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S1 Experimental Density and Partial Molar Volume

The experimental procedures employed, along with the associated error analysis for density and partial molar
volume (PMV) measurements of LiCl aqueous solutions, are summarized below.

S1.1 Density Measurement and Analysis for LiCl solution

Density measurements of aqueous LiCl solutions were performed using a nominal 50 mL pycnometer, calibrated
to an effective volume of 53.372 + 0.002 mL at 20.0°C. Ultrapure water (18.2 MQ-cm) was obtained from a
NANOpure Ultrapure Water System (Barnstead) as well as from a Milli-Q-UF-Plus system (Millipore) for solution
preparation. LiCl (ACS reagent, > 99%) was treated by baking at 580°C for 14 hours prior to use. Prepared
solutions were filtered twice using syringe filters (VWR, 25 mm/0.22 um) before measurements. All densr[y
measurements were conducted at 20.0°C, with the temperature monitored by a thermometer inside the pycnometer &
This procedure minimized uncertainties associated with the volume calibration, concentration determination,
temperature control, and salt purity. The overall uncertainty in the measured densities was less than + 0.0005 g/mL
across 14 data points obtained from three independent trials.

d woyy pepeojumoq
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To determine the derivative of the density with respect to molality, ( ) polynomial fits of increasing order were g

om |’

applied to the density-molality profile and the residuals were systematically analyzed (Figure. S1.1). A linear fit &
(Figure. S1.1a) produced residuals exhibiting a pronounced quadratic trend exceeding the experimental uncertainty. & 3
Inclusion of a quadratic term (Figure. S1.1b) reduced this deviation but revealed a cubic feature that remained &
larger than the uncertainty. Upon incorporating a cubic term (Figure. S1.1c), the residuals fell entirely within the 5
experimental uncertalnty (% 0.0005 g/mL). Model selection based on the adjusted R? and the Bayesian Information Z
Criterion (BIC)! further supported the necessity of at least a third-order polynomial to adequately describe the data. If
Both criteria penalize model complexity; the increase in the adjusted R? and the decrease in BIC upon inclusion of g g
a degree of freedom indicates a genuine improvement in the fit that justifies the additional parameter. Although <
higher-order polynomials yielded marginal improvements in the statistical fit, these gains were smaller than the 7
experimental uncertainty and were accompanied by increasing multicollinearity among polynomial terms, which 3
inflates parameter uncertainties and compromises the reliability of statistical inference. Consequently, higher-order &
models were not considered further. The resulting cubic fit, comprised of the intercept, a linear, a quadratic, and a :
cubic term, was therefore used to evaluate the molality derivative for subsequent PMV determlnatlon Notably,

$GAuawa|d
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limiting the fit to a quadratic form - due to insufficient density precision - leads to inaccurate ) and PMV 7
profiles (see Section S1.4 for comparison with previous experimental measurements from the hterature).

The density profiles were fitted to a third order polynomial in molality, m, to determine the PMV :

9202 4890300 80 U0 J8sn SNIHLY 40 AIN

p = Ay + Aym + Aym® + Asm® (S1.1) 8
The A; parameters are summarized in Table S1.1.

Table S1.1: Average Fit Coefficients for the density profile with respect to molality

Coefficient | Ag x 107! A1 x 1072 Ay x 1074 A3 x 1073
Value 9.985 +£0.001 | 2.400 = 0.009 | —8.911 +£0.120 | 2.701 £ 0.054

S3



p (g/mL)

Residuals (g/mL)

(a) (b) (c)
1.21 @ Experimental data ‘»”' 1.24 @ Experimental data x"’ 1.27 @ Experimental data o -~

— = Degree 1 fit ./' == Degree 2 fit ‘,—’ == Degree 3 fit "/

””/ ”‘/ /.’/
o ’ /./ /",
)~ ras »
1.1 S 1.1 1.1
Al ,,t ’,.
,.// ”’l /’f
’ AdjR2:0.99 e AdjR2:1.00 o AdjR2:1.00

et BIC:-101.8 2 BIC:-144.2 BIC:-179.7
1.01# . . 1.04# 1.01¢ ' .

0 5 10 0 5 10 0 5 10
0.010 0.002 0.001

[ ]
. L] L] . ° .
0.005 ° .
[ ]
[ ] " . . [ ] . . .
L]
0.000 - 0.0001{5 . 5 0.000 5
[ ] ° L]
.
~0.005 . . . M
[ ]
: @® Residuals * ® Residuals ® Residuals
0.010 Experimental Uncertainty - Experimental Uncertainty Experimental Uncertainty
Y1%% 5 10 —G0025 5 10 —0.001% 5 10

Figure S1.1: The fitting and residual plots (top and bottom panels respectively) of LiCl solution densities with
polynomials (a) linear , (b) quadratic , and (c) cubic in molality (left to right).

The density profile can also be fitted to a third order polynomial in molarity [c] (p = Aj+ A} [c]?+ A} [c]?+ A5 [c]?).

Concentration (m)

Concentration (m)

The A] parameters are summarized in Table S1.2.

Concentration (m)

Table S1.2: Average Fit Coefficients for the density profile with respect to molarity

Coefficient | A{ x 107"

’ -2 ’ —4
A, %10 A, %10

’ -5
A, x 10

Value 9.984 + 0.001

2.449 + 0.009

-6.394 £ 0.136

3.469 + 0.075

Polynomial fitting was performed independently for each of the three experimental datasets tabulated in Section
S1.3. The reported coeflicients correspond to the mean of the three independent fits, with uncertainties given as the
standard error of the mean (SEM).

S1.2 Derivation and analysis of Partial Molar Volumes

The formal derivation of the Partial Molar Volume (PMV) using the thermodynamic density of a solution is outlined

below.

S1.2.A Derivation of PMV

For a binary salt-water solution, the decompositions of volume contributions can be carried out in two ways: using

the apparent molar volume or the PMV 23, The more commonly reported apparent molar volume of the salt, (¢*¢/"),

is defined as the effective per-mole volume contribution of the salt such that, when added to pure water (whose
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9202 4990100 80 U0 oSN SNIHLY 40 AINN NVIMLSIAOdYX TLVYN Ad /200 IS~ 6158009€l/1pd/988/£v5nYswalddns-sjoignesqel/biosoersqnd woyy papeojumod




molar volume, ‘7,,720, is multiplied by the number of moles of water) yields the total volume of a mixture at a given

concentration (Vi) as:

Vi = nyan*™" + npo V"0 (S1.2)

where np,0 and ng,; are the number of moles of water and salt present in the solution at that concentration,
respectively.

While convenient, the apparent molar volume is not the correct thermodynamic quantity. Its definition explicitly
assumes that the molar volume of water remains fixed at all concentrations. This assumption is inaccurate as it
neglects the strong ion-water interactions that lead to electrostriction and substantially modify the local structure
and intrinsic molar volume of water.

To properly account for such concentration-dependent effects, one must consider the PMV, which is defined
thermodynamically as the derivative of the total system volume with respect to the number of moles of a given
component, taken at constant temperature, pressure, and fixed amounts of all other components. Unlike the apparent
molar volume, the PMV does not assume an invariant solvent contribution; rather, it rigorously captures how the
total volume responds to the incremental addition of a component within an interacting mixture. Mathematically,
the partial molar volume of component i, V! , is defined thermodynamically as:

Vi =

m

(avsys (S1.3)

0ni )T,P,nj;ti

and an equivalent equation to Equation S1.2 can be written for the PMV:

salt H,O
Vips = saii Vo' + 0,0V, (S1.4)

with the distinction of V,f 20 denoting the partial molar volume of water, which is itself a concentration dependent
quantity. From these definitions, the partial molar volume of the salt and its apparent molar volume are therefore
related through:

salt

V’ialt — ¢salt + Nyals (

) (S1.5)
Ongair T.P.np,0

From this point onward, we focus exclusively on the thermodynamically rigorous PMV and express the concentration
in terms of molality, m, defined as:

1000.7,,4;;
m= ——— 4t (§1.6)
nu,oMmu,0

where the molar mass of water My, expressed in g/mol.

S5
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Given the total mass of the solution (M s"; s = Ni,0Mp,0 + nga1:Myqrr), with the molar masses M; of the components,

and the corresponding density (o = M| /V(i,), where the superscript ‘conc’ are replaced with m to indicate the
use of molality as the concentration scale, the PMV of the salt can be related to these measurable quantities through
Equation S1.3 :

Vsalt _ 0 nsallMsalt + nH20MH20
m

Ongair P :|T1Pan20

_ Miai _ (nsattMsarr + anOMHZO) ( ap (S1.7)

p p? Onsans )T,P,nH20

Now, using the chain rule of derivatives, one can redefine the derivative (%) as
sa

0 om 0 1000 0
_ (2 ) - 1000 (46 S1.8
(ansalt) (8nsalt) (am) nHzOMHz() (am) ( :

where by definition of the partial molar volume of the salt, the derivative is taken at constant ny,o. Substituting the
corresponding expression for ng,;; from inverting Equation S1.6 into Equation S1.7, and performing the change of
variable from ng,;; to m in the derivative term using Equation S1.8 yields:

ysalt _ M _ 1000 (Msa1tMgalr + anOMHQO) (8_9)
" o nw,oMu,0 p? om
M
_ M 1000 (%Mmlt + anOMHQO) (8,0 )
p nm,oMup,0 02 om

_ M, B (1OOO+mMsalt) (a_p) (Sl 9)

P p? dm

Similarly, the PMV for water, V,leo, follows:

H0 _
Y™™ = on
H>0

0 [”saltMsalt + anOMHZO
Jo

T,P.nsair

_ MHzO _ (nsaltMsalt +2nH20MH20) ( 5/0 ) (SllO)
P P N0 ) 7.p
This can again straightforwardly be obtained by substituting the corresponding chain derivative:
1000.n, 0 0
e e L s et I
(91’11-120 OnHzo om anOMH20 om 11524%0) om
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into Equation S1.10 yielding the expression analogous to Equation S1.9 for water:

0 _ Mpy,0 LM (nsati Msais + n,0o Mm0) (0p
" P NHo p? dm
M
_ MH20 + nm (WMSGH + anOMHzo) (
p NH,0 0?
_ Mmu,0 N mMpo 1+ mMsai \ [ Op
0 02 1000 ) \@m

dp

am

|

(S1.12)

The expressions above provide direct connections between the PMV of water and salt to the density of the
solution at the given concentration. It is notable that these relationships are not exclusive to the LiCl aqueous
solution and can be extended to any homogeneous binary solution to determine the PMV of each compo-
nent. Moreover, note that the derivative of the density (dp/dm) appears in both Equations S1.9 and S1.12 with
a large pre-factor. Therefore, accurately capturing the curvature of the density-molality relationship becomes crucial.

