimes, cation—anion interactions (e.g., Coulombic, H-
bonding, 7—n stacking) dictate liquid morphology. For
common room-temperature ILs (RTILs), Cammarata et
al.'?* describe water in this regime as “free”, that is, rather
than forming self-associated water clusters as in the pure liquid,
monomeric water is randomly dispersed throughout the IL
matrix with a preference to coordinate into anion--H—O—H---
anion complexes. This behavior is supported by IR spectros-
copy, where water O—H stretching modes in RTILs lie

https://doi.org/10.1021/acs.jpcb.6c04599
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between those of water vapor (red-shifted from vapor) and
bulk water (blue-shifted from bulk), indicating anion-
coordinated water.

As water concentration increases, mixtures transition from
locally governed structure to markedly more complex,
heterogeneous, and mesoscopic domain formation. Notably,
the boundaries of an “intermediate” regime vary substantially
across IL chemistries, where distinct structural “turnover”
points emerge from competing water—water, water—ion, and
ion—ion interactions. For instance, Lopez-Pastor et al.">’
observed early onset of cyclic water dimers in [EMIM][BF,]
and [BMIM][BF,] at x;0 = 0.04—0.07, in which water

simultaneously H-bonded both to an anion and to a
neighboring water. In [C,MIM][BF,], Gao and Wagner'*
identify a “microphase transition” via small-angle neutron
scattering (SANS), where water nanoclusters (i.e., an inverse
microemulsion) form at x4, & 0.7. In longer-chain

imidazolium cations, such as [C,,MIM][BF,], Maia et al.'®
observed no intermediate structural transition, with liquid—
liquid phase separation occurring only once water-rich
concentrations were reached (xyo & 0.9). Abe et al.'"

showed that a subtle anion change from BF,” to NO;~ (ie.,
[C,MIM][NO;]) leads to 20 A—sized “water pockets” at xy

= 0.7-0.9. Likewise, Jiang et al."*® report a stark structural
“turnover” in [CgMIM][NO;] at x50 = 0.75—0.8, correspond-

ing to the highly ordered cation—cation (i.e., micellar) and
water—anion—water structures before they collapse past the
percolation limit from increased dilution. Taken together,
these studies highlight the need to consider the entire range of
concentrations to understand LCST IL/water mixtures.

Despite the wealth of these bulk structure trends derived
from IL composition and concentration, free energies and
thermodynamic properties are necessary to understand phase
behavior. In theory, structural descriptors (e.g., pair correlation
functions) can encode chemical potential and water activity; in
practice, computing thermodynamic properties—most notably
through Kirkwood—Buff (KB) integralsléz_164—suffers from
finite-size effects and high sensitivity to systems with significant
long-range order.' %10 Beyond static structure, translational/
rotational diffusion and other dynamic properties (e.g.,
Debye—Stokes—Einstein (DSE) curves,'°>'®” viscosity B-
coeficients'**'”) offer valuable insight into how ion—water
transport relates to solvation and solubility under classical
hydrodynamic assumptions; this relationship, however, is less
well-defined for the many ILs and IL-based mixtures that
exhibit “spatially heterogeneous dynamics.”'”*~""

To this end, we directly investigate solvation free energies,
partial molar enthalpies, and entropies of an exemplary LCST
IL, tetrabutylphosphonium trifluoroacetate, [Py444][ TFA].
This IL is known for its low critical temperature (T. ~303
K) and wide two-phase concentration window (30% < wyy 0 S
90% weight H,0).!7*7'73 Rationalizing its ion pairing behavior
in water proves to be more complex than simple cation—anion
additivity. Concretely, despite being among the most hydro-
phobic IL cations, P,.," exhibits starkly different phase
behavior depending on anion pairing. Fukaya et al.'”® observed
LCST or UCST behavior for compositionally identical anions,
the trans— and cis—isomers fumarate and maleate, respectively;
even more puzzling was the absence of all LCST and UCST
behavior in the ternary mixture! Moreover, TFA™ is hydro-
philic and a weak base (the conjugate base of trifluoroacetic

acid, pK, = 0.52'77), has a favorable (absolute) aqueous
solvation free energy (~—251 kJ mol™" ref'’®), and is thus
expected to form strong hydrogen bonds with water.'*”
Together, [Py4][TFA]/H,0 mixtures consistently show
gradual (eg, ~1 h at 323 K ref'””) ion—ion a§%regate
formation near the LCST critical point.5*¢0%¢7,691807182
Therefore, we hypothesize that molecular thermodynamics can
explain the origin of LCST phase behavior in [P,444] [TFA].

To this end, we perform equilibrium molecular dynamics
(MD) simulations across a comprehensive range of temper-
atures and concentrations. In addition, we obtain chemical
potentials and their enthalpy/entropy decomposition through
thermodynamic integration (TI) and chilled-mirror dew point
temperature experiments. Thus, to the best of our knowledge,
we present the first direct comparison of simulation and
experiments of excess chemical potentials of water for
[P,444][TFA]/H,O mixtures. We first describe the formalism
and protocols used to compute chemical potentials and their
enthalpy/entropy decomposition from alchemical free energy
techniques and experimental measurements of water activity.
In the Results and Discussion section, we elucidate the
plausible mechanisms that drive LCST behavior in [Py]-
[TFA]/H,0 mixtures through partial molar enthalpy/entropy
decomposition, the charge—correlation structure factor, radial
and spatial distribution functions, and graph network
aggregation analyses. We find that the LCST behavior of
[P4us][TFA]/H,0O is shaped by the counterbalance of a
favorable ideal entropy of mixing and unfavorable solvation
free energies, explained by a tightly coupled enthalpy—entropy
compensation. The partial molar enthalpies are strongly
temperature-sensitive, shifting from exothermic to endother-
mic over 300—373 K, and directly correspond to long-range
electrostatics, as shown by the charge—correlation structure
factor. Structural analyses further reveal three concentration
regimes and the structural organization imposed by the
hydrophobic P,,," cation.

B THEORY AND METHODS

Experimental Methods

Water Activity. For an IL/water solution at a given
concentration below its phase separation temperature, the
water activity, a,, is < 1, due to the vapor pressure (P,) of
water in the solution being lower than the saturation pressure
of pure water at that temperature (Psat). To measure a,, a
chilled-mirror dew point temperature experimental technique
was utilized. The IL/water solution loses a small amount of
moisture within a hermetically sealed chamber until the
gaseous phase is in thermodynamic equilibrium with the liquid
phase. A small mirror within the chamber is then chilled until
dew forms. From the dew point temperature (Tg,), P, is
determined. Water activity is then calculated as a,, = P,( po) /
P (T). The AQUALAB 4TE water activity meter was utilized
to measure the water activities of all of the solutions in this
work, with an accuracy of a,, + 0.003. For each sample, five
measurements were taken and averaged. To resolve the
temperature dependence of a,, measurements were performed
at six temperatures from 298—323 K in 5 K increments for IL
weight fractions of wy; = 85, 90, and 95%. The [P,4,,][TFA] IL
was synthesized following the procedure outlined in our
previous work,”"'7>'** and NMR was performed to confirm
the chemical structure and purity.

https://doi.org/10.1021/acs.jpcb.6c04599
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Figure 1. Temperatures and IL weight fractions, wy, of all simulations completed in this work, along with the [P,,][TFA] IL lower critical

solution temperature (LCST) curve (gray dashed lines) from our previous work,

,'7? with (a) the full concentration window and (b) IL-rich region

only (wy > 0.85). Marker color denotes the total production simulation time of each state point (Table S1). Adapted from ref 173. Available under
a CC BY 3.0 license. Copyright 2025 Mahfouz, A.; Haddad, A. Z.; Kocher, J. D.; Menon, A. K.

VN
LYo &€

(a) Pggaqa™ cation

€ "

(b) TFA™ anion

{d

(c) H20 molecule

Figure 2. Molecular structures of species investigated in this work. Atoms include hydrogen (white), carbon (gray), oxygen (red), phosphorus

(orange), and fluorine (light green).

Density. A handheld density meter (Mettler Toledo
Handheld Densito) was used to characterize the density of
the IL/water solutions at 298 K. The density of each solution
was measured three times to determine the mean solution
density. The density meter has a resolution of 0.0001 g cm™

and an accuracy of +0.001 g cm™.

Molecular Dynamics Simulation Details

Equilibrium molecular dynamics (MD) simulations were
performed for bulk, aqueous [P,4,][TFA] IL mixtures in the
NPT ensemble at 300, 323, and 373 K and 1 atm. Twenty-one
distinct concentrations were simulated at each temperature,
resulting in sixty-three independent simulations. System
concentrations and conditions are summarized in Table SI.
Additionally, [EMIM][TFA]/H,O simulations at comparable
concentrations and temperatures (Table S2) were conducted
to facilitate later comparative analyses. Although some
simulated state points fall above the experimental LCST
curve for [P,,J[TFA], shown in Figure 1, all systems
remained single-phase under the present simulation time
scales. A representative overlapping state point (wy = 40%,
323 K) extended to ~1 us exhibits no phase separation (Figure
S1), confirming a well-equilibrated single-phase system rather
than insufficient sampling. This behavior is consistent with
previous reports of spontaneous liquid—liquid phase separation
in IL/water mixtures,'**™"*’*’ and is a generally expected
outcome, given the length and time scales required to observe
phase transition behavior'**”'"® and the sensitivity of

equilibrium MD phase behavior to short- and long-range
electrostatics, and hence the need for charge scaling194 or
polarizable force fields,'”® both beyond the scope of this work.

The LigParGen'”® tool was used to assign nonpolarizable
OPLS-AA""™" force field parameters for all IL species,
where partial atomic charges were determined via the
1.14*CMIA charge model.”” Water—water interactions are
governed by the TIP3P*"" model, where rigid water molecules
were constrained using the SETTLE algorithm.”* TIP3P is
one of several standard nonpolarizable water models. Bench-
marks against the four-site TIP4P/2005°" and three-site SPC/
E** confirm semiquantitative agreement in the thermody-
namic and structural properties examined in this work (Section
S22, Figures $29—S31), indicating that this choice does not
materially affect subsequent results and conclusions. Lennard—
Jones cross-interactions of sigma (o) and epsilon (€)
parameters were obtained from geometric combination rules
(ie, o;= Joo, and €; = \/?e]), per the OPLS-AA
convention. The P,,,," cation and TFA™ anion are shown in
Figure 2a and b, respectively.

Initial configurations were generated using PACK-
MOL**?% to achieve the target mole fractions, followed by
~10 ns NPT density equilibration simulations. The equili-
brated density of neat [P,,][TFA] at room temperature
(1.046 g cm™) showed excellent agreement within ~1% of the
extrapolated experimental density (~1.035 g cm™), as well as
excellent agreement for IL-rich concentrations shown in Table

https://doi.org/10.1021/acs.jpcb.6c04599
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(a) wir, = 40%
T, = 0.031

(b) wIL = 75%
T, = 0.127

(c) wi, = 87.5%
X, = 0.253

(d) wir, = 100%
I, = 1.0

Figure 3. Equilibrium snapshots of bulk-phase aqueous [P,4,][TFA] mixtures with varying weight fractions, wy;, of the IL species. P, cations
depicted as goldenrod and TFA™ anions as royal blue. Systems are rendered with visually consistent scales for clarity, i.e., not rendered to physical

scale.

