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Abstract

Understanding the macroscopic properties of aqueous electrolyte solutions over
their full solubility range requires a detailed microscopic picture of water-ion
interactions. We combine THz calorimetry and dimensionality-reduction tech-
niques to demonstrate that two to four spectroscopic markers are sufficient
to describe ion-specific variations in mixing entropies and enthalpies, viscos-
ity, and limiting conductivity across 19 electrolytes. Those markers allow us to
classify electrolytes as ’strong’ or ’weak’ and report on changes in the water’s
H-bond network. As concentration increases, spectroscopic nonlinearities due to
ion aggregation appear that, based on a multipole expansion model for activi-
ties, are correlated with density changes. For CsI and LiCl, as prototypes of weak
and strong electrolytes, respectively, the multipole expansion model accurately
describes their conductivities, viscosities, and surface tensions. THz spectroscopy
in combination with an activity coefficient model directly correlates macroscopic
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solution properties with changes in the H-bond network, paving the way towards
efficient machine-learning approaches.

Ions in aqueous solution are pivotal for a wide range of scientific questions and

technical applications. The local solvent shell structure and dynamics of ions deter-

mine the function of ion-selective channels and pumps in organelles, [1] and artificial

membranes[2–4] used for desalination, energy storage, and conversion. Rechargeable

batteries based on aqueous electrolytes are considered more environmentally friendly

than existing Li-ion technologies.[5–9] Charge carriers such as Mg, Na, Zn, or Ca could

serve as cost-efficient replacements for Li.[10–12]

Aqueous electrolyte solutions can stabilize (’salt in’) or crystallize (’salt out’) pro-

teins as described by the Hofmeister effect.[13]. These properties steer aggregation

behavior in pharmaceutical formulations,[14] crystallization, liquid-liquid phase sep-

aration, and gelification.[15] The classification of an individual anion species within

the traditional ’structure maker’ and ’structure breaker’ framework is oversimplified,

as its impact on the H-bond network depends on a subtle balance between weakening

hydrogen bonds and increasing their concentration.[16]

Quantitatively predicting activity coefficients of highly concentrated electrolyte

solutions is still challenging.[17] While a simple Debye-Hückel approach yields a screen-

ing length decaying exponentially and decreasing with concentration, first-principles

studies find different decay lengths.[18] Molecular dynamics simulations and experi-

ments suggest that the correlation length in concentrated electrolyte solutions is much

larger than predicted by the Debye length.[19] At high concentrations, combined X-ray

and simulation studies reveal the presence of ion aggregates.[20–22] These examples

illustrate the need to improve our microscopic picture of electrolyte solutions over

their full concentration range.
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Here, we aim to link microscopic solvation patterns, as probed by terahertz

(THz) spectroscopy in the frequency range 1-20 THz (30-640 cm−1), to macroscopic

properties of electrolyte solutions. This is a generalization of our earlier work on

alcohols,[23–25], small cosolutes,[26–28], and biomolecules[29, 30] towards electrolytes.

THz spectroscopy is especially sensitive to ionic rattling motions[31] and to changes

in the hydrogen-bond network. A weakening of water-water H-bonds leads to a red-

shift of the well-known translational peak at 200 cm−1 while the librational region

(400-1000 cm−1) is most sensitive to the angular potential-energy surface experienced

by the molecules.

1 Results and Discussion

1.1 Separating THz-Spectra at Infinite Dilution and Ion

Pairing Effects

We have measured the concentration dependence of the absorption coefficients of 19

electrolytes in water (3.1). These have been converted to effective molar extinction

coefficients, ϵeff(xB), by subtracting the mol fraction weighted molar extinction coef-

ficient of bulk water from the average molar extinction coefficient of the solution (see

Figure 1A and S1.2). Macroscopic effective solution properties are defined similarly,

allowing them to be directly compared. At low concentrations, ϵeff(xB) is sufficiently

described by a linear term corresponding to the situation at infinite dilution. With

increasing electrolyte concentration, ion association leads to nonlinearities.

ϵeff = xB [ϵ∞ + ϵnl (xB)] (1)

This is similar to what is observed for other thermodynamic functions (see 3.3), such

as the effective molar volume, ϕ̄eff
V , where the nonlinearity is directly related to the

pressure derivative of the difference between activity coefficient, ln γ±, and osmotic