S1.2.B  PMYV from Measured Densities and Error Analysis

The PMV profiles for both LiCl and water were computed using the Equations described above, and their features
were subsequently analyzed by fitting to power series in molarity. As shown in Figure S1.2 and S1.3, truncating the
series at the cubic term is insufficient to capture the full behavior of either V¢! or V29 the residuals from such
fits exhibit a clear quartic (fourth-power) trend. Inclusion of a fourth-order term in the fit successfully reproduces
the characteristic shape of both profiles, and the residuals are reduced to random fluctuations. As before, the
adjusted R? and the BIC are provided for comparison.
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Figure S1.2: The fitting and residual plots (top and bottom panels respectively) for Partial Molar Volumes of the
LiCl with polynomials (a) linear, (b) quadratic, (c) cubic and (d) quartic in molarity (left to right).
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Figure S1.3: The fitting and residual plots (top and bottom panels respectively) for Partial Molar Volumes of the
water with polynomials (a) linear, (b) quadratic, (c) cubic and (d) quartic in molarity (left to right).

Note that the signs of the fitting coeflicients for the linear, quadratic, cubic, and quartic terms are opposite between
VEC and v 20 This observation directly reflects the Gibbs-Duhem relationship in a binary system, which requires
that the changes in the partial molar volume of one component is compensated by opposite changes in the other,
maintaining the thermodynamic consistency of the system.

The PMYV profiles were fit to a fourth-degree polynomial in molarity, as given in Equation. S1.13:

V,n = Bo + Bi[c] + Ba2[c]? + Bs[c]® + Bs[c]* (S1.13)
The B; parameters are summarized in Table S1.3.
Table S1.3: Average Fit Coeficients for the V), profiles with respect to molarity
Coefficient By By x 107! B, x 1072 B3 x 10~* By x 1074
Value (VEC!) | 18.381 £0.088 | 9.077 +0.248 | —=5.056 £ 0.179 | 8.784 +0.809 | —3.407 +0.086
Value (V29) | 18.048 +0.002 | —0.260 + 0.007 | 0.743 +0.053 | —27.067 +0.578 | 2.454 +0.023

Once again, polynomial fitting was performed using the PMV values computed independently for each of the three
experimental datasets tabulated in Section S1.3. The reported coeflicients correspond to the mean of the three
independent fits, with uncertainties reported as the standard error of the mean (SEM).

S1.2.C Connecting the Density and PMYV Coeflicients

The coeflicients A; (from the density expansion) and B; (from the

VrﬁiCI

expansion) can be interpreted analo-

gously to a generalized virial expansion. In this framework, each term reflects the collective effect of particles

S8
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approaching one another and interacting either directly or indirectly through solvent-mediated perturbations of
the local environment*>. A key distinction arises from the fact that the density is a property of the system
as a whole, whereas the PMV is a component-specific, derivative property that describes how the system’s
volume changes in response to variations in composition?. In the density expansion, the n™-order coefficient A,
represents the contribution arising from the simultaneous perturbation of n ions in solution, mediated by the solvent.
For example, A corresponds to the density of pure water (independent of ions), while A captures the ion con-
tribution to the density in the limit of infinite separation (i.e., fully solvated ions that do not interact with one another).

In contrast, because the PMV is defined as a derivative with respect to the number of moles of salt, the nM-order
coefficient B, effectively reflects interactions involving n+1 ions. Conceptually, the PMV can be viewed as a
per-particle average: one may imagine selecting a single ion and evaluating how its volumetric contribution is
modified by the presence of n additional ions in its vicinity. The derivative operation thus shifts the effective order
of interaction by one.

In particular, the connection between the zeroth-order PMV coefficient By (representing the one-body contribution
of the salt in the infinite-dilution limit) and the linear density coefficient A, discussed in the main text, follows
directly from introducing the expansions of the density and salt PMV in Equation S1.9°. In the limit of infinite
dilution, this relationship can be obtained analytically as:

) ) My
lim(Bo + Bi[c] + B2[c]* + B3[c]® + B4[c]?) = 1
fim(Bo + Brlel + Balel®+ Balel’+ Balel’) = lim, T AP

- (Ag + A1[m] + Az [m]? + A3[m]3)? (S1.14)

((9(140 + A1 [m] + Az [m)? + As[m]?)
X
om

o By = Ai {MLiCl — 1000 (—)} (5115)

S1.3 Experimental Datasets

The density measurements from three independent experiments, together with the corresponding derived PMV
values, are summarized in Table S1.4.

Table S1.4: Density and PMV data from three independent experiments

Dataset Molarity Molality p yLic yH:0
M) (m) (g/mL) (mL/mol) (mL/mol)
0.0000 0.0000 0.9983 — 18.0459
A 0.1015 0.1019 1.0009 18.3011 18.0430
0.5056 0.5109 1.0110 18.6763 18.0329
1.0097 1.0301 1.0230 19.1179 18.0236
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Dataset Molarity Molality p yLict y a0
1.5151 1.5612 1.0347 19.5328 18.0146
2.0244 2.1084 1.0460 19.9231 18.0060
3.0181 3.2113 1.0678 20.5984 17.9766
4.0237 4.3807 1.0891 21.1522 17.9442
5.0294 5.6065 1.1103 21.5485 17.9056
6.0302 6.8903 1.1308 21.7569 17.8839
7.0295 8.2341 1.1517 21.7334 17.8784
8.0232 9.6427 1.1722 21.4361 17.9276
8.7623 10.7345 1.1877 21.0019 18.0084
9.5184 11.8927 1.2039 20.3406 18.1507
0.0000 0.0000 0.9981 — 18.0488
0.1009 0.1013 1.0007 18.5626 18.0466
0.5021 0.5076 1.0105 18.9049 18.0388
1.0042 1.0249 1.0224 19.3104 18.0287
1.5071 1.5535 1.0340 19.6910 18.0187
2.0090 2.0926 1.0452 20.0455 18.0091

B 3.0142 3.2093 1.0670 20.6750 17.9854
4.0160 4.3754 1.0881 21.1813 17.9574
5.0139 5.5988 1.1093 21.5408 17.9223
6.0181 6.8791 1.1300 21.7236 17.9002
7.0156 8.2237 1.1505 21.6919 17.9035
8.0138 9.6320 1.1717 21.3963 17.9400
8.7507 10.7248 1.1869 20.9806 18.0255
9.5133 11.8926 1.2032 20.3419 18.1626
0.0000 0.0000 0.9981 — 18.0490
0.1011 0.1015 1.0006 18.5528 18.0480
0.5027 0.5082 1.0105 18.8979 18.0389
1.0051 1.0259 1.0223 19.3063 18.0311
C 1.5078 1.5544 1.0339 19.6907 18.0205
2.0102 2.0943 1.0451 20.0501 18.0123
3.0142 3.2093 1.0670 20.6895 17.9852
4.0149 4.3736 1.0882 21.2089 17.9537
5.0152 5.5953 1.1090 21.5877 17.9224
6.0116 6.8729 1.1295 21.7937 17.8975

S10

920z 4890300 80 U0 18sN SNIHLY 40 AINN NVIYLSIAOdYM TLVN Ad /200 1™ 6158009€l3pd/988, G uswalddns-sjoie jesoel/B10 soe sqnd woy papeojumoq



Dataset Molarity Molality p yLict vH.0
7.0142 8.2239 1.1503 21.7898 17.8938
8.0098 9.6341 1.1710 21.5301 17.9317
8.7503 10.7291 1.1865 21.1399 18.0029
9.5054 11.8927 1.2022 20.5396 18.1387

S1.4 Comparison of the PMYV and Density with Available Literature

The PMV and density profiles in the present work discussed in the main text were also compared below with those
available in literature.

S1.4.A Partial Molar Volume

It has long been recognized that the addition of salts to water alters the total volume of the solution. During the late
nineteenth and early twentieth centuries, Green and Wade’ reported apparent molar volumes for sucrose, HCI,
and LiCl in aqueous solutions. Volume changes upon adding salt and acid were also discussed by Nernst® in his
classical treatments of solution thermodynamics. Gregory® subsequently initiated more systematic studies of alkali
halides, focusing primarily on apparent molar volumes.

Lamer and Gronwal

110

were among the first to attempt analytical determination of partial molar volumes for both

salts and water. However, their approach did not derive partial molar volumes from density measurements. Instead,
they directly measured solution volumes at different concentrations and calculated V2% from its original definition,

( 6Vsys

6nsalt

). Owing to experimental limitations in precise volume measurements and the absence of modern regression

techniques, the resulting partial molar volumes were not sufficiently accurate. Studies of partial molar volumes for

electrolyte solutions from 1927 to 2000 focused on the extrapolation of molar volumes at infinite dilution

11-14

Moreover, most of the literature in this era used the apparent molar volume (¢**/*)>~13_ which is different from
the V34" and does not correctly describe the solution thermodynamics. As illustrated by the black pentagons
in Figure S1.4, the ¢**/' derived from our density profile deviates from the real V%" and does not exhibit a maximum.

A formally consistent connection between partial molar volume and density was not clearly established until 2001,
when Klugman '® derived expressions yielding comparable functional forms for the partial molar volumes of 1:1
electrolytes and water. However, the density datasets employed in that work lacked sufficient precision for accurate

(372) determination, leading to large deviations in the calculated V% for LiCl solutions (see the yellow squares

in Figure S1.4). In subsequent years, the term apparent molar water volume (¢"2?) gained prominence in the
study of Hofmeister effect?” and water-in-salt lithium electrolytes?!. Nevertheless, ¢/ obtained in this manner is
thermodynamically inconsistent for an interacting binary system.

In the present work, we emphasize that the partial molar volumes of both components in a binary electrolyte
solution are inherently concentration dependent. Only through rigorous thermodynamic derivation combined with
high-precision density measurements, can accurate and physically meaningful PMV profiles for both salt and water

be obtained.
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Figure S1.4: Comparison of the PMV and apparent molar volume for LiCl between the present work and available
literature (see text for details).

S1.4.B Density

Although no accurate PMV profiles for the LiCl solution are available in the literature, we examined whether
literature datasets of density could reproduce V! profiles comparable to our measurements when the correct
thermodynamic derivation is applied. To this end, six different density sources by Wolf (1966)22, Schnel (1985)2°,
Lobo (1989)%* , Klugman (2001)'?, Vercher (2003)% and David (2005)2° were selected for comparison. The
reported density profiles were used to calculate V5! values using the formalism described in Section S1.2.A.

As shown in Figure S1.5a, all seven density datasets - including ours - appear very similar upon visual inspection.
However, the derived PMYV profiles exhibited pronounced differences (Figure S1.5b). The datasets from Lobo
and David yielded qualitatively comparable PMV trends. Wolf’s dataset is reasonably accurate as well but only
contained two data points beyond 4 M. As such, it failed to capture the maximum in V! near 6.7 M. It is
also notable that Lobo’s data systematically deviate below 2 M, while David’s data exhibited larger differences
above 3 M. In contrast, the VZ/ profiles derived from Sohnel, Klugman, and Vercher displayed vastly different
trends and magnitudes across the entire concentration range. Specifically, Sohnel’s increased monotonically, while
Klugman’s diverged strongly after 3 M. Moreover, Vercher’s profile showed a minimum rather than a maximum.
It should be noted that more erroneous data can be found if one also included data from earlier in the 20 century 2728,

These comparisons demonstrate that accurate density profiles for LiCl are indeed available in the literature.
However, one needs to identify properly measured and curated datasets. On the other hand, accurate density
profiles alone are insufficient to yield reliable PMV profiles unless the correct thermodynamic derivation is applied.
Without this rigorous treatment, discrepancies in PMV can arise despite apparently consistent density values.
Furthermore, improper derivation obscures the ability to critically evaluate density datasets, making it difficult
to detect systematic errors, identify outliers, and ensure reliable parameterization. In conclusion, a good density
profile that is capable for deriving reliable PMV requires (1) preparing the solution at every concentration in terms
of mass instead of volume (2) measuring more data points at low concentration (< 2 M) to construct the linear
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trend, (3) containing at least a data point at every molar after 2 M, and (4) repeating each data point three times or
more to get the error bars at every concentration.