S3. Densities across all temperatures and concentrations
(Figure S2) are reported with statistical uncertainties of
approximately 0.4—0.5%. Subsequent NPT production simu-
lations were carried out at various time scales depending on
temperature and desired sampling, as summarized in Table S1,
with trajectory frames saved every 30 ps; property-specific
sampling and analysis details are given in the Results and
Supporting Information.

Simulations were conducted in the OpenMM software
version 8.2.°°72% on NVIDIA Tesla V100 GPUs. The van der
Waals (VDW) interactions were truncated at 1.4 nm, and
electrostatics were computed using the particle-mesh Ewald
(PME) method.”” A Monte Carlo barostat was used for
pressure coupling, and a Langevin integrator was used with a 1
fs timestep and the friction coefficient set to 1 ps.
Representative equilibrium snapshots of bulk [P,,,][TFA]/
H,O mixtures at selected IL mole fractions are shown in Figure
3.

Free Energy Simulations

Absolute Chemical Potential. The primary focus of this
work is to (1) compute and (2) decompose the chemical
potential of a water solute molecule in a [P,,,][TFA]/H,0
mixture, M, at various weight fractions, w, and temperatures, T.
Generally, the absolute chemical potential of water in a
[Pyss] [TFA]/H,0O mixture is the partial molar Gibbs free
energy, G; thus, for an isobaric—isothermal system,

M}l;jo = G(Nyo + 1, Ny, P, T) — G(Ny 0, Ny, P, T)
1
where Ny o and Ny, are the number of water molecules and

ion pairs, respectively, and P is the internal pressure of the
liquid mixture. In the thermodynamic limit, ﬂ%zo = (0G/

ONw,0) N, p,T-

Several authors, including Ben-Naim>'° and Shirts et a
have provided detailed discussions on the interpretation of the
absolute chemical potential of a solute molecule. For
completeness, we provide a derivation of the chemical
potential of water in mixture M, u}io, in the Supporting

1 211
1,

Information. Equations S1—S6 result in the following
expression for the absolute chemical potential of a water solute
molecule in an IL/water mixture:

Mo = Dy, + ksTInlpf o (Ati0)’] = ksTlnlgy ]
@)

where Ay, is the solvation free energy typically derived from
alchemical free energy techniques, kg is the Boltzmann

constant, T is the absolute mixture temperature, pyiq is the
water solute molecule number density, p; = N;/(V), within the
mixture, A} o = (h2/27My,oksT) V' is the thermal de Broglie
wavelength arising from momentum integration, h is Planck’s
constant, My ¢ is a water molecule’s mass, and gqfj o is the

internal partition function of a water molecule.

It is evident from eq 2 that the absolute chemical potential is,
in its general form, composed of four physically interpretable
terms: (1) the “coupling” work, or the “interaction” Gibbs free
energy, Ay, due to the solute, H,O, solvated within the IL/
water liquid mixture; (2) the “liberation”*'® Gibbs free energy,
kT ln[(l\%zo) 3]—ksT In[V], (see eq S4) involved with (2a)
releasing the (classical) solute particle from a fixed position
such that it acquires kinetic energy from translational momenta
(Alio) and (2b) the entropy associated with the solute’s

exposure to the entire mixture volume, V, be it via compression
or decompression; (3) the indistinguishability term, kT
In[Ny,o], sometimes referred to as the “assimilation” free

energy;”'" and (4) the internal degrees of freedom as
modulated by the solvation environment (qi\io).

In this work, free energies of solvation are computed by
thermodynamic integration (TI),”'*7*'” in which a specific
solute water molecule i is gradually decoupled from the
surrounding solvent,

U
B = ) A 0

where U(4) is the total system potential energy as a function of
the coupling parameter A, with (4 = 1) the coupled state
(solute is fully interacting with the solvent) and (41 = 0) the
decoupled state (solute—solvent interactions are turned off).
Assuming ergodic sampling, eq 3 provides the absolute
solvation free energy of water from a single-solute TI
simulation. However, bulk, IL/water mixtures are defined by
marked spatial heterogeneity and highly viscous dynamics in
which a single solute (water) molecule may encounter
significant variation in its local microsolvation environment.
Consequently, single-solute TI simulations risk sampling a
narrow subset of the IL/water mixture’s entire configurational
phase space, leading to potentially non-ergodic estimates of the
solvation free energies.218 To this end, we employ a multi-
solute, fixed-radius sampling strategy in which independent TI
simulations are performed for many distinct water molecules
randomly selected from the equilibrated mixture. For each
solute, we compute solvation free energies over a time scale
consistent with a local microenvironment determined by the
mean squared displacement (MSD). Thus, the absolute
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solvation free energy of water in the IL/water mixture is given
by the average over all solute molecules,

N

1 .
A'Lécvlv = Z A'uslolv’ N S NH O
N4 ’ 4)

where we select N = 23—100 for computational feasibility
(Table S6). Of the concentrations and temperatures simulated
in Figure 1, we select IL-rich concentrations (wy_ = 70, 80, 85,
90, 92.5, and 95%) for subsequent solvation free energy
simulations. All details regarding the system Hamiltonian (i.e.,
linear coupling of A with electrostatic, van der Waals, and soft-
core, repulsive interactions), evaluation of (dU(4) /dA),, and
the multi-solute, fixed-radius protocol are provided in the
Supporting Information, SS.

Excess Chemical Potential. Excess thermodynamic
functions are defined relative to a known reference, or standard
state, primarily to enable useful approximations of activities
that are not directly measured, and in turn, highlight deviations
from ideal or pure behavior. While the choice of standard state
is inherently arbitrary,”"? a precise definition is required to
define activity. Here, we take the chemical potential of water in
pure water, uf; o, as our standard state, and define the excess

chemical potential of water as

E _ M P
Hu,0 = Hu,0 7 Huo (5)
where
MI—};ZO(T’ P = latm)

solv

AP+ kBTln[p;;zO(Agzof]
- kBTIn[qII;ZO] (6)

and all terms denote properties of a water solute molecule in
pure water (denoted by p). Importantly, this standard state is
temperature-dependent, defined at the mixture temperature T
rather than at a fixed reference temperature (e.g, 298 K),
ensuring that the excess chemical potential isolates deviations
due to the solvation environment rather than temperature
effects. We note that the internal partition function of a water
solute in pure water, gf; o, is simply a product of vibrational,

rotational, and electronic terms (e.g., g = qmtqvib%elec). Since ¢,
is a function of molecular geometry alone,™’ it cancels
between the mixture and pure states in the excess chemical
potential. The electronic partition function is assumed to be
unity at ambient temperatures, since only the electronic
ground state is populated and defines the zero of energy. The
vibrational partition function, however, requires consideration
as intramolecular vibrational frequencies are known to shift
with the solvation environment; it has been shown that
vibrational spectra containing hydroxyl stretches of water at
low concentrations in common ILs reveal pronounced blue
shifts relative to their vibrational frequency in bulk water.”*!
The vibrational partition function is a product over normal

modes,*°
Naip 272
qP!HZO — €
vib - —ﬂhMHZO
=1 1—e (7)

where # = (kyT)™" and v;72° is the frequency of vibrational
mode i (i.e., symmetric stretch, antisymmetric stretch, and
bending) of an H,O molecule in the bulk liquid p. In the

ground-state approximation, where hv > kgT is true for the
bending and stretching modes of water (~1600—3700 cm™")
relative to kzT (=~ 200 cm™" at 300 K), the third term of eq 6
reduces to

Na, — —ph°/2

3
[ - | = 2 e
i=1

—kgTIn 5
i=1 1 — P

(8)

Consequently, the resulting expression for the excess chemical
potential of water from computational methods is

M
Pu,0

3
Pu,0

/,t}};‘zo = (Auy, — Aub) ) + kgTln

solv

3
1
+ z Zh(UiM;HzO _ l/iP’HZO)
i=1 )

where the difference in vibrational partition functions between
water in the IL/water mixture and in pure water depends on
Av, = )"0 — PO I the case of 24:1 [BMIM][PF,]:water
(D,0 + H,0) solutions, FT-IR spectra reveal an O—D stretch
of HOD that is pronouncedly blue-shifted from 2510 cm™ in
bulk water to 2678 cm™! in the IL environment.””" This shift
corresponds to an increase in zero-point vibrational energy of
approximately ~1.0 kJ mol™. Given that similar data is
unavailable for [P,,,][TFA]/H,O mixtures, the Z;léhAVi

term is neglected (in lieu of more advanced QM/MM
) ) .
simulations®™) as an unquantifiable error of comparable
magnitude (~1 kJ mol™").

Equivalently, the choice of standard state from eq 6 remains
consistent with experimental water activity measurements
described above,

”}io = :“}l;jo - ,u}lizo(T, P =1 atm) = kzTln[a] (10)

Enthalpy and Entropy Decomposition. The excess
chemical potential of water is decomposed into (excess) partial
molar enthalpy (hi;,0) and entropy (si,0) contributions,

E _ E E
ﬂHZO - hHZO - TSHZO (11)
where the excess entropy (of solvation) of water is defined as

E
MWy o

aT

E = —
SH,0 =

P, Niyyo, Ny, (12)

Obtaining entropic contributions from molecular simulations
. . . 223-231 .

is a long-standing computational challenge. For simple
molecular liquids, free energies rapidly converge to within
~+0.2 k] mol™!,>°>*'"**? while entropies require an order-of-

L 233 :

magnitude™” greater computational cost because of the
temperature derivative in eq 12 only to achieve comparable,
~+2 kJ mol™ accuracy.””” The early work of Wan, Stote, and
Karplus™*” demonstrated this convergence challenge across five
methods for computing —Ts; o. Compared to finite-difference

methods, which obtained —Tsﬁzo uncertainties as low as +1 kJ

mol™!, “direct” approaches (ie. first computing potential
energy averages to obtain enthalpy and then computing
entropy by subtraction) resulted in ~+11 kJ mol™!
uncertainties with simulations available at the time—a gap
attributed to much faster converging solute—solvent inter-
action energies that govern free energies compared to slower
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Figure 4. Water activity (a) and osmolalities (b) of [P444][TFA]/H,O mixtures as a function of IL weight fraction (w, ) for temperatures across
298—323 K. Insets in both panels show the temperature dependence at fixed IL weight fractions (85, 90, and 95%).

convergin§ olute—solvent total energies. More recently,
3 . .
Jorgensen™” demonstrated that increased system sizes and
longer simulations could improve “direct” methods to
comparable, ~+2 kJ mol™" uncertainties.

We obtain —Tsfj o by subtraction (eq 11), having

S
3

independently computed 5o from TI and the (excess)
partial molar enthalpy of water, hj; ¢, from equilibrium MD. By
definition,

hio = hivo — hf o(T, 1 atm) (13)

where i is the partial molar enthalpy of water in the IL/
water mixture and hf;o(T) is the (standard state) pure

component molar enthalpy of liquid water. Like eq 1, the
partial molar enthalpy of water could be found by its definition,
hgzo = (aHM/aNHZO)NIL,P,T = HM(NHZO + 1, Ny, P, T) —
H"(Ny,0, Ny, P, T), where H" is the total IL/water mixture
enthalpy. An equivalent expression for absolute partial molar
quantities (see eqs S13—S16) is given by
E
hino = My — x——" + hfi o
’ i ’ (14)

where the molar excess enthalpy of the IL/water mixture is
E
hy =y = [xghf, + xHZOhII-)IZO] (15)

where hy, is the total molar enthalpy of the IL/water mixture.
The total (extensive) enthalpy is derived from molecular
simulations via the ensemble average of the system potential
energy U,

(N0 + Nip) = H(Nyg,0, Ny, P, T) = (U + PV)ypr

~ (U)npr (16)

where the pressure—volume work contribution is negligible
relative to the internal energies of the liquid system, and thus
ignored. We note that intramolecular contributions to water’s

energy are absent, given the use of a rigid water model; the
potential energy U therefore reflects only intermolecular
interactions and intramolecular contributions from the flexible
ionic liquid force field.

In contrast to simulation-based free energy methods,
experimental water activity measurements in this work provide
direct access to temperature-dependent excess chemical
potentials. Thus, the entropy contribution towards the excess
chemical potentials from eq 10 is determined using the finite-
difference method,

,quZO(T + AT) — ﬂl_io(T — AT)
2AT (17)

—sflzo(T) =

Finally, the entropy contribution itself can be further
decomposed into its respective ideal and non-ideal contribu-
tions,

E _ Eid  Enid
SH,0 = SH,0 T SH,0 (18)

For mixtures of components with disparate molecular sizes,
such as IL/water systems, regular solution theory is generalized
to solutions of unequal molecular components by Flory—
Huggins theory.”**™>*° In this framework, the ideal entropy is
defined using the volume fraction,

Ejid _
si,0 = —kgln @y o (19)

where the Flory—Huggins volume fraction is ¢y o = %p,0Vi,0/
(%m,0Vh0 + x1VR) and VP are the pure component molar

volumes. This definition is widely used for polymer solutions
and is more appropriate for IL/water mixtures, given the
significant size asymmetry between the ionic liquid ion pair
and water. Equation 19 reduces to the ideal solution expression
S18 in the limit of equal molar volumes.

Based on eq 19, a complete expression for the non-ideal
entropy (derived in eqs S19—S22) is
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Figure S. (a) Computational and experimental excess chemical potentials of water, ,uﬁzo, in [P4444][TFA]/H,O mixtures as a function of IL weight

fraction (wy;) at varied temperatures. (b) Term-wise decomposition of uf; ¢, into solvation free energy differences (AApu,,,) and density ratio (ksT

In[p}fo/pPhol) contributions.

id.
SI]_EI,nO,id A solv kBln = M —
: v + Var
—kTa'd—i1 (ve + V&
B E g v Um M
vy + Vi 0T (20)

where v, is the excess molar volume, Vi = x,0Vho + 2 Vi

is the ideal volume of the IL/water mixture, 'd = (1/
Vi&)OVi&/OT is the thermal expansion coefficient of the ideal
mixture, and ASS}‘I’ZI‘C') = —0(Apgy — Apb,,)/0T. Equation 20
highlights two primary contributions to entropy not included
in the Flory Huggins ideal definition: (1) the solvation

Solv

process, Asto, and (2) deviations in the accessible volume due

to non-ideal mixing (i.e, vi; # 0), captured by the last two
terms on the right-hand side of eq 20. Practically, the non-ideal
entropy is found by sE“'d = sH o— sﬁ;do

B RESULTS AND DISCUSSION

Water Activity and Osmolality Measurements

Water activity, a,, quantifies the deviation of the chemical
potential from the standard state,”*” i.e., a, = 1 corresponds to
the condition where ﬂ%{dzo = pfo(T, P = 1 atm). Han et al.>*®

describe water activity as a “facile technique to represent and
understand hydrophobicity of ILs” and as a property linearly
correlated with ion—water hydrogen bond basicity. Figure 4a is
consistent with general trends that IL/water mixtures with
strong ion—water interactions reduce the vapor pressure, and
consequently, yield lower water activity values. Moreover, ion—
water interactions notably strengthen in the “intermediate” or
“hydrated” mole fraction (x;;$0.25) regime; 238 Figure 4a
corroborates this trend, where increasing IL concentrations
lead to decreasing water activities, and thus, stronger ion—
water interactions. The insets of Figure 4a highlight the
temperature dependence of a,, at fixed concentration, which is

comparatively modest and concentration-dependent: a,,
decreases weakly with temperature at wy = 85 and 90%,
whereas at wy, = 95%, the trend reverses and a,, increases with
temperature. Despite this sign change in da,/dT, the
corresponding experimental ﬂﬁzo (eq 10) decreases with

temperature at all three concentrations (Table S10), since the
kgT prefactor outweighs the weak activity variation at wy, =
95%.

Osmolality is a primary driver for desalination performance
using LCST mixtures—it indicates the effectiveness of
[P,444][TFA] as a draw solute for water extraction via forward
osmosis.'”> The osmolality is calculated from the measured
water activity as Osm = —In(a,,)/M,, where M,, is the molar
mass of pure water. Figure 4b shows the monotonically
increasing osmolality as a function of increasing IL mole
fraction, potentially explained by the increase in the number of
“free ions” in the solution and hence increased critical
temperatures at higher IL concentrations.

Excess Chemical Potential

Computational (eq 9) and experimental (eq 10) excess
chemical potentials of water are compared in Figure 5. Of
the twenty-one concentrations simulated (Table S1), IL-rich
systems (wy, = 80—95%) were selected for TI solvation free
energies to provide the greatest contrast between the mixture
and pure-water solvation environments, supplemented by an
additional point at wy;, = 70% to probe the boundary of the
LCST region. Across the six matched conditions (wy = 85—
95% at T = 300 and 323 K), simulation and experiment agree
with absolute deviations ranging from 0.04 kJ mol ™ (at 323 K,
wyp = 95%) to 1.2 k] mol™ (at 300 K, wy; = 95%), across
relatively low-magnitude ﬂizo values of —0.3 to —3.4 kJ mol ™.

Concentration-dependent ﬂf{zo trends are consistent between

simulation and experiment, where increased magnitudes at
higher IL weight fractions reflect progressively greater
departures from ideal water solvation.
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In the absence of the corrective vibrational partition function
(the third term in eq 9, neglected in this work), simulations are
expected to yield, at best, slightly more negative uf; o by ~1 kJ
mol™' compared to experiment based on the estimated zero-
point frequency shifts for water hydroxyl stretches in IL
environments.””' This magnitude shift is most likely to be
observed near the pure IL limit, and will be smaller at
increasing water content as more water dimers and trimers are
formed. Figure S indeed reveals slightly more negative yij; o

values compared to the experiment at wy = 90 and 95%, the
magnitude of which is further attributable to the trade-off
made between computational cost and sampling fidelity in the
TI simulations. Two sources of uncertainty govern the
solvation free energy simulations: the number of water solute
molecules sampled per distribution, Ngr, and the TI
integration time scale, 7 (per term in eq S7), over independent
TI simulations. As demonstrated by the convergence study in
Figure S4 (performed at 300 K and wy = 85%), the mean
solvation free energy varies by up to ~7 k] mol™" across 7 =
107*~10" ns (at fixed Ny r = 100), whereas it varies by only
~1 kJ mol™" across Ng;r = 10—50 (at fixed 7 ~ 1 ns).

Thus, for a given water solute molecule, the characteristic
diffusion time scales are predominantly coupled to the elevated
viscosities of the IL-rich phase. At wy, = 90%, [P,44][TFA]/
H,O0 has a viscosity of ~35 mPa s;>"*” at room temperature,
the neat IL solidifies. Table S4 summarizes 7, defined by the
time at which vMSD = 5 A, with the MSD averaged over all

atoms in the mixture (Figure S3). For the yj; o simulations in
Figure 5, 7 spans multiple orders of magnitude—from 0.03 ns
at 373 K and wy, = 70% to ~50 ns at 300 K and wy;, = 95%.
Consequently, the deviation between computational and
experimental ujj o increases at higher IL weight fractions.
Nonetheless, even in the least diffusive system (z &~ 50 ns at
wy, = 95%, T = 300 K), agreement remains within ~1.2 kJ
mol ™",

The molecular thermodynamics of water solvation in
[Ps4s] [TFA]/H,O is not completely resolved through the
excess chemical potential trends alone. In particular, the non-
monotonic temperature dependence of ujo (eg, —3.38,
—2.34, and —2.75 k] mol™" at wy, = 95% for 300, 323, and 373
K, respectively) is most naturally rationalized by decomposing
yﬁzo into two competing, monotonic contributions. Whereas
this comparatively large wy, = 95% variation is plausibly
physical, the much weaker non-monotonicity at wy, = 80%
(—0.28, —0.16, and —0.42 kJ mol™' over the same temper-
atures) lies within the solute-sampling uncertainty (Figure S4)
and is more plausibly a statistical artifact. Figure Sb includes
the decomposition of uf o (eq 9) into the solvation free
energy difference, AApyy, = Apgy, —Apby, and the density
ratio term, kyT In[p}o/phol, the latter arising from the
liberation and assimilation contributions to the chemical
potential in eq 9.”'" The density ratio, expressed in terms of
the pure component molar volumes, V¥, and excess molar
volume, v,

M
p
Puo *i,0VH,0

P E
Pao "M T X0V + aVi (21)

is governed by the large ideal volume ratio between the
[P4444][TFA] ion pair and water, Vf/V} o & 19 at 300 K.

Based on the sensitivity analysis in Figure SSb, the excess
molar volume contributes to the overall density ratio free
energy by +0.2 k] mol™" over an observed range of vy = —2 to
+1 cm® mol™ across all concentrations (Figure SS5a).
Moreover, the density ratio itself is largely constant across
temperatures at constant concentration (Table S9), indicating
that the density ratio’s contribution to the overall free energy is
predominantly entropic. In its entirety, the density-ratio term is
hence largely composed of the commonly referenced ideal
entropy of mixing term, k3T In ¢y o (eq 19), which, by
construction, is identical across simulation and experiment
(insofar as the pure component molar volumes are accurate, as
we show in Table S3 for pure IL density comparisons).
Consequently, the close agreement between simulation and
experiment observed in Figure Sa is principally a manifestation
of agreement in the solvation free energy difference, AAy,,.

Relative to the solvation free energy difference, AAy,,, the
density ratio term exerts a greater influence on the overall
concentration dependence of o, decreasing by approx-

imately a factor of two across the IL-rich concentrations while
AAp,, increases by only ~1.5 k] mol™" over the same range.
Intuitively, this behavior is expected since the density-ratio

term diverges to —oo as ph}/{zo — 0 in the dilute limit. In

. o . 240
analogous contexts at finite densities, Ben-Naim and Marcus

showed that density ratios in hydrocarbon transfer between
water and pure hydrocarbon yield comparable contributions to
the solvation free energy itself, e.g, RT In(130/18) =~ 4.9 kJ
mol™~! for water/hexane and RT In(291/18) ~ 6.9 kJ mol~! for
water/hexadecane. Similarly, Nishikawa and others®®**'
demonstrated that density fluctuations derived from number-
density structure factors in [P4u,][TFA]/H,O are approx-
imately six-fold greater than in acetonitrile/H,0, in part due to
the disparate molar volume ratios (Vicn/VE,o & 3 versus ~19
for [P4444][TFA]/H,0).