(a) (b)

® Ourwork 224
1.39 4 David (2005) " ® o
» Vercher (2003) - A.O; Lo ’A\> i
Klugman (2001) — . [S > oA, > - g “
¢ Lobo (1989) - (o) Mt - . .
3 121 = Séhnel (1985) g = X .
= e Wolf (1966) & 3 - *
~ ‘“ E 201 ”‘ (e} k
= »” = o % Devi 2005)
< 1.1 >A‘ EE R :; » Vercher (2003)
‘_’i’ = A Klugman (2001)
: ’AU' ¢ Lobo (1989)
: & m  Séhnel (1985)
. 0-4"". 184¢ e  Wolf (1966)
0 5 10 0 5 10
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Figure S1.5: Comparison of the (a) density and (b) PMV for LiCl (derived from the density) between the present
work and available literature.

Finally, when plotting density and PMV profiles versus increasing concentration, molality should be converted to
molarity, as molality is not the proper thermodynamic parameter to account for volume changes that occur upon the
addition of solute. In the current work, all density and PMV data were acquired/analyzed at constant temperature
and pressure. Under these conditions, molarity is the preferred thermodynamic concentration unit. This preference
follows from statistical mechanical considerations, as discussed in detail by Arieh Ben-Naim?°. As he shows, even
when pressure and temperature are varied, molarity rather than molality is still the preferred unit. In fact, as he
notes, molality is a laboratory convenience.

S1.5 PMYV of Water, Eutectic Point and Vapor Pressure of LiCl Solutions

As discussed in the main text, aggregation processes shape both the minimum in V,,ff 20 and the characteristic
features in the phase diagram of the aqueous LiCl solution. Figure S1.6a shows that the eutectic point in the
LiCl(aq) phase diagram occurs at approximately 6.8 M3, marking a transition from a regime dominated by the
decreasing chemical potential of water to one governed by the rising chemical potential of LiCl. To further probe the
behavior of water in these solutions, vapor pressure measurements of LiCl solutions across different concentrations
from the literature>! are presented in Figure S1.6b. As the vapor pressures were obtained at constant temperature
and pressure, this dataset is directly comparable to Vn[z 20 Addition of LiCl increases electrostriction, decreasing
the chemical potential of water and its vapor pressure; however, this behavior is not monotonic. Analysis of the
first derivative of the vapor pressure fit reveals a minimum near 6.9 M (Figure S1.6¢), indicating that beyond
this concentration the decrease in the chemical potential of water becomes less steep. This observation aligns
with the claim that aggregation of LiCl at high concentration reduces the number of water molecules constrained
within free ion hydration shells. Consequently, while the chemical potential of water continues to decrease as the
salt concentration increases, the rate of this decrease becomes less pronounced above the aggregation threshold.
Similarly, Vnﬁl 29 increases beyond approximately 6.7 M, consistent with reduced electrostriction as more water
molecules are liberated from direct interaction with free ions. The eutectic point, V,fZO, and the vapor pressure
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data for LiCl(,) should be interconnected because each measurement effectively isolates and probes the behavior

of the water component within the solution rather than that of the bulk mixture.

(a) Temperature (°C)

(b) Vapor Pressure (mm Hg)

—204

Ice + Liquid

Eutectic Point
(~6.8M) ~

—e— Liquidus

LiCLxH,0
+Liquid

24

18

12

(c) d(VP)/dM

0 5
Concentration (M)

Figure S1.6: (a) Phase diagram of LiCl in the aqueous solution (temperature vs molarity) demonstrating the

10

0 5
Concentration (M)

10

0 5 10
Concentration (M)

eutectic point, (b) vapor pressure of LiCl solutions, and (c) derivative of the vapor pressure vs molarity.
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S2 Raman MCR Measurements

The experimental protocols for Raman measurements and the subsequent analysis of the spectra are described
below.

S2.1 Raman Spectra of LiCl solutions and MCR analysis

To probe the structural and vibrational properties of water molucules in LiCl solutions, Raman spectra were
collected using a home-built spectrometer. This section outlines the instrument design, experimental conditions,
and the theoretical methods employed to extract solute-correlated water contributions from the measured spectra.

S2.1.A Instrumentation

A home-built Raman spectrometer was used to acquire spectra of aqueous LiCl solutions. For spectra in the range
from O to 9.5184 M LiCl in H,O, a 640 nm, 100 mW laser (CrystaLaser, Reno, NV, USA) excitation line was
used. The power and polarization of the laser line were controlled by two half-wave plates (1200-15; CVI Laser
Albuquerque, NM) positioned on either side of a beam splitter (CCM1-PDBS252; Thor Labs, Newton, NJ). Highly & g
reflective mirrors (BB1-EO2P; ThorLabs) and a 638 nm Ultrasteep long-pass filter (LP02-638RE-25; Semrock) $ g
directed the beam to the sample. For Raman spectra with H,O in D,O and 9.5184 M LiCl/H,O/D,O0 solution, the 3
excitation source was a Cobolt Fandango 515 nm 100 mW laser (HUBNER Photonics Inc. San Jose, USA). The g
power and polarization of the laser line were controlled by two half-wave plates (1200-15; CVI Laser, Albuquerque,
NM) positioned on either side of a beam splitter (CCM1-PDBS252; Thor Labs, Newton, NJ). Highly reflectiv
mirrors (BB1-E02P; ThorLabs) and a 514 nm Stopline single-notch filter (NFO3-514E-25; Semrock) directed th
beam to the sample.

|o1e/jesoel/610°soe sqnd wouy pepemumoq
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The laser was focused onto a 1 cm quartz cuvette (5061-3387; Agilent Technologies) housed in a temperature-
controlled jacket (Versa 20; Quantum Northwest, Liberty Lake, WA) using a 10x objective (LU Plan, WD = 17.3
mm, NA = 0.3; Nikon, Japan). Backscattered, unpolarized Raman signals were collected and passed through two 3
Ultrasteep long-pass filters (for 640 nm laser) or Stopline Single-notch filters (for 515 nm laser) before being focused &
by a lens (AC254-050-A; Thor Labs) onto a custom 1 x 15 fiber-optic bundle (FiberTech-RoMack, Wllhamsburg, 5
VA) coupled to a spectrometer (IsoPlane SCT 320; Princeton Instruments, Trenton, NJ). A 300 g/mm grating for g
640 nm laser and a 600 g/mm grating for 515 nm laser dispersed the light onto a liquid-nitrogen-cooled 100 x 34 9
CCD array detector (Pylon-100BR; Princeton Instruments).

The power of the incident light at the sample stage was adjusted to 50 mW for all spectra. The exposure time for

the CCD camera was 0.1 s, and the number of exposures was 2400 per frame. All measurements were performed at
20.0°C.

9202 1890300 80 U0 J8sn SNIHLV 40

S2.1.B Theory and Spectral Analysis

Raman spectra were collected for twelve LiCl concentrations spanning from 0.5000 to 9.5184 M. The spectral
contribution associated with “perturbed water” was subsequently extracted using multivariate curve resolution
(MCR) analysis. The MCR decomposition was performed with an algorithm developed by Dor Ben-Amotz3>33,
which enables separation of overlapping spectral components based on concentration-dependent variations.

In this approach, the input spectral data matrix (D) is expressed as a linear combination of three components
described by a concentration profile matrix (C) and a corresponding Raman signal matrix (§) : the bulk water
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contribution (Cgw S EW), the solute-correlated (perturbed water) contribution (CscS gc), and a residual noise matrix

(E):

D = CpwSgy + CscSge + E (S2.1)

The solute-correlated (SC) contribution in the 3000-3800 cm™! region corresponds to OH oscillators whose
vibrational frequencies are perturbed by the presence of LiCl in solution. As shown in Figure S2.1a, the intensity
of the perturbed water spectrum increases systematically with increasing LiCl concentration. To further elucidate
the speciation of OH oscillators in highly concentrated solutions, the SC spectra of LiCl were decomposed into
three Gaussian components (Figure S2.1b). These components are assigned to an ensemble of OH oscillator
populations: ordered, less ordered, and weakly hydrogen-bonded environments. Strong hydrogen bonding weakens
and elongates the OH bond, causing a red shift in the vibrational frequencies, whereas disruption strengthens and
shortens the bond, shifting the frequency toward the vacuum-like limit of an isolated OH oscillator34-36.

To verify that these spectral features arise from physically distinct water species - rather than from inter- or
intramolecular OH vibrational coupling - we performed isotopic dilution experiments to minimize OH oscillator
coupling. Specifically, a 9.5184 M LiCl solution was prepared using a solvent mixture of H,O in D,O (H,0:D,0O
= 1:9 v/v), and the SC spectrum was obtained relative to the corresponding H,O-in-D,0 solvent baseline. As
shown in Figure S2.1c, the SC spectra contain OH (3000-3800 cm™~!) and OD (2000-2800 cm™!) stretch bands.
Under these dilution conditions, only ~1% of OH oscillators are statistically likely to couple with another OH
oscillator, effectively suppressing the OH vibrational coupling effects.

6158009e(pd/988/ e S Auswalddns-ajoiue/resoel/Bio soe sqnd woly papeojumoq

If any of the peaks observed in Figure S2.1b originated from OH coupling, they would be significantly diminished
or absent in the isotopically diluted SC spectrum. However, as shown in Figure S2.1d, the OH stretching region of :ﬁ
the diluted system still resolves into three Gaussian components. This confirms that the three Gaussian components
in the SC spectrum were not artifacts of vibrational coupling but contained information on distinct ion-induced
hydrogen-bonding environments.
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Figure S2.1: (a) Solute Correlated (SC) spectrum of LiCl solutions across concentrations in HyO solvent, (b)
deconvolution of the SC spectrum into three Gaussian components, (c) SC spectrum of the LiCl solution in a solvent
mixture of HyO in D>O. The crude Raman spectrum of the solution and the solvent mixture are also shown. (d)
deconvolution of the isotopically diluted SC in OH stretching region into Gaussian components. It shows that the
three components are preserved.
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A plausible alternative for analyzing spectra is to normalize the Raman-MCR spectra by their concentrations.

In Figure S2.2, the concentration-normalized Raman-MCR spectra for 0.5, 4, 8 M LiCl solutions are plotted
together for comparison. However, even though both the 3270 and 3590 cm™~! peaks grow with concentration (see
Figure 7 in the main text), such growth cannot be easily visualized in the concentration-normalized spectra. This
is because the intensity changes and band shifts for the 3270 and 3590 cm™! features are dwarfed by the much
larger peak at 3440 cm~!. Moreover, the growth in the 3440 cm™! peak levels off after 6.7 M, which causes the
concentration-normalized spectrum at 8 M to show the smallest overall intensity. As a consequence, the 3270 and
3590 cm~! peak changes do not appear by eye to represent their actual intensity increases and shifts. As such, one
first needs to perform MCR fitting to properly reveal the changes in the two smaller peaks that actually occur.
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Figure S2.2: Concentration-normalized Raman Spectrum for 0.5, 4 and 8 M LiCl solutions.
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S3 Computational Methods

This section details the range of computational methods employed including the classical molecular simulations as
well as the protocol employed to optimize the force-fields (FF) and finally, the quantum-chemistry calculations of
Raman spectra using density functional theory (DFT).