The density ratio contributions are partially counterbalanced
by positive AAu,,, values, ranging from +2.7 to +6.3 kJ mol ™!
across all temperatures and concentrations (Figure Sb). The
solvation free energy difference is computed relative to the self-
solvation free energy of water in pure TIP3P, Auk, = —25.4 kJ
mol™" at 300 K, consistent with TIP3P benchmarks (—25.5 kJ
mol™! at 298 K)*'7 and the experimental value (—26.5 kJ
mol™" at 298 K).***** Like the density ratio, AAuy, is
modulated by both temperature and concentration: between
300 and 373 K, AApu,,, increases by approximately 1—2 kJ
mol ™" at a given concentration, and by a comparable ~1—3 kJ
mol™" with increasing IL weight fraction (across the entire
concentration range) at a given temperature. As will be
discussed in the following section, AA, is a manifestation of
the average in eq 4, in which the nanostructural heterogeneity
of [P4444][TFA]/H,0 governs water solvation thermodynam-
ics. Taken together, the temperature dependence of i

cannot be interpreted without the decomposed contributions
from AApuy, and kT In[p} o/phiol, which each encompass
larger-magnitude contributions than yjj o itself. Whether the
resulting non-monotonicity is physically meaningful or a
statistical artifact of the highly viscous 300 K [P,,][TFA]
system is later rationalized through the excess partial molar
enthalpy and entropy (vide infra): via eq 12 and the
relationship between the partial molar enthalpy and entropy
temperature derivatives, much of the uj o temperature
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Figure 6. Temperature-dependent solvation free energy distributions, Ay, derived from thermodynamic integration (TI) simulations for water in
[P4444] [TFA]/H,O mixtures at varied IL weight fractions. Dashed vertical lines indicate the solvation free energy of water in pure water, ApL,, (T, P

= 1 atm), at each temperature.

dependence remains consistent, whereas certain conditions
(e.g, wy, = 80%) exhibit a non-monotonicity more likely
originating from statistical noise.

Solvation Free Energies and Microenvironment
Characterization

Traditionally, solvation thermodynamics is studied through the
lens of the excess chemical potential at the infinite dilution
limit, i.e., the solvation Gibbs energy of a single water molecule
in the neat ionic liquid, where kyT In[p}o/pho] = —oo.

Figure S6 shows the temperature-dependent solvation free
energies of a single water solute in neat [P,444] [TFA] alongside
the pure water self-solvation reference. The resulting AAp,,
at infinite dilution (Figure S6b) is +0.7 + 3.9 kJ mol™" at 300
K, +3.1 + 3.2 kJ mol™ at 323 K, and +6.4 + 0.6 k] mol ™" at
373 K. The large statistical uncertainties at 300 and 323 K
reflect insufficient sampling of [P,44,][TFA] in its most viscous
regime, even at the longest sampling times employed in this
work (r & 9 ns); convergence studies (Figure S4) suggest
these values systematically underestimate the ergodic solvation
free energy. Nonetheless, the qualitative trend of increasingly
unfavorable water solvation with temperature remains robust
across all three temperatures.

When placed in context with a broader spectrum of water
solvation in various ionic liquid/water mixtures, these AAp;,
values indicate intermediate solvation situated between
hydrophilic and hydrophobic systems. On one extreme, strong
anion—water hydrogen bonding in chloride-based ILs drives
favorable water solvation; e.g., Lynden—Bell et al.'*’ report
AApg,, ~ =7 kJ mol™" for water in [dmim][Cl] at 400 K.
Both experimental and computational studies have shown that
structural modifications to the anion significantly modulate
water solvation: for imidazolium-based ILs, AAp,, spans
approximately —2 to +11 kJ mol™!, following a trend governed
by anion identity (FSI” < NO;~ $ OTf < BF,” < TFSI™ <
PF,").”?80151157 Thys, while the TFA™ anion favors strong
water—anion interactions, the hydrophobic —CF; group and
the large P,,," cation simultaneously counteract this
favorability, resulting in AAp,, values that fall within a
range of hydrophilic and hydrophobic ILs. However, single-
solute solvation free energies are inherently insufficient for
interpreting concentration-dependent phase behavior of IL/
water mixtures, as they probe only the most thermodynami-
cally favorable water—ion coordination environments at

infinite dilution. As McDaniel and Verma® highlight, such a
property only partially discriminates between hydrophilic and
hydrophobic ionic liquids. [BMIM][FSI] is one notable
example: the single-water solvation free energy (AAp,, ~
-2 kJ mol™)® does not reflect the immiscibility of
[BMIM][FSI] with water but rather its hygroscopic nature,
where favorable ~1.8 A O,—H,Ogg hydrogen bonds
between water and FSI™ sulfonyl oxygen atoms create optimal
adsorption sites.

One approach to move beyond the assumption of complete
water dispersion inherent to single-solute solvation free
energies” is the potential of mean force (PME), w(r),
which quantifies the free energy landscape of separating a
water—water dimer in the bulk ionic liquid. As shown in Figure
S7, the water—water PMF in neat [P,.,][TFA] at 300 K
exhibits a global minimum of —17.6 k] mol™" at a center-of-
mass separation of r ~ 2.8 A, indicative of an energetically
favorable hydrogen bond. The depth of this minimum is
semiquantitatively consistent with water—water PMFs reported
by Wang et al.”* in [P 4] —orthoborate ILs, where the
close-contact water dimer was identified as the most
energetically favorable configuration. Beyond the global
minimum, oscillating local minima provide the first direct
indication of more complex interactions between water and
neighboring ionic species that give rise to structural
heterogeneity. The local minimum at r &~ 5.0 A corresponds
to a water—anion—water structural motif in which the water
dimer is bridged by a single, shared oxygen atom of the COO~
group of a planar TFA™ anion. At larger separations (r ~ 7 A),
broader and shallower local minima indicate less distinct
structural motifs arising from (1) water—anion—water
configurations in which the dimer is separated by COO~
involving both oxygen atoms, or (2) separation via hydro-
phobic CF; and cationic alkyl groups, as the water molecules
progressively associate into separate solvation shells. At longer
range, these oscillations attenuate as ionic species screen the
effective water—water interaction.

While the single-solute solvation free energy (Ny,o = 1)

indicates that incorporating water into the [P,,][TFA] ion
network is unfavorable relative to bulk water (noting that
unfavorable solvation does not preclude water uptake, which is
always driven by the divergent ideal mixing entropy at low
concentrations), the water—water PMF (Ny o = 2) demon-
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(a) Nu,0 = 1, dilute limit

(c) 300K, wi, = 80% (favorable tail)

(d) 373K, wir, = 95% (unfavorable tail)

Figure 7. Representative solvation microenvironments for water in [P,44,][TFA]/H,O mixtures from the dilute limit to finite concentration. (a)
Single water molecule (Ny,o = 1) in neat [P,,][TFA]. (b) Water—water dimer at the PMF global minimum (r ~ 2.8 A). (c) Solvation

environment (AApu,, = +1.8 kJ mol™!) from the left tail of the TI distribution at 300 K and wy; = 80%. (d) Unfavorable solvation environment
(AApgy, = +8.7 kJ mol™") from the right tail at 373 K and wy; = 95%. The selected water solute is displayed with van der Waals spheres.

strates that this penalty is partially offset by cooperative™*’
pairwise interactions. At finite concentration—where Ny o =

217, 335, 459, 729, 1033, and 1772 for wy, = 95, 92.5, 90, 85,
80, and 70%, respectively—the microsolvation landscape is
considerably more complex. Two-body cooperativity evolves
into preferential, multi-body interactions among water
molecules competing for favorable coordination environments
within the ion Coulomb matrix. The multi-solute TI
distributions in Figure 6 reveal the thermodynamic manifes-
tation of microsolvation heterogeneity—at each temperature
and concentration, individual water solvation free energies
range from as narrow as Ay, € [—22.1, =20.9] kJ mol™" (at
wy, = 70%, 323 K) to as wide as Ap, € [—33.3, —16.7] kJ
mol™ (at wy = 92.5%, 300 K), reflecting the breadth of
coordination environments accessible within the [Py4]-
[TFA]/H,O mixture. Across all conditions, the distributions
are generally shifted to less negative free energies relative to the
pure water reference (AAy,, > 0; Table S6). With increasing
water content at a given temperature, the mean Ay, shifts by
~1-3 kJ mol ™" toward the pure water reference across the wy
= 70—95% range, as water—water coordination increasingly
competes with water—anion interactions. The concentration
dependence of water solvation is governed not only by local
coordination motifs but also by long-range electrostatic
features corroborated by charge—correlation structure factors
(vide infra). Temperature modulates absolute solvation more
subtly. At a given concentration, the mean Ay, increases
monotonically by ~5 kJ mol™ from 300 to 373 K, compared
to ~3 kJ mol™" for pure water over the same range. For the
three-stage decoupling path employed in this work (electro-

static = van der Waals — soft-core repulsion; Section S5),
favorable electrostatic contributions dominate Ay, at all
conditions (Figure S10), while the van der Waals/repulsive
contribution is comparatively modest and less sensitive to both
concentration and temperature. As such component decom-
positions are path-dependent,”** these trends should be
interpreted qualitatively.

As will be discussed through radial distribution functions
and coordination numbers, the TI distributions sample
transient yet representative solvation structures that collec-
tively define the free energy landscape of water in
[P,444][TFA]. Near the dilute limit, non-ideal solvation is
mediated by a hydrogen-bonded water—anion structural motif
(Figure 7a). Unlike the persistent anion—water—anion bridge
detected spectroscopically for common room-temperature
ionic liquid anions (e.g, BF,”, PF,", ClO,”, and TESI),'*
the O—H---COO~ coordination is reminiscent of the bidentate
motif found in similar carboxylate—water’” and [BMIM]-
[TFA]/H,0%*" systems. The water—water hydrogen-bonded
dimer (Figure 7b), corresponding to the global minimum of
the PMF, is accessed only through enhanced sampling at the
dilute limit; at finite concentration, such close-contact dimers
are embedded within and modulated by the surrounding ionic
environment. Beyond these idealized cases, the solvation
microenvironments at finite concentration are structurally
diverse. Representative configurations drawn from opposing
extremes of the TI distributions—the left-most tail at 300 K
and wy = 80% (Figure 7c) and the unfavorable tail at 373 K
and wy; = 95% (Figure 7d)—illustrate the subtle, competitive
interplay between water—water and water—anion coordination
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Figure 8. (a) Simulated excess enthalpies of mixing, hl;, as a function of IL weight fraction (wy,) at varied temperatures with symbolic regression
(SR) fit curves; SEM bounds on hf; (omitted for clarity) are below ~0.15 kJ mol™ (<6% of plotted values) across the studied phase space. (b)
Absolute partial molar enthalpies of water, k., derived from the fitted excess enthalpy of mixing via eq S14. Uncertainties in /i, are obtained

from a parametric bootstrap (SI).

that underpins the breadth of the TI distributions and
motivates the structural analysis presented in the following
sections.

Enthalpy and Entropy Decomposition

While cumulative non-idealities are captured by excess
chemical potentials and solvation free energies, macroscopic
phase behavior reflects molecular driving forces shaped by
tightly coupled enthalpy—entropy compensation. Miscibility,
for instance, is rarely rationalized through either enthalpic or
entropic arguments alone. NaCl is water-soluble with an
endothermic dissolution enthalpy (AHZ,, = +3.6 kJ mol™),
whereas CaCOj is highly insoluble despite an exothermic one
(AHS,, = —113 kJ mol 1) 27248 Although these enthalpies
arise from the near-cancellation of large-magnitude crystal
lattice dissociation energies (+790 kJ mol™" for NaCl) and ion
hydration enthalpies (—=786 kJ mol™" for Na* and CI7),*****
entropic contributions (themselves governed by ion charge
density, shape, and the resulting solvation structure) dictate
the observed phase behavior.""*"'**** Similarly, although oil
and water are immiscible at room temperature, transferring
nonpolar solutes such as methane from organic solvent to
water at 298 K is exothermic (AH,, = —10.5 k] mol™"), where
phase separation is driven instead by the entropic penalty of
hydrophobic effects (—TASy, > +22 kJ mo] 1) 8116249
Moreover, enthalpy and entropy are coupled through the

constant-pressure heat capacity,

M M
atho _ 351-120

oT oT

P P (22)

such that temperature dependence in one is necessarily
encoded in the other (rooted microscopically in energy
fluctuations), a feature especially relevant for understanding
LCST systems.”*”*%

For [P444][TFA] specifically, the cohesive energy of ~—544
kJ mol™" per ion pair at 300 K (Figure S11) is larger (in
magnitude) than typical imidazolium BF,” salts (from —495 to

M —
Con0 =

—462 kJ mol™!),” slightly higher (in magnitude) than
[EMIM][TFA] (~—520 kJ mol™"), and comparable to that
of [Nyggs][TFSI] at ~—553 kJ mol™". The high cohesion
reflects both strong Coulombic ion—ion interactions and
increased van der Waals attraction accompanying long alkyl
substituents on tetraalkyl cations.”>' Moreover, the ions
individually present another large energetic scale upon water
solvation (Figure S12), where the hydrophilic TFA™ anion has
a highly favorable simulated solvation free energy of ~—330 kJ
mol™!, while the bulky P,,,," cation is comparatively weakly
hydrated at ~—93 kJ mol™". While direct subtraction across
these two quantities is not rigorous (the cohesive energy is
entirely enthalpic, whereas the simulated ion solvation free
energies contain both enthalpic and entropic contributions),
the partial molar quantities reported herein are expected to
exhibit small residual differences between such high-magnitude
scales.

The excess enthalpy of mixing, hy, was computed from
equilibrium MD via eq 15 across the full concentration window
at 300, 323, and 373 K (Figure 8a), with standard error of the
mean (SEM) bounds below +0.15 k] mol™". The partial molar
enthalpy of water in the [P4,][TFA]/H,O mixture, hﬁ[zo,

follows from hyy via eq 14, which requires an analytical
derivative of the fitted curve with respect to IL mole fraction,
Ohly/0xy (Figure 8b). Historically, analytical forms used to fit
excess functions follow classical models founded on regular-
solution assumptions. As highlighted by Kelkar, Shi, and
Maginn,252 however, partial molar enthalpies are sensitive to
the choice of fit, especially in the IL-rich regime. To address
these limitations, curve fits were obtained via symbolic
regression (SR), which discovers an analytic expression that
optimizes over both accuracy and complexity by searching the
functional space directly, without committing to a fixed
parametric form a priori; full procedural details and boot-
strap-based uncertainty quantification are provided in the SIL
We adopt the SR-discovered expression as the best analytic
representation, selected via PySR’s™>’ score-based criterion
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Figure 9. Decomposition of the excess chemical potential of water, ,ufilzo, into excess partial molar enthalpy (h};‘[ZO), ideal entropy (—Tsfﬁii‘gj), and
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non-ideal entropy (—Tsi3") contributions at varied temperatures and IL weight fractions.

that balances fit accuracy against expression complexity along
the Pareto front (augmented by a second-derivative roughness
penalty in the loss function to suppress fits with unstable
gradients). Compared to traditional analytical forms (e.g,
Redlich—Kister, van Laar, polynomial expansions), SR yields
reasonable agreement, deviating by up to 0.9 kJ mol™" at lower
IL concentrations (wy, = 85%) and 1.4 k] mol™" at the highest,
IL-rich concentrations (wy; = 95%). As summarized in Table
S7 and Figures S13—S14, the SR-derived partial molar
enthalpies are sufficiently robust that the enthalpy/entropy
decomposition interpretation is largely insensitive to the choice
of functional form. At x; = 0 (pure water) and 300 K, hﬁlzo
converges to —39.91 kJ mol™', corresponding to a heat of
vaporization AH,,, = —h%zo(xIL =0) + RT ~ 3991 + 249 ~
42.40 kJ mol™, in close agreement with the literature TIP3P
value (42.22 kJ mol™),*"” further validating the procedure in
the water-rich regime. Similarly, the excess partial molar
enthalpy of water at infinite dilution in the ionic liquid, hjjS =

lim, _, hjo = —8.0 = 0.8 kJ mol™" at 300 K from the

symbolic regression fit, is in the same, semiquantitative
exothermic regime as the experimental value of —3.9 + 0.1
k] mol™ reported by Khan over 328—393 K for the
[BMIM][TFA]/H,0 system.>

The most striking feature of hyy(xy, T) for [Pu,][TFA]/
H,O is a strong temperature dependence (Figure Sa): across
the studied concentration window, hy; shifts by ~5 kJ mol™
between 300 and 373 K. This magnitude shift exceeds the
typical range across the 194 binary systems reviewed by
Podgorsek et al.”>* More notably, the shift drives hf; from
exothermic to endothermic at high wy, a temperature-induced
sign change with little reported precedent for IL/water
mixtures. Sign changes in hyy typically require altering the
ion molecular structure, e.g, [EMIM][CF;SO;]/H,O mixes
endothermically while [EMIM][CH;SO;]/H,0O mixes exo-
thermically.'””**> While rare, some IL/water mixtures have
been reported to exhibit concentration-dependent sign changes
at fixed temperature (e.g,, [EMIM][SCN]/H,0).**°

Excess enthalpies of mixing are typically rationalized in
terms of the relative strengths of unlike (water—IL) and like
(water—water, ion—ion) species interactions.'””*>” Near room
temperature, the exothermic hiy observed for [P,,,][TFA]/
H,O reflects the dominance of TFA™—H,0 hydrogen
bonding. Unsurprisingly, [EMIM][TFA]/H,O0 is also exother-
mic and fully water-miscible across the entire concentration
window over 313—348 K, with its less hydrophobic and smaller

EMIM" cation. For supplemental comparison, we use the same
OPLS-AA/TIP3P force fields to simulate [EMIM][TFA]/
H,O, reproducing the temperature-dependent trends in Ficke
et al’s'”’ calorimetric data (despite well-documented devia-
tions in absolute mixing enthalpies between classical force field
simulations and experiment”>”***). As shown in Figure S15,
hi; for [EMIM][TFA]/H,O remains negative across the full
concentration window at all studied temperatures, with the
peak Ay at 300 and 373 K differing by only ~1 kJ mol™, in
contrast to the ~5 kJ mol™" difference in [P,,,,][TFA]/H,0
over the same range.

Quantitatively, the temperature dependence is most

apparent in the IL-rich regime, where hﬁzo at wy = 95%

transitions from —4.5 + 0.3 kJ mol™" at 300 K, to —1.1 + 0.2 kJ
mol ™" at 323 K, and inverts to +1.3 + 0.1 k] mol™! at 373 K. At
elevated temperatures, like-species interactions (water—water,
ion—ion) increasingly dominate as water—anion contacts
diminish. The temperature derivative of hy yields a maximum
excess heat capacity of c?’max ~ +65 ] K™' mol™' for
[P44us] [TFA]/H,O (at wy = 92.5%), several-fold larger than
the ~+15 J K™' mol™ value computed for [EMIM][TFA]/
H,0 (consistent with the calorimetric value of +13.8 J K™!
mol ™" ref'””) and well above the (=15, +24) ] K™ mol™ range
documented across IL/water systems,”’ indicating an
unusually strong structural sensitivity of [Pyu][TFA]/H,0
to temperature in the IL-rich regime. As will be shown in the
following sections, the charge—charge structure factor S, (k)
reveals a concomitant temperature modulation absent in
[EMIM][TFA]/H,O0.

The minimum in k¥ near wy ~ 92.5% at 300 K likewise
reflects the onset of water self-association. Near neat IL
concentrations (wy, > 92.5%), water is dispersed and
essentially monomeric. The gradual increase in water
concentration drives a rapid deepening of hj at 300 K,
directly accounted for by water forming strongly hydrogen-
bonded dimers and small clusters, as corroborated by the deep,
favorable minimum in the water—water PMF (Figure S7). The
concentration-dependent hy; minima and maxima further
coincide with both the fragmentation of the IL polar network
and the crossover from water—anion to water—water
coordination, as elucidated by RDFs, coordination numbers,
and water aggregation analyses (vide infra).

To complete the thermodynamic picture, we pair the partial
molar enthalpy trends with ideal and non-ideal partial molar
entropies by eqs 19 and 20. At x;; = 0 (pure water) and 300 K,
the simulated TIP3P self-solvation entropy, —TAsE,, = +14.8

Eolv
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kJ mol™', agrees within ~3 % with the experimental value of
+15.3 k] mol™ at 298 K reported by Ben—Naim and
Marcus.”*” Table S5 further includes the water self-solvation
enthalpy and entropy at all simulated temperatures. As shown
in Figure 9, the excess non-ideal solvation entropy, —Tsijo™,

varies in magnitude from +2.58 k] mol ™" at the most water-rich
condition to +8.44 kJ mol™" at the most IL-rich condition (300
K). These convert to absolute solvation entropies, —TAs,,,, in
the range +17.4 kJ mol™'—23.2 kJ mol™!, providing semi-
quantitative comparisons to solvation entropies found in the
literature. Consequently, water solvation in [P,44,][TFA]/H,0
is comparable in entropic cost to Wan, Stote, and Karplus’s
benchmark of methylamine in pure water (~+22 kJ mol™’
ref**®), ie., the cost of dehydrating a small polar molecule from
bulk water. While solvation entropy data for water in ionic
liquids remains sparse and not uniformly characterized across
the IL family, the values reported in Figure 9 are within a
reasonable order of magnitude of partial molar entropies
reported for water in both miscible and immiscible IL
systems.”**"*°> Evidently, across the entire studied concen-
tration and temperature phase space, the non-ideal solvation
entropy of water, —Tsia%, in [P,,][TFA]/H,0 opposes
mixing.

The concentration dependence of the non-ideal solvation
entropy of water is most evident at 300 K. The entropic

penalty, —Tsf{’;'c'i)d‘, rises by over a factor of three across the

studied concentrations, from +2.58 kJ mol™" at wy, = 70% to
+8.44 kJ mol™" at wy = 95% (the first panel in Figure 9).
Physically, the entropic cost of inserting a water molecule
reflects the work of opening a cavity within the ion Coulombic
network,”***** a network that becomes most compact and
cohesive at high IL weight fraction and low temperature. As
will be shown in later sections, the IL-rich regime is delineated
by wy ~ 87.5%, after which the mixture transitions from
predominantly water—water coordination to water—anion (and
even anion—water—anion bridge) coordination. While TFA™+
H,O interactions may be enthalpically favorable, the associated
entropic penalty can be traced to the significant structural
organization uniquely imposed by the P,,,* cation; in the
following section, spatial distribution functions (SDFs) reveal a
stark contrast in water arrangement relative to the fully water-
miscible [EMIM][TFA] analogue.