S3.1 Force-Field Optimization

The theoretical framework underlying force-field optimization is outlined below.

S3.1.A Background

This work utilizes the Joung-Cheatham (2008)>’ ion force field parameters - specifically those parameterized for
TIP4P-Ew water, shown to also perform well with TIP4P/2005 38 (hereafter referred to as JC), and the more recent
Madrid® (2019) parameters (hereafter referred to as Mye) in conjunction with the TIP4P/2005%° water model.
These force-fields were benchmarked and subsequently optimized against the measured experimental density and
derived PMV. In these force-field models, the N-particle interaction potential is approximated as a pairwise sum of &
terms involving a Lennard Jones (LJ) potential - and an electrostatic contribution. For a pair of particles @ and 3, §
the potential for the pair U,p is given as:

Je/jesoel/610°soe sqnd wolj papeojumoq

12 6
g % qaq
Uap(ra 1) = ULy + Ucour = 4€up (L’B) _(Lﬁ) + - aqp ]
Yap Tap €V ap
(S3.1)
af af
o (% qadp
ré% rgﬁ 4regrap

Here the parameters €,5 denote the LJ potential’s energy depth while o is the distance at which the LJ potential
Crosses zero. ¢qp are the respective partial charges and ¢ is the vacuum permittivity. Note that the LJ term
can equivalently be written in terms of C g k (= 460[;03 ﬁ) and C ;12/3 (= deupo 01['%) which renders the LJ potential
linear in these parameters (as shown in Equation S3.1). This convention is adopted to simplify subsequent derivations.

In the present study, the LJ self-interaction parameters (€4, and o, ) of Li* and C1~ ions were adjusted, while
the partial charges and water model parameters were kept unchanged. In addition, while the results in the main
text focused on using integer charges for the ions, we also conducted some analysis (see section S3.4) with scaled
charges.
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S3.1.B Loss function

Previous works by the groups of Hummer*'**> and Bussi**~* have rigorously formulated complete Bayesian

frameworks that couple ensemble refinement with systematic force field optimization. In this approach, the Bayesian
update scheme incorporates available experimental data as constraints to modify an existing prior distribution of
configurations generated from sampling the appropriate ensemble, wy.

For the choice of target property, the density rather than the PMV was selected. Since PMV is already obtained from
the derivative of the density with respect to concentration (Section S1.2.A), an accurate representation of the density
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trend effectively provides PMV without requiring an additional direct fit. Moreover, the expression used to compute
the PMV (Equation. S1.9) involves a large derivative coefficient, which can amplify small deviations and lead to nu-
merical instability during optimization if PMYV is fitted directly. Accurately reproducing the density therefore offers a
more stable and physically transparent route, from which the PMV can be reliably derived without further adjustment.

The simulated densities were obtained for validation from molecular dynamics simulations performed in the
NPT ensemble of aqueous LiCl at varying concentrations (details in Section S3.3), generated using the potential
being refined. To enable efficient parameter optimization without repeating simulations, ensemble reweighting is
employed as discussed previously*' . Although modifications of the force field parameters alter the underlying
potential energy landscape and thus the NPT distribution (wq) , where wf) represents the weight assigned to the
it" frame to recover ensemble averages (and is uniform, wy = 1/Nf,ames, for the unbiased simulations performed
here), as long as the change from the initial force field parameters, and hence the resulting change in the potential =
energy (AU) remains small - reweighting allows the estimation of new ensemble averages by recycling the existing
trajectory:

1 Nframes Nframes e_:BAUi Nframes

Zl] pie PAU = Zl pi—g— = Zl w'p; (S3.2)

0nc>

<ps Z?’f;«ames e-ﬁAUj

Here, Z, is the effective partition function over the perturbed energies, depending only on the force-field parameter

. . . . -BAU; . ~
changes since the same trajectory is reused. Finally, the terms (e 7 ) are collected as weights w'.

To evaluate AU efficiently, we define for a glven frame i, the pa1rw1se sum of inverse distance exponents between all

particles belonging to a given a-f pair as zj p /12 = Yxye[af] 3 /]2 The resulting change in the LJ potential energy
Tx Wyl

can then be written straightforwardly in terms of these geometric accumulators and Cg /'612 from Equation S3.1 as :

AU = Z |acitert - acePe? ($3.3)

The resulting optimization is cast as the minimization of a loss function (£) of the form:

rel

re Z (P2 = PS2ne + Appure)*
202

expt

1
-0 conc] = 5/\/2((1)) - GSrel(wkUO) (834)

conc

where the 1st (y?) term represents the deviation of the simulated density at a given concentration from the
experimental value and o, is the experimental error. A correction (App,.) 1s included, as changing the ion
parameters wouldn’t correct for any discrepancy in the density of pure TIP4P/2005 water. The 2" term, the relative
entropy (Sye; = — 2 w'log[w'/ wf)]), denotes the deviation from the prior ensemble. This term constrains the
optimization, preventing excessive deviation from the initial force field and ensuring sufficient ensemble overlap - a
key requirement for efficient reweighting. Taken together, the optimization of £ moves the € and o in a direction
that reduces y? while remaining anchored to the initial ensemble. The balance between the two is controlled by the
hyperparameter 6. The scheme used to obtain 6 is discussed in section S3.1.D.
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S3.1.C Gradient of the Loss

Equipped with the above relations, the gradient of £ with respect to the independent parameters can be obtained
analytically for use in the optimization algorithm. The gradients are evaluated separately for the y2 and S,.; terms,
as illustrated below for Cj; (an identical form applies to Ce).

« x? part:
a 2 <p€l0n};lc> _pCOnC + Ap ure a CQnC
Xaﬁ _ Z[ s ezxpt P ] <pS,C,:’16> (S3.5)
aC12 conc Texpt 6C12
Nframes .
conc O
where % - Z prone |2 (S3.6)
aC), =1 aC,

Now the derivative of the weights w.r.t the parameters are obtained as:

. Nframes
! 1 0AU O0AU;
N ) L B S L ) e
aCy; 2 aCy; J=1 9C;
| 0AU; 0A
- —put |22 _< (f;> (3.7)
aC5 aC),
Using Equation S3.7 in S3.6 :
a C{)I’lC A A
W) __g <p 0 Z,>—<p><a l;> (83.8)
aCy; aCy; aCy;
e S;e1 part:
Nframes i
soe=— 3 of log(%) (S3.9)
i=1 0

With a fixed starting distribution (w), one obtains the derivative as:
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o S§conce Nyrames | i o i
N R P
aCy; i=1 L “o aCy,
Nframes [ i
, , OAU; 0AU
=5 Z a)’+w’log(% aﬂ—< aﬁ>
=1 | W aC, aC,
Nizames W'\ OAU; ~ W'\ [ OAU
= Z w'log ) acaﬁ—wl o P
i=1 0 12 0 12
OAU OAU
- 8|10 (ﬂ) - <1og(ﬂ)> = (S3.10)
@] aCy, “o aCy;

where the simplification leading from the second to the third expression follows from the fact that the mean
of a mean-subtracted quantity is zero and the expression for dw’/dC, is recycled from Equation S3.7.

(0AU/0C1z) and the Lennard Jones combination rules:

Derivatives of the form: ‘OAU/dCy,’, appear both in Equation S3.8 and S3.10. Although AU is lin-
ear in the Cg/12 parameters (Equation S3.3), the explicit form of these derivatives depends on whether
the Lennard—Jones combination rules (e.g., Lorentz—Berthelot*®) are enforced. Maintaining or relaxing
these rules changes both the number of independent parameters and the complexity of the resulting derivatives.

Combination rules are commonly employed in force fields to extend their transferability beyond the systems
used for parameterization, by estimating cross LJ parameters (e,5 and o) from the corresponding self-terms
(€aa/pp and 04q/pp)- A widely used choice is the Lorentz—Berthelot rule which is what we enforce in our
optimization procedure:

Oaa T 0B

€ap = \/Eaa,éﬁ/g and Oap = T (S3.11)

Enforcing these combining rules for , 8 € [Li*, CI~, O] leads to a 4-dimensional parameter space in the
Ce/12 of the pairs Li-Li and CI-Cl1 (self-terms only). However, the derivatives now include energy changes
from cross terms. The corresponding Lorentz-Berthelot rules in Cg;1> may be obtained by inverting the
relation between LJ parameters giving the self € and o as a function of the self Cg15:

cox 2 cox 1/6
€on = 0 and Oy = | —= (S3.12)
4Co caa

Using these in the Lorentz-Berthelot equations (Equation S3.11) yields the cross-terms:
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1/670

BB aa\ 1/6 BB

P _ 4 6 Co'Cs Cy5 / C)
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- (i) " clterr) "
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(S3.14)

Cg/"lz and

Cgﬁz. Hence changing (say) C leiLi also changes C 6L/’1C21 and C 6L/’?2. The energy derivative for a frame 1 then
gets:
LiCl LiCl LiO Lio
AU _piLii 12 LiCl,i _ 9Cs' Licti [ 9C1 LiO,i _ l (S3.15)
8C1L2iLi ) aCleiLi 12 aCILZiLi 6 aCILZiLi 12 aCleiLi :

The final ingredients are the derivatives of the cross C*  with respect to the self ones. Defining an auxiliary

6/12

8B 1/6 8B 1/6
variable T = (sz‘”C6 ) + (C12 Cg“) and its derivatives:

ot Clﬂf ond ot Cfﬁ
ACE* (e BB O OCH (e BB\ O
°  6(cecty) 26 (cprcl’)

simplifies the proceedings:
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Similarly, one may obtain the remaining derivatives as:

aff af BB 1/6
ac6 — C6 (C12 Cga / ]
acgT ~cm | T

af af [ BB\1/6
oGy _Co | 1, (e
acy ~ Ci | 2 T

|

af af [ BB raay1/6
0C _Co ||, 220G /
ocyy iy | T

Replacing the appropriate terms in Equation S3.15 gives the required expressions for AU /dC1;.