The temperature dependence, by contrast, is best under-
stood by separating the temperature contribution itself from
E“‘d . At wy, = 70%, sH‘“é is essentially constant at ~—8 J K™*
mol " across 300—373 K, and thus —Ts;j"3" varies modestly by
<0.3 kJ mol™; at wy, = 80%, the variation is still small (<1 kJ
mol ™). At wy = 95%, sH‘“é decreases in magnitude from —28 J
K" mol™" at 300 K to —13 J K" mol™" at 373 K; —Tsi*
correspondingly decreases by ~3.5 kJ mol™'. That is, the
solvation entropy (- TsE“‘d) is most sensitive to temperature
at wy, = 95%, precisely where tho itself undergoes its largest
temperature dependence (transitioning from —4.5 kJ mol™
300 K to +1.3 k] mol™ at 373 K). As hﬁzo approaches zero
with decreasing IL weight fraction, so does the entropy
temperature dependence.

Unlike the non-ideal entropy, the ideal Flory—Huggins
entropy (eq 19) generally favors mixing across the studied

phase space due to the large molar volume ratio between the
IL ions and water. Consequently, the sum (eq 18) yields a total

excess partial molar entropy of water (dark green bar in Figure
9) that exhibits a clear temperature and concentration
dependence. Because Sﬁzo = —aﬂﬁzo/GT (eq 12), the sign of
the total excess entropy should be consistent with the
temperature slope of yf; . Near the dilute water limit, this

consistency is especially apparent: at wy, = 95%, —Tsgo is

positive at 300 K (sj,0 < 0), requiring gy o/0T > 0, in line
with the rise of //‘]}5120 from —3.4 to —2.3 kJ mol™" between 300
and 323 K, before sﬁzo turns positive and ﬂﬂzo decreases again
at 373 K. Toward the water-rich concentrations, sj o is small
and weakly positive (aﬂﬁzo/ 0T 5 0), and the underlying ﬂf{zo
temperature variation shrinks accordingly; the subtle non-
monotonicities apparent in Figure Sa (e.g, wy, = 80%) are
therefore likely statistical artifacts, consistent with the solute-
sampling (Ng ) scatter quantified in Figure S4. Because sjy

itself follows from hﬁzo (eq 11), numerically verifying the

excess form of the heat capacity identity (eq 22) is in some
ways a restatement of this consistency; as shown in Table S11,
it holds for most temperature and concentration combinations.
While the temperature dependence of a,, permits an analogous
experimental decomposition into iy and —Ts; o (Table S10

and Figure S16), the resulting values approach the noise floor
set by the +0.003 instrument precision at the 5 K temperature
spacings used here; we therefore restrict direct simulation/
experiment comparison in this work to ujjo. Even so, the

experimental non-ideal entropy mirrors the steeply growing
ideal Flory—Huggins term, growing increasingly unfavorable

toward the dilute water limit in agreement with the simulated

En.id.
SHZO .

At 300 K, —Tsflzo crosses zero between wy; = 90 and 92.5%,

transitioning from a favorable contribution to the excess
chemical potential at water-rich conditions (—0.31 kJ mol ™" at
wy, = 70%) to an unfavorable one in the IL-rich regime (+1.11
kJ mol™" at wy, = 95%); at 323 and 373 K, by contrast, —Tsflzo

remains uniformly favorable across the full concentration
window. While the absolute magnitude of the 300 K crossover
retains some sensitivity to the choice of partial molar enthalpy
fit (Figure S13), —Tsjo counterbalances the partial molar

enthalpy and thus unambiguously increases with IL content at
300 K and decreases at 323 and 373 K. Such a reversal in
concentration and temperature dependence is elucidated by
decomposing the water—water PMF (Figure S9) into its
enthalpic and entropic contributions. The raw PMFs at the
sampled temperatures are shown in Figure S8, with the
decomposition obtained via eq 12 using three finite-difference
schemes (AT =20 K, AT = 30 K, and the 5-point linear least-
squares fit’>”). First, the contact hydrogen-bonded minimum
at r ® 2.8 A is enthalpically dominated and commensurately
opposed by entropy. Additional local minima at r & S and 7 A,
albeit less favorable, are also enthalpically dominated—arising
from the partial or total electrostatic screening of the water—
water interaction by intervening ionic species.243 The
magnitudes of the decomposed contributions retain some
sensitivity to the choice of finite-difference scheme, but the
qualitative features discussed here are preserved across all three
methods. Second, as the PMF evolves along the reaction
coordinate, the enthalpic and entropic contributions mirror
each other across all separations and diminish in concert as
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Figure 10. Charge—correlation structure factor, S;;(k)/k? for [P,,][TFA]/H,O mixtures at (a) wy = 40%, (b) wy = 70%, and (c) wy = 85% at
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Figure 11. Radial number density, pg(r), where p is the bulk number density of the acceptor oxygen (O, for water—water and Org,- for water—
anion), for [Py,][TFA]/H,0 mixtures at (a) wy, = 40%, (b) wy, = 70%, and (c) wy, = 85% at 300, 323, and 373 K.

temperature rises. This balance is intrinsically tied to the
microsolvation environment and structural heterogeneity
imposed by the mixture, a connection quantified in the
following section through the charge—charge structure factor
S72(k).

Taken together, Figure 9 reveals that neither the partial
molar enthalpy nor the excess partial molar entropy of water
dominates the chemical potential of mixing across the studied
concentration and temperature window. Instead, the phase
behavior of [P,,][TFA]/H,0 is shaped by enthalpy—entropy
compensation.*""'#*'%?% The microscopic basis of compensa-
tion has been a long-standing question in solvation
thermodynamics: as Ben-Naim notes, even with explicit
decompositions of enthalpy and entropy in hand, “it is not
clear whether this effect comes about from the direct solute—
water interaction or through the indirect effect of the solute on
the structure of the surroundings of the solvated water
molecule.”*'” For [P,4][TFA]/H,O specifically, this com-
pensation is evident in the strong temperature dependence of
the partial molar enthalpy, the competition between ideal and
non-ideal entropy contributions, and the microstructural
heterogeneity of the mixture.

Modulation of Electrostatics and Local Structure

The molecular thermodynamics of water in [Py,][TFA]/
H,O thus far makes apparent a markedly heterogeneous
solvation environment. Behind the heterogeneity lies a
competition of ion—ion, water—water, and water—ion
interactions governed by electrostatic screening, which can
be probed in reciprocal space to recover the structural basis for

the partial molar trends above. Concretely, the electrostatic
energy of an ionic liquid can take the reciprocal-space form

1 1 47
Fa = 3 [P 5 T
2 2P 2V K k (23)

where p(r) is the liquid charge density, py is the charge density
Fourier component, and V is the system volume. The charge—
correlation structure factor is as follows

1

SZZ(k) = V(pkp_k> (24)
where (---) denotes the equilibrium ensemble average, such
that S,,(k)/k* quantifies the per-wavevector contribution to eq
23. S,,(k)/k? is strictly repulsive, with peaks marking length
scales over which unfavorable charge correlations accumu-
late—features we expect to modulate with concentration and
temperature in concert with the favorable and unfavorable
solvation physics highlighted in Figure 9.

Figure 10 shows S;,(k)/k* for [P44,][TFA]/H,0 at wy =
40, 70, and 85% across 300, 323, and 373 K. Energies are
reported in units of kyT/4x, with the dashed asymptote at k —
0 fixed by the Stillinger—Lovett sum rule.**72%% All three
temperature curves recover the asymptote (S,,(k)/k* ~ kzT/
47, ie., unity in the reported units) at low k on average,
consistent for nonpolarizable force fields.”® As wy, increases
toward neat [P,,][TFA], a repulsive peak develops near k ~
0.8 A7l attributable to a broad TFA"—TFA~ coordination
shell at ~10 A (Figure S19). As water content increases, the
peak heights attenuate monotonically, attributable to water
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(b)

Figure 12. Spatial distribution function (SDF) of water oxygen around the (a) P, cation in [P,,][TFA]/H,0 and (b) EMIM" cation in
[EMIM][TFA]/H,0 at wy; = 95% (ocean navy), 90% (cerulean), and 80% (deep cerulean, rendered as mesh), at 300 K and an absolute water—
oxygen number density of 15 nm™>. Bulk water oxygen densities are provided in Table S$12. Full 360° rotation videos are included in the Supporting

Information.

screening repulsive anion—anion electrostatics, analogous to
the behavior observed in the hydrophilic imidazolium ILs
([BMIM][BE,], [BMIM][NO,], [BMIM][OTf]) character-
ized by McDaniel and Verma.* The absence of such a peak is
itself a hydrophobic signature, as in water-immiscible ILs such
as [BMIM][PE,], [BMIM][ESI], and [BMIM][TESI], which
lack the electrostatic driving force for favorable water solvation.

Remarkably, temperature mimics the effect of water dilution.
At fixed wy;, peak heights attenuate monotonically across 300—
373 K. At wy, = 85%, the peak height drops by ~9% from 300
to 323 K and an additional ~16% from 323 to 373 K. This
starkly contrasts with, for example, the fully water-miscible
[EMIM][TFA] IL, as shown in Figure S20: at the same wy; =
859%, not only is its 300 K S,,(k)/k* peak roughly 3X smaller,
but it also drops by only ~3% from 300 to 323 K and an
additional ~12% from 323 to 373 K. The temperature-driven
attenuation of the [P,][TFA] S,,(k)/k* peak indicates
temperature as a thermodynamic driving force, diminishing the
local ion—ion electrostatic conditions that favor water mixing
at low temperatures.

Functionally, electrostatics are enthalpic. That is, S,,(k) is a
manifestation of real-space charge correlations driven by
intermolecular interactions. Thus, pair correlations comple-
ment our reciprocal-space analysis, providing the local
structure to further elucidate the temperature and concen-
tration dependence observed in the partial molar enthalpy
data. Following McDaniel and Son,””’ we report the radial
distribution as the explicit pairwise probability pg(r) (units of
A™%), as opposed to g(r), to provide direct comparisons of
coordination peak heights across all wy;.

Figure 11 shows pg(r) for the water—water (Hy o'Op,o,

dashed) and water—anion (Hy,o*Orgs, solid) pair correla-

tions of [Pyu,][TFA]/H,0O at wy, = 40, 70, and 85% across
300, 323, and 373 K. The bulk number density is set to the
acceptor oxygen, po. . and po . , respectively. Both pairs

exhibit a sharp first peak near r ~ 1.8 A, characteristic of
hydrogen-bond contacts between the water proton and either
water—oxygen or carboxylate—oxygen acceptors. The water—
water and water—anion peak heights are inversely related, with
water—water hydrogen bonds progressively replaced by
competing water—anion coordination at increased wy. Near
wy, & 85—87.5%, the two first-peak heights cross over, marking

the structural transition from water—water to water—anion
dominated coordination. Coordination numbers (eqs S31 and
S32) integrated over the first solvation shell confirm the
crossover quantitatively (Figure S17): the bulk water Noy ~
1.8 (or Noo ~ 5.2 within 3.5 A, consistent with the TIP3P
benchmark™") and near-bulk [P,,,,][TFA] water—anion Ny
~ 1.3 intersect at wy, & 87.5% with Noy = 0.8. In the later
sections, we will also show the macroscopic consequence of
this local coordination crossover, where water cluster and
aggregation analyses illustrate the rupture of the percolating
water network near wy, & 75%.

Underlying these concentration-dependent trends is a rising
fraction of waters residing in water—anion-coordinated
solvation shells with increasing wy;. A subset are bound by a
second anion—tethered into an anion—water—anion bridge
motif—accounting for up to ~18% of waters at wy;, = 95% and
300 K (Figure S18). By contrast, spherical-anion imidazolium
ILs such as [BMIM][BF,] and [BMIM][PF,] show well-
resolved anion—water—anion spectroscopic signatures as the
dominant water motif, while TFA™—containing ILs produce
only broad, poorly resolved water—anion H-bond bands.'*”
Structurally, the water forms two hydrogen bonds with the
—CO,™ group in a bidentate fashion to optimize its interaction
with the anion (as established for acetate by photoelectron and
DFT studies”**”"). The water—anion coordination growth is
naturally coupled to the cation—anion network, whose P* ---O~
contact at ~3.9 A diminishes with temperature, in contrast to
fully water-miscible [EMIM][TFA] (Figure S24).

The concentration and temperature dependence established
thus far highlights the inseparable nature of structure and
underlying solvation thermodynamics. We hypothesize that the
P4’ cation itself modulates the local microenvironments
observed in the bulk, which in turn shapes the enthalpy—
entropy compensation behavior of water. One clear reporter of
the influence of Py," on bulk structure is the number-density
analogue of the charge—correlation structure factor, in which
the charge weighting is replaced by the atomic form factor.
Namely, the number-density structure factor is as follows™'

Suy(K) = é(pN(k)pN(—k» (25)

where py(k) is the Fourier component of the microscopic
number density. For X-ray scattering, each atom contributes
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proportionate to its electron density via the atomic form factor,
f i(k);
N

Py = Y f (1)

i=1 (26)

Typically, fi(k) has a small k-dependence and can be
approximated by the atomic number for Syy evaluated at
small wavevectors. Figure S21 shows Syy(k) for [P44,][TFA]/
H,0 and [EMIM][TFA]/H,0 at wy; = 40, 70, and 85%. Near
k ~ 0.65-0.7 A™' (a ~9 A real-space length scale), a
pronounced prepeak emerges in [Pyu,][TFA]/H,O that is
entirely absent in [EMIM][TFA]. Previous studies have
assigned such a prepeak to polarity domain alternation,”"*”*
in which the polar anion/phosphonium-head alternates with
the apolar butyl chains in real space.

Moreover, the hydrophobic nature of P,," has a clear
consequence on the local water solvation shell. As wy
increases, polarity domain alternation enhances butyl-tail
aggregation, which naturally reshapes the surrounding micro-
environment. To this end, we compute the SDF of water
oxygen around the P,,," and EMIM® cations using

TRAVIS,””? reporting absolute number densities in nm™;

isosurfaces are rendered at a contour level of 15 nm™ across
wir, = 80, 90, 95% at 300 K (Figure 12). In [P,y,,][TFA]/H,O,
water density localizes into discrete lobes positioned in the
geometric crevices between the four butyl arms at ~4 A from
the phosphorus center, consistent with the first peak of the

P*---Oy,o radial distribution function (Figure S25). Figure 12a

shows 8—9 separated lobes at wy; = 95% (total isosurface
volume 2.06 A%, surface area 16.81 A%) that merge into four
connected lobes at 90 wt % (15.58 A3, 79.19 A?) and a single
connected surface at 80 wt % (46.41 A%, 167.7 A*) as water
concentration increases.

In the analogous [EMIM][TFA]/H,O system, water density
is more diffusely distributed across two distinct radial shells at
~3.5 A (in-plane carbon—water contact) and ~5.4 A (above
and below the ring face) (Figure 12b), with isosurface volume
3—4X larger than [P,,][TFA] at every concentration (6.90
A% vs 2.06 A3 at 95 wt %; 201.7 A3 vs 46.41 A3 at 80 wt %).
While [EMIM][TFA]/H,0 and [P,,][TFA]/H,0O display
similar enthalpies of mixing across concentration at 300 K
(Figures 8a and S15), the SDFs reveal an unmistakable
difference in cation—water structural organization. While water
surrounds the planar EMIM' in a cloud-like coordination
environment, P,,,," imposes a more geometrically templated
water shell. This is consistent with Morita’s interpretation that
the large hydration shell around P,,,," causes a loss of excess
entropy of mixing.”" Although dynamics lie outside the scope
of this work, water reorientation is also markedly slower in
[P,444][TFA]/H,O than in [EMIM][TFA]/H,O (Figure
$32), in line with the higher viscosity of the former.

The structural organization imposed by P,,,," has a direct
geometric consequence on water hydrogen bonding. The
analogous water—water and water—anion radial number
densities for [EMIM][TFA]/H,O (Figure S22) and the
corresponding coordination numbers (Figure S23) provide a
stark structural fingerprint of how the hydrophobic P,4,,"
cation modulates the solvation shell structure. Qualitatively,
the water—anion Hyg o**Orpa- first peak grows more

aggressively with wy in [EMIM][TFA] than in [P,44,][TFA];
the suppressed water—anion coordination in [P4,][TFA] is

compensated by enhanced water—water self-association.
Quantitatively, at wy, = 95% and 300 K, the water—water
Noy rises from 0.21 in [EMIM][TFA] to 0.49 in [P,,]-
[TFA], while the water—anion Nqy falls from 1.94 to 1.21.
Interestingly, the P,.," cation modulates the water—water/
water—anion coordination crossover, where water—water Ngy
overtakes water—anion Ny in the range wy, & 75—80% for
[EMIM][TFA] as opposed to wy ~ 85—87.5% for [Pyl
[TFA], indicating a propensity for water to form a connected
H-bond network even at relatively IL-rich concentrations due
to the hydrophobic nature of the cation,®"'***7*7*7¢ 45
corroborated by the aggregation analysis in later sections.
Beyond immediate H-bond distances, the joint geometric
character of the H-bond, i.e., the intersection of radial
separation and O—H---O angle, is captured in the combined
distribution functions (Figures S27 and S$28) and the anion-
centered SDFs (Figure S26). Within the linear H-bond region
(1.5 £ r <22 A, 0 > 150°), water—anion contacts are subtly
enriched in [EMIM][TFA], and water—water contacts are
subtly enriched in [P,4,,][TFA].

Taken together, local solvation structure and electrostatics
drive water solvation in [Pu][TFA]/H,0. The resulting
macroscopic liquid—liquid phase behavior is, of course, a
manifestation of enthalpy—entropy compensation: hi; o and

si,o are inescapably coupled through eq 22, such that the

structural and electrostatic modulations resolved above are
necessarily reflected in both the enthalpic and entropic
contributions. Enumerating and evaluating all combinations
of water—ion, water—water, and ion—ion interactions
motivates theoretical frameworks that directly bridge structure
to thermodynamics. For instance, Lazaridis and Karplus**®
decompose excess entropies of solvation via a sum of integrals
over solute—solvent and solvent—solvent pair, triplet, and
higher-order translational and orientational correlation func-
tions. Within this ansatz, the entropic penalty of solvation is
encoded in the positional and orientational correlation of water
with its surrounding solvent environment, as implicated herein.

Water Aggregation and Network Analysis

The concentration dependence of [P,444][TFA]/H,O mixing
manifests across short- and long-range length scales. While the
RDFs in Figure 11 resolve local coordination motifs, the
mesoscopic organization of water is naturally characterized as a
hydrogen-bond network defined by interconnected water
aggregates.””” To this end, graph network and cluster analyses
have been previously applied to a range of IL and IL/water
systems,”*"*7*7**" which we adapt for understanding water
aggregation in [P,4,][TFA]/H,O. Concretely, two waters are
taken as hydrogen-bonded under the distance—angle criterion
rou < 2.27 A and a < 40° (equivalently g_y;..o > 140°),*
with a graph network algorithm performed using a fork of
MDTraj.”*"*** By construction, each water molecule con-
stitutes a node and each hydrogen bond an edge, such that
connected nodes form a water aggregate (equivalently, a water
cluster). Unlike conventional hydrogen-bond analyses (e.g., the
coordination numbers shown in Figures S17 and S23), the
graph network analysis herein provides longer-range, meso-
scopic connectivity implications. The molecule-weighted
aggregate size distribution,

n{N(n))
H,0 (27)

P(n) =
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Figure 13. Molecule-weighted water aggregate size distribution, P(n), at 300 K for [P,,,,][TFA]/H,O mixtures at five IL weight fractions.
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Figure 14. Representative snapshots of the water hydrogen-bond network (top row; water molecules only) and the ionic liquid polar network
(bottom row; ions only) in [Pu4][TFA]/H,O mixtures at 300 K, colored by cluster membership. (a) Water network spanning the entire
simulation box. (b) Coexistence of heterogeneous water cluster networks near the percolation limit. (c) Small water clusters with emerging chain-
like aggregates. (d) Isolated water molecules and small water clusters. (e) Small, dispersed ion clusters in the water-rich regime. (f) Intermediate
ion aggregates near the water percolation limit. (g) Large ion clusters forming a near-continuous polar network. (h) Nearly all ions belong to a

single continuous polar network spanning the simulation box.

gives the probability that a randomly chosen water belongs to a
cluster of size n, where (--) denotes the ensemble average,
N(n) is the number of size—n clusters, and Ny o is the total

number of water molecules in the system.”’® Figure 13 shows
the P(n) at 300 K across five IL weight fractions, each
corresponding to a water-only system snapshot colored by
cluster membership (i.e., the water molecule color corresponds
to its respective water cluster’s unique aggregate size n) in
Figure 14a—d. The entire concentration sweep at 13 values at
300 K is included in Figure S33.