S3.1.D Workflow

Access to analytical expressions for both the loss function and its gradient enables the use of efficient gradient-based
optimization methods. In this work, optimization was performed using the limited-memory BFGS (L-BFGS)
algorithm as implemented in SciPy. To maintain simplicity and probe the minimal parameter space required to
reproduce the experimental density trends, the Lorentz—Berthelot combination rules were retained, restricting
optimization to the self-interaction parameters, €, and 0, (and hence Cg,2), of Li* and C1, although recent
force fields such as Mj9 have chosen to relax these constraints. The optimization followed an iterative scheme
consisting of alternating cycles of running loss minimization (Equation. S3.4) and new NPT simulations.
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As discussed earlier, the optimization behavior depends critically on the hyperparameter 6. Having it set to 0
permits larger steps toward reducing y2, but excessive deviation from the initial force field compromises the
reliability of the reweighted averages, as many configurations acquire negligible weights (w' ~ 0). Conversely,
choosing 6 close to 1 imposes a strong penalty on deviations from the reference force field, effectively preventing
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meaningful improvement in 2. To this end, Kish effective sample size was used to iteratively get an estimate of an
optimal 6 given the input FF and trajectories. The Kish effective sample size, or simply Kish Size (KS), estimates
the number of independent samples that would provide the same statistical precision as the weighted ensemble®.
Given the Boltzmann weights from changing the parameters, ', KS is defined as:

2
KS = % (S3.19)

Having all o' = 1/N frames, the KS naturally becomes equal to N ¢,4mes. Thus, it effectively represents the fraction
of the total sample that meaningfully contributes to the ensemble average as the ' values vary. In this work, 6 was
chosen as the smallest value that yielded a Kish size of at least 50% of the total number of input frames. A new
set of simulations was then performed using the force field optimized with this 6, and the process was iterated
using the resulting trajectory as the new starting point. The overall procedure is summarized in the flowchart below
(Figure S3.1) that combines all the various steps elucidated earlier.

X? converged ?

No

Compute S, and £ }(—

KS 250%:
decrease 8

Optimization

Try L-BFGS;
Compute Kish Size
(KS)

KS < 50%

Run MD with new FF Simulation

Figure S3.1: Flowchart of the FF optimization protocol summarizing the key steps
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S3.2 Force Fields

The parameters for the JC and the charge scaled Mg force fields are summarized below, together with the final
parameter sets obtained from separate optimizations of each. The resulting optimized models are referred to as
JCopt and M(l)gt respectively. An important distinction between M9 and M(l)gt is that the former breaks the LB
combination rules and is characterized by separate ion-counter ion and ion-water parameters (which are available
in%), while M‘l’gt enforces them.

Table S3.1: Force-field parameters

Parameters JC JCopt Myg M(l)gt
Lit Cl- Lit Cl- Lit Cl- Lit ClI-
q (e) 1.00 -1.00 1.00 | -1.00 | 0.85 -0.85 0.85 -0.85

& (kJ/mol) | 0.435 | 0.049 | 0.374 | 0.059 | 0.435 | 0.077 | 3.534 | 0.244
o (nm) 0.144 | 0.492 | 0.117 | 0.482 | 0.144 | 0.470 | 0.102 | 0.417

S3.3 MD Simulation

All simulations have been performed using GROMACS 2023.3%7. Two independent sets of trajectories are involved:

one for force field optimization and another for statistical analysis. Each system consisted of aqueous LiCl contained
in cubic boxes of initial side-length 4.0 nm corresponding to initial concentrations of 0 M, 0.5 M, 1 M, 2 M, 3 M, 4
M,5M,6M,7M, 8M, and 9 M. All systems were subject to energy minimization followed by 200 ps of NVT
equilibration at 300 K. In addition, for the simulations involving the optimization of the force-field parameters, 12
ns of NPT simulations were performed at 300 K and 1 atm, with the first 2 ns treated as equilibration. For the
statistical analysis conducted in our simulations including determining the density and all the structural properties
like the radial distribution functions as well as the graph-analysis examining clusters of ions, 1 us NPT simulations
were carried out under the same conditions. The first 100 ns were discarded for equilibration, and all analyses
were performed on the remaining 900 ns of trajectory. Simulations were performed for the original JC and Mg
force-fields, as well as their corresponding optimized variants, JCop¢ and M(l)gt. TIP4P/2005 water was used
throughout.

The equations of motion were integrated using the leap-frog algorithm®® with a 2 fs timestep. Temperature and
pressure were maintained using the stochastic velocity-rescaling thermostat*’ (7; = 0.1 ps) and isotropic stochastic
cell-rescaling barostat>° (tp = 0.5 ps), respectively. Both long-range electrostatic and van-der-Waals interactions
were treated with the Particle Mesh Ewald (PME) method?!, and LINCS>? constraints were applied to preserve the
rigid water geometry.

During the NPT simulations, the box volumes fluctuated and equilibrated to values different from the initial ones.

Therefore, the molar concentrations were recalculated a posteriori using the time-averaged volumes from the
trajectories. This may be avoided by the use of molality (m) as the concentration scale, since it varies with the mass
of solvent. Details of the systems are tabulated below.
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Table S3.2: Simulated Systems

Force Field | Initial Salt | Avg. Salt | Salt Conc. | Ng,0 Nions (peone yLicl yH:0
Conc. (M) | Conc. (M) (m) (Li* +CI) | (/mL) | (mL/mol) | (mL/mol)

TIP4P/2005 0 0.0000 0.0000 | 2211 0 1069.(9)(6)51 _ i%%ﬁ
0.5 04790 | 04850 | 2173 38 11698(7)31 j%)%%g_ il%.(())?;
R ER M Ak AN
AN IR Ak A

3 30160 | 32540 | 1979 | 232 ilb(.)gga iz‘(‘)-%()l%zg ii)-%%%

4 40510 | 44920 | 1903 | 308 | 078 | 22D i%%%s

| * | o0 | oo [ e | oo | xon | ed
+JC 6 62000 | 7.3310 | 1749 462 il (')1.8(7)31 12603;)52981 i%%%‘g;
IR GO Ak N

8 84390 | 107190 | 1595 616 il(')l.gggl 1260-.10947355 i%%%%
oen e e o b

0.5 04800 | 04850 | 2173 38 ;58331 i%j;szst i%%%
RN ET R A A
BETIECEICRE A

3 30500 | 32540 | 1979 | 2| 0000 | 20641 i%%%%

TIP‘:ZZOOS 4 41110 | 44920 | 1903 | 308 | 088 | 22 i%%%%o
+ JCopt 2
s | s | ssw00 s |56 | hooer | 2o0mo0 | oos

o | o3 | 730 || 42| Jhoi | oo | 000

7 75310 | 89690 | 1671 540 il(')l_gggl j%%‘%% i170~%604279

8 87190 | 107190 | 1595 | 616 1161.5(2)(9)1 4_%1()..80832495 ﬂ)-%%?g
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R T R N AR
o5 | oso60 | oasso 23| 3 | G | oot | 2000
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9 10.0010 | 12.6970 | 1517 | 694 il 62.5381 iz%%982022 il%.l()315689
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As shown in Table S3.2 above, the final molarities can change for systems simulated with different force fields.

When comparing corresponding systems across FF, concentrations are hence expressed in terms of molality for
simplicity.

Uncertainties in the simulated densities were estimated by non-parametric bootstrap resampling of the per-frame
density (10* resamples) at each LiCl molality. 3000 frames were extracted from the remaining 900 ns of each
concentration trajectory, with a separation of 300 ps between consecutive frames. This spacing is significantly larger
than the largest density correlation time estimated to be ~13 ps at the highest concentrations, ensuring statistical
independence of the sampled configurations. Third-order polynomials (Equation S1.1) were independently fitted to

each of the 10* resampled density sets, and p and (3_51) obtained from each fit were used to compute V¢! and

Vn[z 29 at each molality. The reported PM Vs and their uncertainties correspond to the mean and standard deviation
across bootstrap replicates. The reported densities and associated uncertainties are given by the bootstrap mean
and standard error, independent of the polynomial fitting procedure.

As a cross-check, a single third-order polynomial was fitted to the mean bootstrap density using weighted least
squares, with weights given by the bootstrap standard error. The resulting coefficient covariance was propagated to

the PMV uncertainties using standard first-order error propagation>>,

2
9y

ov\: v\, ov ov
(55) 7+ (azaram) “twiom *2(55) (707 ) Cover@vtom) 20

where 0V /dp and 0V /0(0p/dm) were obtained analytically from the polynomial expressions in Equation S1.13.
The uncertainties 0, 0 (5p/9m), and Cov(p, (dp/0m)) were obtained from the covariance matrix of the fitted
polynomial coefficients using the corresponding linear error propagation relations. The two approaches were found
to agree within ~1% for both partial molar volumes across the full concentration range.

S3.4 Comparison of Force Fields

The following section presents a comparative analysis of the force fields presented in the main text against other
models in the literature. The ensuing analyses utilized NumPy, scikit-learn, SciPy, MDAnalysis and GROMACS
2023.3.

S3.4.A Density and PMV

The density and PMYV trends obtained from the JC, Myg, JCyp¢ and M‘l’gpt parameter sets are compared in Figure
S3.2. While the density profile of JC shows clear deviations from the present experimental data, M9 performs
considerably better - consistent with the fact that density information from earlier studies was incorporated into
its parameterization. However, the PMV trends predicted by both models are still relatively inaccurate. This
discrepancy likely arises from the large coefficient associated with the density derivative in the PMV expressions
(Equations S1.9 and S1.12), which amplifies even small deviations in the underlying density. The RMSE comparison
for the different models is shown in Table S3.3.
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Figure S3.2: Comparison of force-field performance across concentration for (a) solution density, (b) LiCl PMV,
and (c) water PMV. LiCl PMV at 0 M concentration are obtained via extrapolation

Table S3.3: RMSE comparison between simulation and experimental trends across

force fields
Set JC | JCop | My | M
RMSE p (g/mL) 0.028 | 0.003 | 0.004 | 0.002
RMSE VEC! (mL/mol) | 4.309 | 0.508 | 1.045 | 0.330
RMSE V2 (mL/mol) | 0.066 | 0.057 | 0.130 | 0.062

S3.4.B RDF and Coordination Numbers

Radial distribution functions (RDFs) for the pairs: Li*-Li*, CI"-ClI~, Li*-Cl~, Li*-O, CI"-O and O-O are shown
for JC and JCpy force fields, with the corresponding running coordination numbers (CN) displayed as insets. For
comparison across force fields, corresponding systems are labeled by their concentration in molality. In addition,
the LiCl RDF for the M9 and M‘l’gt models are presented to compare the degree of ion pairing in each model.

« Lit-Cl~:

A stark contrast is observed in the Li+-CI™ pairing behavior of JC and M9 (Figure S3.3 a and c respectively).
The concentration-dependent, compact ion-pair peak at 0.23 nm is strongly pronounced in JC, yielding a
coordination number of 0.8 at 0.3 nm for 12.69 m, whereas it is essentially absent in M9 (CN ~ O at the
same concentration). This may be attributed partly to the reduced charges of the ions and the large C1™ o,
0.47 nm, which is reduced to 0.42 nm upon refinement in M‘l’gt (Table S3.1). The weak ion association
in M19 is consistent with previous studies>*>. By comparison, both the optimized FF - J Copt and M(l’gpt
(Figure S3.3 b and d respectively) exhibit intermediate behavior, with coordination numbers of 0.41 at the
same distance and concentration - falling between the two extremes defined by JC and Mjg. All force fields
exhibit an additional peak at 0.44 nm, corresponding to the second layer of counter ions (which serves as the
first layer for Myo).
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Figure S3.3: Comparison of the Li*-Cl~ RDF for the (a) JC, (b) JCops, (c) M9 and (d) My9 FF sets. The insets
show the running Coordination Number for the same up to the first minimum distance of the RDF.

The similarity in the Li*-Cl~ trends for the optimized force fields suggests that the degree of ion pairing is
closely linked to the PMV behavior that these force fields were tuned to reproduce. This consistency also
supports the accuracy of the underlying structural correlations - since PMV reflects the ion—ion interactions
governed by distance-dependent potentials, its correct reproduction indicates that the resulting RDF is well
captured, irrespective of differences in parametrization such as the partial charges.

« Lit-O:

The Li*-O RDF and CN trends are complementary to the Li*-Cl~. For JC (Figure S3.4 a), strong ion pairing
leads to a steady decrease in the first-shell Li*-O coordination ( 0.19 nm), dropping from 3.8 at 1.02 m to
3.0 at 12.69 m. In contrast, JCop¢ (Figure S3.4 b) retains higher coordination ( 3.4) at the same concentration.
A second shell peak may be seen in all RDFs at 0.41 nm.
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Figure S3.4: Comparison of the Li*-O RDF for the (a) JC and (b) JCops FF sets. The insets show the running
Coordination Number for the same up to the first minimum distance of the RDF.
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Figure S3.5: Comparison of the Li*-Li* RDF for the (a) JC and (b) JCops FF sets. The insets show the running
Coordination Number for the same up to the first minimum distance of the RDF.

The most prominent feature in all Li*-Li* RDFs is the primary peak at 0.56 nm. The height of this peak
increases systematically with concentration, reflecting the enhanced likelihood of Li*-Li* encounters in more
crowded solutions. In addition, both force fields exhibit the emergence of a secondary feature at distances <
0.4 nm at high concentrations. This short-range signal indicates a growing propensity for like-ion proximity,
enabled by counter-ion—bridged structures that temporarily mitigate direct Coulombic repulsion. This is
more pronounced in JC (Figure S3.5 a). In contrast, the LJ optimization applied in JCop¢ (Figure S3.5
b) appears to suppress the magnitude of this short-range feature, indicating reduced stabilization of these
bridged, contact-like arrangements.
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- CI™-Cl™:
The C1™-C1~ RDF and CN exhibit trends similar to those of Li*-Li*. Across both force fields, the two main

concentration-dependent peaks appear at 0.49 and 0.75 nm. As with the short-range feature in the Li*-Li*,
both JC and JCp¢ (Figure S3.6 a and b respectively) display an additional peak near 0.39 nm, indicating
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compact CI™ aggregation. This effect is strongest in JC (CN 0.57 at 0.42 nm at 12.69 m). The optimized
FF (JCopt) again shows diminished ion-pairing behavior, with CN 0.23 at 0.42 nm. Finally, a weak peak
develops around 0.62 nm at the highest concentration in both FFs, reflecting the enhanced populations of ion
rings and chains.

(a) JC (b) JC,,
0.6 0.6
2.0 1
1.02m
131 — 3.25m
% ol —— 5.87m
— 8.97m
— 12.69m

0.5 1

0.0 - ; . . . T 0.0 . . T T
0.4 0.6 0.8 1.0 1.2 . 0.6 0.8 1.0 1.2

r (nm) r (nm)

Figure S3.6: Comparison of the CI”-Cl~ RDF for the (a) JC and (b) JCopt FF sets. The insets show the running
Coordination Number for the same up to the first minimum distance of the RDF.

« CI7-0:
(a) JCc (b)
4.5 | 4.5
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3.0 3.01 3.25m
= —— 5.87m
o
—— 897m
131 151 —— 12.69m

0.0+ 0.0 =

r(nm) r (nm)

Figure S3.7: Comparison of the CI”-O RDF for the (a) JC and (b) JCop¢ FF sets. The insets show the running
Coordination Number for the same up to the first minimum distance of the RDF.

The CI"-O RDF and CN are similar across both the force fields, showing two major peaks at 0.32 and
0.48 nm, with coordination numbers reaching 7.2 at 0.4 nm. In addition, JC (Figure S3.7 a) shows some
broadening of the first shell at the highest concentration. Cl~ hydration structure does not differ substantially
across force fields.

- 0-0:

The first ( 0.29 nm) and second ( 0.45 nm) peaks for the O—O RDF exhibit broadly similar trends across
force fields. The first-shell peak progressively shifts to 0.315 nm at higher LiCl concentrations, reflecting
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distortion of the hydrogen-bond network due to intercalation of ion aggregates, consistent with past studies>°.

This distortion initially appears as a broadening and reduction in peak height for both force fields. Beyond
this stage, JC (Figure S3.8 a) develops a broad feature spanning 0.29-0.32 nm, whereas JCopt (Figure S3.8
b) forms a more distinct peak at 0.315 nm. The second-shell peak systematically weakens with increasing
concentration, indicating the gradual breakdown of the ordered water hydrogen-bond network as the ionic
environment becomes more crowded.

(a) JC (b)

1.02m
3.25m
— 5.87m
— 8.97m
—_— 12.69m

g(r)

0.30 0.45 0.60 0.30 0.45 0.60
r(nm) r (nm)

Figure S3.8: Comparison of the O-O RDF for the (a) JC and (b) JCops FF sets. The insets show the running
Coordination Number for the same up to the first minimum distance of the RDF.

This concludes the comparative study of results obtained using different force fields. Below, all analyses using
classical MD are restricted to simulations performed with the JCopt parameter set.

S3.5 Chemical Graphs

In the present work, we use graphs to quantify changes in the ion-network as a function of concentration. The
procedure for their construction, along with the subsequent analyses, is outlined below. Libraries used for this
analysis were MDAnalysis and NetworkX.

S3.5.A Construction of Chemical Graphs

In the present work, the protocol described by Choi et. al.>’>° was adapted to construct geometric chemi-

cal graphs. Ions (excluding water molecules) were treated as nodes, and edges were assigned between node
pairs that lay within a prescribed cutoff distance for each trajectory frame. Following Choi et al., the cut-
off was taken as the position of the first minimum in the corresponding ion-ion RDF (the first-shell boundary)
for the pair of interest. Since three ion pairs are possible - Li*-Li*, CI"-C1™ and Li*-CI~ - three cutoffs were required.

To estimate the population of compact ion clusters, the sub-0.4 nm features observed in the Li*-Li* and C1~-C1~
RDFs (Figure. S3.5 and Figure. S3.6 respectively) were used as the relevant first-shell distances. For JCopt, these
short-range peaks emerge at concentrations around 8.9 m and above - coinciding with the turning points in the
PMV trends - and therefore the corresponding distances (r¢y¢) at 12.69 m were selected uniformly for all ion pairs.
The resulting cutoffs are listed in table S3.4 below.
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Table S3.4: Distance Cutoff for Constructing Graphs

Pair Li*-Li* | CI™-Cl~ | Li*-CI-

Ieyt (nm) | 0.412 0.410 0.296

The edges generated in each frame are stored in an adjacency matrix A,g, where the element a,g = 1, if an edge
exists between ions @ and S, otherwise, a3 = 0. Once constructed, connected clusters can be readily identified as
contiguous sets of linked nodes. Cluster populations were extracted from 3000 frames sampled uniformly over the
final 900 ns of the NPT simulations at each concentration and were then used for further analysis.

S3.5.B Intracluster Statistics

As noted above, clusters of size greater than 1 can be formed from multiple combinations of Li+ and Cl- ions,
which can be readily distinguished by their net charge. For clusters of size 2, the three possible combinations:
Li*-Li*, CI"-Cl™ and Li*-CI™~ carry net charges of 2e, -2e and 0 respectively.

Similarly, clusters of size 3 include the combinations: Li*-Li*-Li*, Li*-Li*-Cl~, Li*-Cl~-Cl~ and C1~-Cl~-CI~
with corresponding net charges of +3e, +e, -e, and -3e. The Probability Mass Functions (PMF) of these cluster
types, categorized by their net charge, are compared in Figure S3.9 To reduce statistical uncertainty in the PMF
calculations, histograms are constructed for a given cluster size only if the total number of occurrences of that
cluster across all trajectory frames at a given concentration is at least 100.

(a) Agg2 (b) Agg3 (c) Agg4
1.0 . —
0.5
L | 0.5
> 0.5+
o
- al Ji e
00 2 1 0 1 2 WO 5 1 3 35 % 32 1o 1oz 3 4
Charge (e) Charge (e) Charge (e)

[ 1.02m BN 3.25m 4 5.87/m [ 8.97m M 12.69m

Figure S3.9: Probability Mass Functions of clusters with different net charges within a given cluster size,
representing the various ionic combinations for clusters of size (a) 2, (b) 3 and (c) 4.

As evident from Figure S3.9, for clusters containing an even number of ions, the combinations comprising equal
numbers of cations and anions, forming neutral clusters, are the dominant species. This behavior is expected, as
charge neutrality minimizes electrostatic repulsion. More interestingly, for clusters containing an odd number of
ions (with size > 1), the combinations featuring one excess C1™ ion, corresponding to a net charge of -1e, are more
populous than the analogous clusters containing one excess Li~. In the specific case of clusters of size 3 (Figure.
S$3.9b), clusters with one additional C1~ are nearly 50% more abundant than those with an extra Li*.
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S3.5.C Topology of Clusters

Beyond the statistical analysis of ionic compositions within clusters of a given size, the topology of the evolving
ion networks constitutes an important aspect of electrolyte-water systems. Constructing geometric graphs from
the instantaneous ion configurations enables the identification of spatial correlations that extend beyond simple
pairwise effects. In the present work, the characterization of chains and rings formed by these connected graphs
(clusters) was focused on, providing additional insight into the structural organization of ions in solution.

In this context, a chain is defined as a contiguous set of connected ions with two (linear chain) or more (branched
chain) terminal nodes, where terminal nodes are ions connected to no more than one other ion. Chains are required
to contain no closed loops along their length. The smallest possible chain is an ion-pair. Examples are shown in
Figure. S3.10a, b and f. A ring, or cycle in graph-theoretical terms, is defined as a set of connected nodes that
begins and ends at the same node without repeating edges or nodes. While several classes of cycles may exist in a
graph, the present analysis focuses on primitive cycles, i.e., cycles that cannot be decomposed into smaller cyclic
components and that form the cycle basis of a connected graph. By this definition, the simplest possible rings are
3-membered cycles. Examples are shown in Figure. S3.10c, d and e.

? 0
(a) & — (b) ‘%% P (c) {O f O‘

i
Y Poé

Agg?2 Agg3
Type : Linear Chain Type : Linear Chain
@[ o o (")
s
o
d
Agg4 Agg4 Agg4
Type : Ring Type : Ring Type : Branched Chain

c: O Li*: @ H.0: %’O H.0 (Bridging) : fo

Figure S3.10: Examples of chains and rings of different cluster sizes : (a) linear chain of size 2, (b) linear chain of
size 3, (c) 3-membered ring, (d) two 3-membered rings in a cluster of size 4, (e) three 3-membered rings 3 in a
cluster of size 4 and (f) branched chain of size 4.
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S3.6 Laguerre Tessellation

The partial molar volume (V) can be constructed from a bottom-up perspective, based on the volumes occupied
by individual molecules. The theoretical framework underlying this connection, along with the computational
protocol adopted in this work, is described below. Molecular volumes were estimated via tessellation®*®! using
pyvoro, and subsequent data fitting was performed with NumPy. To ensure robust statistical analysis and avoid
overfitting, the trajectory dataset was augmented with 30 additional concentrations spanning 0.2-10 M LiCl.