Three concentration regimes emerge in Figure 13 for
[Pyus] [TFA]/H,0O at 300 K. At wy > 92.5%, P(n) peaks
sharply at n = 1 with negligible probability beyond n = 10,
indicating isolated water monomers and tiny clusters (Figure
14d). From 92.5% > wy, > 75%, P(n) evolves from smaller

clusters (~15—20 waters at wy, = 92.5%) to larger, chain-like
aggregates (~500 waters at w; = 80%), which define the
percolation threshold (Figure 14b,c). The percolation cross-
over seen in Figure 13 is also mirrored in the local
coordination structure, where the water—water and water—
anion RDFs trade peak heights near this concentration regime
(Figure 11). For wy < 75%, P(n) shows concentrated
probability density near n = Ny o, where clusters begin to

span the entire simulation box to form bicontinuous water and
ion aggregates. Similarly, the ion aggregate distributions mirror
these water cluster concentration regimes (Figures S35 and
14e—h). In fact, the ion aggregate behavior reveals a direct
connection between water network evolution with increased
dilution and the enthalpy of mixing trends reported in Figure
8a. At wy = 92.5%, precisely where the enthalpy of mixing
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Figure 1S. Bayesian inference of the water chemical potential ,uﬁzo((szo, T). (a) Posterior median ugzo (solid) decomposed into the ideal density
term (k3T In ¢y o, dotted) and the non-ideal solvation excess (AAp,,,, dashed) at 300 and 323 K, with simulated data (markers, 0.9 k] mol™");
the hatched band marks the predicted 323 K coexistence (LCST) region. (b) Zoomed-in view of the predicted LCST region, in kJ mol™".

reaches its minimum (hy; = —3.45 k] mol™"), the ion aggregate
P(n) in Figure S34c shows the polar network fragmenting into
a visible bimodal distribution. The enthalpy minimum marks
the point along the evolving water and ion networks where
water—anion interactions are most optimal. Further dilution
grows water from isolated monomers into larger aggregates
that disrupt and fragment the IL polar network, with water—
water self-interactions progressively overtaking the enthalpi-
cally favorable cross-term and thus driving hy; further toward
ideality in the bicontinuous regime at wy < 75%.7%

B LCST MECHANISTIC INSIGHT

Phase segparation is driven by the tendency to lower the free
energy.”*" Liquid—liquid demixing is classically rationalized in
terms of the excess Gibbs energy of mixing, Gy, = Y Nyut.*'”
In water/n-alkane systems near room temperature, Giix is
sufficiently positive across a wide enough concentration
window that it develops two distinct minima (i.e., separated
by a locally concave-down region where deiix/afszzo < 0)

near the infinite-dilution limits, corresponding to two, nearly
pure coexisting phases of low mutual solubility. Similarly,
above the critical temperature of the T—@y,o phase
coexistence curve, [P,,][TFA]/H,O separates into two
coexistin% phases that retain residual amounts of both
species.'~ Thus, phase separation behavior is most rigorously
captured by the stability criterion,”*>**° intuitively observed as
the change in chemical potential with water volume fraction,
@u,o- That is, given the general boundary conditions

Hio(Pro = 0) = —o0 and prpo(pue = 1) = 0, a stable
single-phase binary mixture must satisfy 0#5120/ 0¢py1,0 > 0 over

the full concentration range. Conversely, the mixture is
unstable wherever this criterion is violated, i.e.,

solv

0Py o . Pu,0 0Py o

Uy o L 0AAY o

T,P (28)
where the excess molar volume effects are neglected for
simplicity (P} o/Ph,0 & @u,0; €qs 21 and 19). The first term is
always necessarily positive. Equation 28 thus leads to the

corollary that dAApu,,/0py,o must be sufficiently negative

(over some concentration range, and not necessarily across all
concentrations) for phase separation to occur.

It thus follows that the “levers” controlling liquid—liquid
phase separation are most naturally rationalized by enthalpic
and (non-ideal) entropic contributions to the solvation free

energy, AAp, ~ hiio — Tsﬁ?@id‘. Differentiating with respect

to @y o, the condition for phase separation to occur can then

be recast as

E E,n.id.
aAA'usolv ~ athO _ aSHzO _ kBT
a‘leo p a‘szo T aanzo T Pu,0
(29)

From eq 29, the empirically observed UCST and LCST
behaviors can each be rationalized as one of two potential
conditions for phase separation. On the one hand, UCST is

recovered when both enthalpy and entropy decrease with

volume fraction (i.e., Ohfj 0/0¢1,0 < 0 and sifd"/ Iy o < O,

with hﬁzo > 0 and sﬁ;‘c‘i)d' > 0 decaying toward zero). Separately,

because the entropic contribution scales with temperature, this
yields a two-phase system at sufficiently low temperatures,
where 6hf{20/0¢H20 <T dsﬂ?(‘i)d'/aquzo — kgT/¢py,0, and a
single phase at higher temperatures, where ohf; o/0¢y,0 > T
asff;‘c'i)d'/ 0py,0 — ksT/@y,0- On the other hand, one possibility
for conditions that favor LCST is when both enthalpy and
entropy increase with volume fraction (i.e., 0h§lzo/d¢Hzo >0
and asﬁ’;’éd'/ 0¢py,0 > 0, with hgzo < 0and sfl’?éd' < 0 approaching
zero). Again, because the entropic contribution scales with
temperature, this yields a two-phase system at sufficiently high
temperatures (it 0/0py,o < 0), where Ohfyo/0puo < T
055 00
temperatures (()ﬂﬁzo/()gono > 0), where 0hgzo/0q0Hzo > T
()Sff;éd'/agono - kBT/(ﬂHZ(y

For [P444,][TFA]/H,0, the observed enthalpy and entropy
results trend in the direction of the latter, LCST scenario.

kyT/@u,0, and a single phase at lower
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From Figure 9 at 300 K, hy; o rises from ~—4.5 (wy, = 95%) to
~+0.1 kJ mol™ (wy, = 70%) while s%;‘éd‘ rises from ~—28 to

~—9 J mol™" K" over the same range, satisfying both ahﬁzo/

0,0 > 0 and Osfy'5* /0@y, > 0. Although the ¢y ¢

dependence is less clear at higher temperatures, where hij ¢

ostensibly approaches ideality (hf; o & 0) by @y o 2 0.22, the

non-ideal entropy gradient persists, with sfl’?('i,d' rising from

~—13 to ~—8 J mol™" K™ at 373 K. The requisite negative
solvation gradient for phase separation is then borne out in
Figure Sb, which confirms dA A,/ 0py,0 = 0AU/0Puo S
0, with AApu,,, decreasing by ~1—3 kJ mol™' across the
sampled ¢y o window (clearest at 373 K, falling from ~+6.3 to
~+3.4 kJ mol™).

Moving beyond discrete, simulated yuf; o values to uncover
complete, continuous yi;,o(@y,0, T) curves is itself nontrivial.
In the Flory—Huggins framework, the excess chemical
potential is often expressed through a conventional interaction
parameter, y, i.e., ,uﬁzo = kT In @y 0 + ¥(1—¢p0)> to absorb

non-idealities.”®” To instead deduce probabilistic ﬂﬁzo((szo, T)

curves, one desires curves that are (1) data-driven, i.e.,
constrained by discrete, simulated ,uﬁzo, and (2) physics-
informed, i.e., carrying a reasonable temperature dependence
(e.g, y  a/T + b ref*>**) and enforcing physical constraints
(e.g, ayﬁzo/acszo = 02/1%120/ 04017;120 = 0 at the experimental
critical point, eq S39). To this end, we apply a Bayesian
inference methodology (implemented in Pyro/Num-
Pyro;””**! see Supporting Information, eqs S35—S40) that
places priors on Redlich—Kister coeflicients of a two-
dimensional ,uflzo((szo, T).

As shown in Figure 15a and b, the resulting pig1,0(@u,0, T)
curves at 300 and 323 K are drawn from posterior distributions
of Redlich—Kister coeflicients (eq S36, Figure S36) that, by
construction, satisfy the critical-point conditions at the
experimental (@0 = 0.71, T, = 303 K). Outside the predicted
coexistence window, the Redlich—Kister form vyields a
monotonic ugzo, consistent with a stable single phase (eq
28); within it, applying the Maxwell equal-area rule (eq S40) to
the 323 K curve outlines an LCST region that is semi-
quantitatively consistent with the experimental coexistence
window.'”” From this investigation, it is thus possible to
rationalize plausible LCST /41]—2120(40}120’ T) curves that
discriminate the two-phase binodal region through a chemical
potential barrier of less than ~100 J mol™" (Figure 15b).

Beyond the quantitative values and concentration-dependent
trends in hll_:izo and sgzo, their delicate and complex

compensating behavior (amounting to only ~—1 to —2 kJ
mol™" in ;o) explains why LCST is observed in such a

narrow concentration—temperature phase space for many ILs.
Moreover, the compensation itself can be viewed as a property
of the ion’s molecular structure: as shown in Figure 12a, the
P44 cation heavily influences the structural organization of
water in its solvation environment. Thus, it is plausible to
surmise that because LCST reflects such a fragile balance, even
structurally similar ILs such as [N,u4][TFA] and
[Pssss][TFA] fail to exhibit LCST behavior.>”

B CONCLUSIONS

For the lower critical solution temperature (LCST) ionic liquid
[P4uss] [TFA]/H,0O mixture, equilibrium molecular dynamics
simulations and finite-concentration thermodynamic integra-
tion simulations were paired with chilled-mirror dew point
water activity experiments to compute the excess chemical
potential (uf ), partial molar enthalpy (hiio), and partial

molar entropy (sﬁzo) of water. Simulated ﬂﬁzo values show

excellent agreement with experimental measurements over wy,
= 85-95% and T = 300 and 323 K, with absolute deviations
ranging from 0.04 to 1.2 kJ mol™" depending on the
concentration and temperature. Since ﬂ%zo decomposes into

a volume fraction-dependent ideal entropy of mixing
contribution—identical between simulation and experiment
by construction—and a non-ideal solvation free energy, the
agreement confirms the non-ideal solvation contribution is
accurately resolved.

The excess chemical potential decomposes into a strongly
favorable density-ratio contribution (governed by the large
~19:1 IL/water molar volume ratio) and a uniformly
unfavorable solvation free energy difference (relative to bulk
water) of AApug,, ~ +3 to +6 kJ] mol™' that grows with both
increasing wy;, and increasing temperature. The excess enthalpy
of mixing exhibits a strong temperature dependence across the
entire concentration window, shifting from exothermic at 300
K (hij,0(wy, = 95%) = —4.5 + 0.3 kJ mol ") to endothermic at

373 K (+1.3 & 0.1 kJ mol™"), with a magnitude exceeding the
typical range across IL/water mixtures.””* The non-ideal
entropy of solvation is uniformly unfavorable (+3 to +8.4 kJ
mol™" at 300 K) and most sensitive to concentration, exactly

where hﬁzo is most sensitive to temperature, a signature of

tightly compensating enthalpy and entropy contributions.*"*"?

Mechanistically, the enthalpy—entropy compensation is
traced to both short- and long-range electrostatics and
structure. The charge—correlation structure factor S,,(k)/k*
exhibits a repulsive peak near ~0.8 A~!, which unambiguously
attenuates with both dilution and, more surprisingly, temper-
ature—a behavior conspicuously absent from [EMIM][TFA].
The S,,(k)/k* reveals a clear enthalpic signature, which is
compensated by the structural organization of water imposed
by the P,,," cation. The concentration dependence of yj o,

hﬁzo, and sﬁzo is governed by the competition between water—

water and water—anion coordination, which undergoes a stark
crossover to favor the latter over the former past wy;, &~ 87.5%.
From spatial distribution functions, water arranges into
geometrically confined lobes between the butyl arms of
P44, while the rotational relaxation times highlight the
effects of increased viscosity of [Py,][TFA] at low water
concentrations.

Taken together, these results reframe long-standing
interpretations of LCST IL phase behavior. The “negative
entropy of mixing” hypothesis frequently invoked in the LCST
literature®~®* is resolved from the uniformly unfavorable
partial molar entropy of solvation. The enthalpy/entropy
decomposition sustains a negative dAAp,/0¢py o across the

studied IL-rich concentrations, thus plausibly compatible with
the stability conditions required for LCST. This motivates
ongoing work in high-throughput molecular dynamics**>*** to
systematically map the enthalpy/entropy landscape across a
wider IL chemical space.
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