S3.6.A Background

« System Volume and Partial Molar Volume:

Building on the theory from Section S1.2.A, recall that for a binary mixture of LiCl and water at a given
molality, the total system volume at a specific concentration (V") can be expressed as the sum of
contributions from each component:

conc _ ] conc conc
VS)’S - nLlCl( mol >LiCl +nH20< mol >H20 (S3.21)

where n; denotes the number of moles of component i and (V,;,,;); represents a measure of average microscopic
volume associated with that component at the given concentration. By expressing concentrations in terms of
molality and applying the variable transformation from Equation S1.8 in the derivative of the PMV definition
(Equation S1.3), as outlined in Section S1.2.A, one straightforwardly obtains:

(13pd/988/ £ S Auawalddns-ajoie/yesoel/Bio soe sqnd woly papeojumoq

1S 61580998

LiCl _
le - (m) a_m [mnH20MH20 <VHT01>L1'CZ + ”H20<VHT01>H20] (8322)

where My, 0 is expressed in kg/mol which takes out the factor of 1000. Since the moles of water is held
constant in the definition of the V¢!, this expression simplifies to:

AV Licl 1 KV Ho
+
om MHzO om

VECL = (v S pici +m (S3.23)
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This equation provides a direct link between the partial molar volume and the concentration dependence of g
the microscopic volume contributions of both the solute and the solvent. The three terms on the right-hand
side of Equation S3.23 allow for clear physical interpretations. Upon the addition of salt in the form of @
LiCl formula units, the first term represents the volume that is excluded by the additional inserted ions. The
second term, which scales with the molality, accounts for the average change in the local volumes associated
with LiCl units already present in the solution; as expected, this contribution vanishes in the limit of infinite
dilution. The third term captures the change in the solvent volume induced by the addition of salt. This
contribution merits special attention, as the partial molar volume has often been mistakenly interpreted as
being associated solely with volume changes of the added component. In fact, the partial molar volume
reflects the change in the total volume of the solution upon a change in concentration, and therefore inherently
includes contributions from all components of the system?.
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« Decomposition into Ion Aggregates:

The microscopic volume associated with LiCl can be further decomposed into contributions from ionic
species and aggregates of different sizes. These include solvated ions (monomers) as well as ion pairs and
higher-order clusters. Since large aggregates are rarely observed over most of the concentration range studied
here, the expansion can be truncated at a finite cluster size without significant loss of accuracy. Accordingly,
the average microscopic volume of LiCl is written as:

(VaLicl = Z [ilVaoni (53.24)

i€[Agg]

where the index i runs over the set of cluster sizes considered, f; denotes the fractional population of clusters
of type i, normalized by the number of LiCl formula units taken up to construct the clusters (explained below)
and (V;,,01); s the time-averaged microscopic volume of such clusters. Substituting this decomposition into
the expression for the partial molar volume gives:

oV i

mol
om

1 Voo
MH20 om

vict= %" [ﬁ(Vr?,i,l)ﬁm(ﬁ (S3.25)

m .\ Ofi
+ <‘mol>ia_f)] +
ie[Agg]

S3.6.B PMY For Clusters

The key components to be obtained via simulations are the average local volumes (V,,,;); and the population
fractions f;. The procedure followed in the present work to extract these is outlined below.

 Population Fractions:

The concentration-dependent average cluster populations (F;) were obtained by counting the total number of
clusters for sizes ranging from 1 to 4 in every trajectory frame across the concentration range and subsequently
performing a time average of these counts. Although larger aggregates form at the highest concentrations,
their populations are negligibly small. Size-1 clusters correspond to fully solvated Li* and C1~ ions (hereafter
referred to as Free Li* and Free C17), i.e., ions not classified as aggregates according to the cutoff criteria in
Table S3.4. Size-2 clusters (denoted Agg 2) comprise all three possible ion pairs: Li*-Li*, C17-CI~, and
Li*-Cl™. Similarly, size-3 and size-4 clusters (Agg 3 and Agg 4) include all possible triplet and quartet
combinations of Li* and C1~, without distinguishing specific compositions at a given size.

The population fractions (f;) can then be obtained from the F; by dividing them with an estimate of the
number of LiCl formula units that are used up by clusters upto a chosen size, i.e., if Np;c; corresponds to the
average number of LiCl units consumed in generating a set of populations of cluster up to the size k F;,i €
[1,2,..K], then :

_F
Niici

(S3.26)

i

If all cluster sizes present in the system, including the largest aggregates, N ;c; reduces to the total number of
Li* or C1™ ions in the 1:1 electrolyte LiCl and either of these numbers can act as a proxy for the same. In prac-

S38

920z 4890300 80 U0 18sN SNIHLY 40 AINN NVIYLSIAOdYM TLVN Ad /200 1™ 6158009€l3pd/988, G uswalddns-sjoie jesoel/B10 soe sqnd woy papeojumoq



tice, however, clusters larger than size four were excluded from the analysis due to their negligible populations.
The fraction of clusters of size five and larger constitute only 1.5% of the total LiCl content. However, neglect-
ing this small fraction means that N ;c; can no longer be directly equated to the total number of Li* or CI™.
This issue also pertains to the odd-sized clusters (e.g., Li*-Li*-Cl™ and Li*-Cl~-CI* — trimers), which contain
unequal numbers of Li* and C1~ ions. As shown in section S3.5.B, the relative populations of these trimers
differ, resulting in an asymmetry in the number of Li* or C1~ ions accounted for within the analysed cluster set.

To address these issues, the total number of Li* and CI~ ions accounted for upon truncation of the series
in Equation S3.25 were explicitly accumulated at each concentration. For example, a Li*-Li*-Cl~ cluster
contributes two 2 Li* and one CI~ ion to the respective totals. The effective Ny ;c; was then defined as the
arithmetic mean of the Li*-based and Cl™-based counts, thereby providing a balanced estimate of the number
of ion pairs represented within the truncated cluster population.

Results are shown in Figure S3.11 below.
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Figure S3.11: Population Fractions ( f;) for different clusters: (a) Free Li*, (b) Free CI~, (c) Agg 2 (d) Agg 3 and

(e) Agg 4.

In addition, the second derivative of the population fraction for Agg 2 exhibits a maximum at 7.2 M (Figure
S3.12), close to the maximum of VL€ at 6.7 M. Such correlation, combined with the discussion in S1.5,

Concentration (m)

Concentration (m)

indicates the interconnected nature of microscopic structures and thermodynamic properties.
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Figure S3.12: 7% and 2"¢ derivative of the Population Fractions ( f;) of Agg 2 in molarity. Curves are normalized.

« Microscopic Volumes and Laguerre-Tessellation:

Tessellation was chosen as a method to geometrically estimate the local volume of regions in MD simulations.
In this approach, space is partitioned into a set of non-overlapping cells, each associated with an individual
particle. Laguerre (or radical Voronoi) tessellation was applied to every frame of the trajectories at all
concentrations. Unlike standard Voronoi tessellation, Laguerre tessellation partitions space among particles
in proportion to the squares of an exclusion radius®?. A common choice for this radius is half the distance
corresponding to the minimum r,,;, of the Lennard-Jones potential, which approximates the Van der Waals
interaction between a pair of identical particles®*. For a species @, 7, can be readily obtained from the self
Lennard-Jones parameter o as:

raa = 2bq,, (83.27)

Following the JCop¢ convention, r,,;, were obtained for Li*, C1~, and the oxygen atom of water. These are
tabulated below.

Table S3.5: Distance Cutoff for Constructing Graphs

Particle | Lit Cl- (0]
Iege (nm) | 0.065 | 0.270 | 0.177

With the (V,,,0;) of Li* and C1~ determined across all sampled configurations, cluster identities inherited from
the graph analysis can be used to partition the total ionic volume into contributions from clusters belonging
to the categories introduced in the previous section. The volume of a given cluster ‘C’ with a set of ions ‘I’ is
obtained in a simple additive fashion:
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(Vmol) (mUmOl)

(Vmor) (mL/mol)

Vmol,C = Z Vmol,j (5328)

jel

The time-averaged molar volumes (V,,,;) of the clusters exhibit characteristic trends as a function of
concentration, as illustrated in Figure S3.13. The slopes of these curves correspond to the derivatives
required in Equation S3.25 to construct the thermodynamic PMV. To obtain analytical expressions for these
derivatives, the (V,,,;) — molality data were consistently fitted to fourth-order polynomials. The influence of

the order of polynomials used in representations of these trends is investigated in the next section.

(a) (b) (c)
= Free Li* = Free C|~ Agg 2
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Figure S3.13: Average Laguerre volumes shown over the concentration ranges used for fitting for different clusters:
(a) free Li*, (b) free CI~, (c) Agg 2, (d) Agg 3, (e) Agg 4 and (f) water.

In addition, for clusters of sizes 2, 3, and 4, the (V,,,;) values at the low-concentration end suffer from
poor statistical sampling due to the low probability of aggregate formation, with clusters of size 4 having 0
populations up to 3m concentration, resulting in heteroskedastic behavior (i.e., non-uniform variance across
the concentration range). To mitigate the influence of these poorly sampled regions on the fits, the initial
10%, 60%, and 60% of the concentration range were excluded from the polynomial fitting for aggregates of
sizes 2, 3, and 4, respectively.

The (V,,01) curves in Figure S3.13 exhibit a complex dependence on cluster size and concentration.
Significantly, single-ion contributions (both Li*and CI™) change only by ~1% in opposite directions,
consistent with reduced cation solvation and increased anion coordination at higher salt concentrations: Li*
increasing from 6.51 to 6.58 mL/mol and CI~ decreasing from 19.73 to 19.55 mL/mol. For ion pairs (Agg 2),
(Vimor) initially decreases, reflecting the reduced solvation inherited from the decreasing trend observed for
CI” compounded by electrostatic compaction within the pair. However, it increases above 5 M as additional
ions approach existing pairs. Aggregates of size 3 and 4, which appear beyond 5 M show a 1-2% increase in
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(Vimor), reflecting the emergence of chain- and ring-like motifs that effectively occupy more volume. On the
other hand, the (V,,,;) for water molecules shows a 5% decrease due to the electrostriction.

S3.6.C Sensitivity to the choice of Hyperparameters

The bottom-up molecular framework for computing the PMV involves several methodological choices that
may influence the resulting molecular decomposition. Aggregate populations form the basis for the applica-
tion of Eq. 4 (main text); therefore, it is essential to establish that the PMV decomposition is not an artifact of
the graph-construction criteria. The sensitivity of the analysis to variations in the distance cutoffs is examined below.

Beyond graph construction, the PMV framework involves several methodological choices including: (a) the
maximum cluster size included in the analysis (Max cluster), (b) the polynomial order used to fit the (V,,,;) trends
(polyy), and (c) the polynomial order used to fit the population fractions (poly r).

To optimize these hyperparameters, an empirical error function (&) was constructed using the PMV obtained from
the NPT density (V.”)) and molecular volumes (V.""°"), defined as:

(p) y,(mol)y \? (mol) _ ,(p)\?
RMSE(VP. v yimel _y
E = ( Von_ Vin )) —(Q) (S3.29)

Expt Expt
O-Vm Peak

The first term represents the root-mean-square error between the reference and molecular-model PM Vs, while the
second term corresponds to the absolute difference in the peak positions predicted by the two models. Each term is
normalized by the experimental uncertainty in the respective quantity. This error function balances achieving the
overall trends in the PMV relative to the identification of the peak.

« Geometrical Cutoff for Constructing Graphs:

To assess robustness, the distance cutoffs defining graph connectivity were perturbed by +10% relative to the
original values, which correspond to the first minima of the relevant ion RDF (Figures S3.5, S3.6, and S3.3).
The three cutoff sets are summarized below:

Table S3.6: Distance Cutoff Sets for Graph Construction Sensitivity Analysis

Cutoff set | Li*-Li* (nm) | CI"-CI* (nm) | Li*-Cl~ (nm)

Original 0.412 0.410 0.296
10% increase 0.453 0.451 0.326
10% decrease 0.371 0.369 0.266

The perturbed cutoffs sample different regions of the RDFs, with increased cutoffs extending beyond the first
coordination shell and decreased cutoffs remaining near the first RDF maxima.

As expected, cutoff variations redistribute cluster populations : larger cutoffs promote larger aggregates,
while smaller cutoffs increase free ions and smaller clusters. The time-averaged populations of the dominant
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species at selected concentrations are summarized in Table S3.7 as percentages of the total number of ions.

These changes are modest and primarily reflect redistribution between aggregates of different sizes. For
example, increasing the cutoff increases the population of ion pairs at intermediate concentration, whereas
at higher concentrations the population shifts toward larger aggregates (Agg 3 and Agg 4). These changes
are offset by corresponding variations in smaller cluster populations, resulting in only minor changes to the
overall cluster distribution.

Table S3.7: Aggregate populations at selected concentrations for different
clustering cutoffs.

Aggregate Concentration | Original Cutoff (%) | Increased Cutoff Decreased Cutoff

(m) (%) (%)
1.07 49.61 49.32 49.62
Free Li 5.72 46.93 43.84 47.18
12.69 31.09 24.90 31.63

1.07 49.61 49 .44 49.61

Free Cl 5.72 47.17 45.48 47.21
12.69 30.27 25.43 30.57

1.07 0.38 0.59 0.38

Agg2 5.72 2.72 4.41 2.61
12.69 10.51 8.69 10.69

1.07 0.01 0.02 0.01

Agg3 5.72 0.14 0.51 0.12
12.69 2.92 3.35 2.87

1.07 0.00 0.00 0.00

Agg4d 572 0.01 0.07 0.00
12.69 1.10 1.65 1.03

Proceeding down the pipeline, the PMV contributions were computed from Equation 4 in the main text, for
the different cutoff sets and are compared in Figure S3.14. An increased contribution from size 3 and 4 was
observed for the larger cutoffs, while the opposite trend was obtained for the decreased cutoffs, consistent
with the redistribution of cluster populations. Importantly, only relative contributions were affected, and
no qualitative change in the overall PMV decomposition was observed. The robustness of Equation 4 was
further confirmed using the error metric defined in Equation S3.29, with comparable values obtained for all
cutoffs values (Table S3.8).

These results demonstrate that moderate (+10%) variations in graph-construction criteria produce the
expected redistribution of cluster populations but have only small influence on the PMV decomposition.
The methodology is therefore shown to be robust with respect to reasonable variations in the choice of the
graph-construction cutoft.
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(a) Increased Cutoff (b) Decreased Cutoff

VLC Contribution (mL/mol)
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Figure S3.14: PMV contribution from aggregates of different sizes for graphs
generated with (a) 10% larger cutoffs and (b) 10% smaller cutoffs

Table S3.8: Errors in reproducing PMV trends

Error Metric | Original Cutoff | Increased Cutoff | Decreased Cutoff

& 1.82 1.80 1.92

- Fit Hyperparameters:

The errors (Equation S3.29) from varying the fit hyperparameters are tabulated below. The hyperparameter
set, including clusters up to size four, and both the f; and (V,,,,;) fit to polynomials of the 4th order, is chosen
as a reference for comparison.

1S1a0dVX 1LYN Aq /2007 1S~ 6158009./4pd/988/ £ vSAuswWa|ddns-ajoie/pesoel/Bi0 soe sqnd woy papeojumod

Table S3.6 indicates that all hyperparameter choices below 3 lead to noticeable deviations, whereas values of £
3 or higher yield stable and consistent performance. Accordingly, hyperparameter values > 3 are deemed &
necessary for a reliable description. For the present work, a uniform choice of 4 was adopted, ensuring §
internal consistency and aligning with the fourth-order polynomial employed in the virial expansion discussed
in Section S1.2.B.
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Table S3.9: Hyperparameter sweep and its effect on the error

Parameter Varied poly, poly Max Cluster Error
_ 4 4 4 1.82
2 4 4 71.24
polyy 3 4 4 2.89
5 4 4 297
4 2 4 4.89
poly s 4 3 4 1.89
4 5 4 2.18
4 4 2 6.42
Max Cluster 4 4 3 210
4 4 5 1.71

S3.7 Normal Mode Raman Spectra

Analysis of the hydrogen-bond network of water reveals significant distortions in the local coordination environment,
particularly in the concentrated solution, where H-bond distributions broaden and shift relative to pure water,
indicating a heterogeneous network of competing structural motifs. In an attempt to link this structural heterogeneity
with MCR Raman signatures, quantum chemical calculations were performed using the ORCA %* quantum calculation
package on idealized ion-water clusters constructed with imposed geometric constraints, yielding normal-mode
Raman intensities as described below.

S3.7.A Evolution of the Hydrogen Bond Network for Water

In response to the development of extended ion networks, the hydrogen-bond network of liquid water undergoes
substantial structural reorganization. This is reflected, in part, in changes to the O-O RDF discussed along with
Figure S3.8 in Section S3.4.B, where the position of the first maximum shifts to larger separations. To obtain
a more complete characterization of the accompanying modifications to the H-bond network, joint probability
distributions for O—O distances and O-O-H (acceptor-donor-H) angles were computed for bulk TIP4P/2005 water
and for the system at the highest simulated concentration (9.98 M upon equilibration) using the JCop¢ parameters.
Neighboring water molecules were identified using a geometric cutoff based on the first minimum of the O-O
RDF ( 0.35 nm). For each water molecule in a given configuration, all neighboring waters within this cutoff were
analyzed. The angles subtended at the oxygen of the reference water by each of its two hydrogen atoms and the
oxygen atom of a neighboring water (i.e., the O-O-H1 and O-O-H2 where the two hydrogens of the reference water
are labeled H1 and H2) were collected. The resulting joint distributions were smoothed using a Gaussian kernel
density estimator implemented in SciPy. The corresponding results are shown in Figure. S3.15
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Figure S3.15: Joint probability distributions of hydrogen-bond parameters in water: acceptor-donor-H angles
and O-0 distances for pure water with a 9.98 M LiCl solution. Representative structures responsible for the
distortions observed in the 9.98 M solution are illustrated on the right. Water molecules exhibiting angles within
the highlighted regions of the distributions are shown in purple and green. Among these, those marked with an
asterisk (*) are centers of hydrogen-bonding defects within the network.

The joint probability distribution for pure TIP4P/2005 water exhibits a bimodal character. A sharp peak appears
at an O-O separation of 0.28 nm and an O-O-H angle of 300, consistent with a conventional hydrogen bond
according to the Luzar-Chandler® definition. A second, broader feature occurs at approximately the same O-O
distance but near 1100, arising from geometrically close acceptor—donor pairs within the 0.35 nm cutoff that do
not adopt a favorable hydrogen-bonding orientation.

At 9.98 M, the distribution undergoes prominent restructuring. The feature near 0.28 nm and 1100 distorts towards
1600 (Feature A in Fig. S3.15), while a new peak emerges at 0.33 nm and 60o (Feature B in Figure S3.15).
Structural inspection of configurations contributing to these regions reveals water molecules (highlighted in violet
and green) simultaneously coordinating either the same Li* ion (Feature A) or different Li* ions (Feature B),
often in the presence of additional nearby counterions. The compact solvation shells of Li* impose angular
constraints that are uncommon in neat water, driving distortions in the surrounding hydrogen-bond network and
often generating locally defective bonding motifs (marked with * in the structural representations), i.e. waters
not donating hydrogen bonds to other waters or C1~ ions, consistent with recent work®. These observations not
only reaffirm the increasing structural complexity of the ion-water network at high concentration, but also reveal
an enhancement of hydrogen-bond defects. This results in a larger fraction of water molecules residing in less
tetrahedral environments.
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S3.7.B Clusters for Raman Calculations

Model clusters used for the Raman calculations were constructed using several criteria:

* Unless stated otherwise, interspecies distances were chosen based on the position of the first maximum in
the corresponding RDF, representing the most probable separation between a given pair of particles. The
distances are summarized in Table S3.10. Distance constraints between the heavy atoms are maintained
when quantum calculations are performed.

* In all cases, a central water molecule is considered with a complete two-acceptor, two-donor hydrogen-
bonding configuration. In the case of the former, a water molecule can accept a hydrogen-bond from a water
molecule or be coordinated with a Li* ion. For the latter, a water molecule can donate a hydrogen-bond to
another water molecule or a CI™ ion. This molecule serves as the probe water whose vibrational spectra are
analyzed, as it most closely represents the local environments encountered in condensed phases. Unless
stated otherwise, the geometry around this water molecule is constrained to be tetrahedral, i.e., all angles
subtended at the central water are approximately 109°, although the distances to the four neighboring species
may differ. For instance, when the central water resides in the first solvation shell of an ion, the ion-water
separation is set to the first maximum of the corresponding ion-water RDF, whereas water-water separations
are set to the first maximum of the water-water one.

* Whenever a CI™ 1on is included in a cluster, it is considered fully solvated, typically with the central ion
included as one of its coordinating water molecules. The geometry around the C1™ is constrained to be
octahedral in all cases. Similarly, any Li* generally includes a solvation shell with a tetrahedral geometry
enforced.

Table S3.10: Distance between particles in clusters

Pair Li*-O | CI"-0 | Li*-CI- | O-O

Distance (nm) | 0.19 0.32 0.23 0.28

S3.7.C Frequency Calibration

All quantum chemical calculations were performed using ORCA with the r>-SCAN meta-GGA functional ®7-63 at
the DFT level. The D4-corrected®® def2-TZVPPD7%7! basis set was used for CI~, O, and H, while Li* was treated
without the dispersion correction using the def2-TZVPP basis as negligible dispersion is expected in it’2.

The constructed clusters were first subjected to geometry optimization in ORCA, maintaining the interatomic
distance constraints described above. Following optimization, the Raman activity A; for each vibrational mode i
was calculated from the derivatives of the system’s polarizability along the corresponding normal modes. These
Raman activities were then converted to Raman intensities /; by incorporating the effect of state populations into

the general Raman scattering formalism, as expressed in the following Equation>:
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Here, vy is the excitation frequency of the laser used, which in our case corresponds to 640 nm. The symbols 4, ¢
and kg denote the usual Planck’s constant, the speed of light in vacuum, and the Boltzmann constant, respectively.
T is the temperature at which the results are evaluated, 298 K in our calculations.

Finally, the obtained spectral frequencies were scaled as is commonplace with DFT functionals, using a factor
of 0.96873. The scaling reproduces the frequencies of vacuum and bulk water at ~3700 cm™! and ~3400 cm—1
respectively.
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