3
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Fig. 1 Single-aqueous-electrolyte data analysis of LiCl. A) The mol fraction weighted water absorp-
tion is subtracted from the full absorption spectrum. Normalization by the amount of substance per
unit volume (shaded squares) yields the effective ionic absorption coefficient, ϵeff, which increases
with concentration. At higher concentrations, ϵeff shows nonlinearities, indicating non-ideal behav-
ior due to the onset of ion aggregation (see inset). B) The concentration-dependent molar extinction
coefficients are separated into a linear part (top) and a nonlinear part (bottom) corresponding to
the spectra at infinite dilution and ion aggregation, respectively, using principal component analy-
sis (PCA) as a dimension reduction method. C) To describe the nonlinearities, we use a top-down
approach starting with the excess thermodynamics, which is determined by the electrolyte activity,
ln γ±, and water’s osmotic coefficient, ϕ. D) Recently, [32], we developed an activity coefficient model
that allows us to express the molar volume, Vm = ∂Gm/∂p, as a combination of a linear term and
the pressure derivative of the model parameters. As an example, we show the effective molar volume
of LiCl and its decomposition into linear and nonlinear contributions; see the text for details. E) The
same approach can be applied to model the spectroscopic nonlinearities. This allows us to analyze
the physical correlation between the non-idealities of different macroscopic properties.
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coefficient, ϕ (see Figure 2C and D):

ϕ̄eff
V = xB

[

ϕ∞
V + ϕnl

V

]

= xB

[

ϕ∞
V + νRT

(

∂(ln γ± − ϕ)

∂p

)]

. (2)

ν = ν+ + ν− is the total stoichiometric factor of the electrolyte while R and T are the

universal gas constant and the temperature, respectively.

This allows us to leverage our generalized multipole expansion model[32]

(Figure 1C). It allows for efficient description of activity coefficients over the full con-

centration range (see 1.3.1, Table S1 for definitions, and Figure S2). With its adaptive

coarse-grained approach, it yields an expression that is Gibbs-Duhem integrable, so

that the same set of parameters determines both electrolyte and water activities. The

number of parameters depends on the electrolyte and ranges from two for CsI to seven

for LiCl. Thus, the nonlinearity in the effective molar volume is determined by the

pressure dependence of the parameters that describe the activities of the electrolyte

and water. We find that, typically, two derivatives are necessary to model ϕ̄eff
V and the

density ( S1.3). Although this analysis is based on a very different set of nonlinear

functions, ϕ∞
V agrees well with literature data (Figure 6).

Starting from the hypothesis that the nonlinearities of ϵeff have a similar origin as

those of ϕ̄eff
V , we used the same approach to separate spectroscopic linear and non-

linear concentration dependencies (Figure 1E). To identify the relevant spectroscopic

contributions and their concentration dependence, we employed principal component

analysis (PCA,3.4).PCA is especially suited since it allows us to separate features com-

mon to all electrolyte spectra from those relevant for individual ions (Figure 2A). A

single-parameter derivative suffices to describe the nonlinear, concentration-dependent

spectral contributions. LiCl requires an additional derivative. Here, we observe a strong

nonlinear contribution indicating a blueshift in one of LiCl’s librational bands upon

ion aggregation (Figure 2B). Data for all electrolytes are shown in S1.4.
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1.2 THz-based Classification of Electrolytes: Energetics and

Transport Processes
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Fig. 2 Combined analysis of spectra at infinite dilution. A) We separate the spectra of 19 elec-
trolytes at infinite dilution into B) H-bond-network (1-4) and ion-related (5-10, inset) spectroscopic
components using principal component analysis. C) The information from two and four THz spectro-
scopic markers suffices to describe the ion-specific hydration entropy (inset) and enthalpy (∆Hspec),
respectively, at infinite dilution beyond purely electrostatic terms (thin dashed lines for monova-
lent, circles, and divalent, triangles, salts, respectively). The spectroscopically derived entropic and
enthalpic terms span a high-dimensional space that can be projected to obtain different unbiased
electrolyte classifications: D) Projection into the entropy contributions from 2nd vs 1st spectral
component (The purple line separates regions of posietive and negative energetic contributions) E)
Projection into the ∆Hspec and ∆HHB,ion components, as defined in the text, showing a sigmoidal
behavior. F) Linear models that are based on the THz spectroscopic markers are also able to describe
quantitatively dynamic solution properties at infinite dilution, such as viscosity (inset) and conduc-
tivity. This is shown by the strong correlation between the linear models and the literature data.

1.2.1 Extracting THz Spectroscopic Markers

We first focus on the linear spectral components and their connection to ion-specific

mixing energies at infinite dilution. To separate water-specific and ion-related signa-

tures, we applied PCA in two steps: First, we focused on the translational part of the
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spectrum, which is very sensitive to local hydrogen-bond properties: We investigated a

subset of 14 electrolytes in the frequency range 30-250 cm−1, see Figure 7, which covers

the intermolecular H-bond stretching mode of water, which is observed at 220 cm−1

in ice, shifts to 209 cm−1 in clathrates[33] and to 190 cm−1 in room-temperature

water and to 130-170 cm−1 for water at extended interfaces and around small

solutes.[27, 28, 31] Additional water modes are centered between 80 and 300 cm−1 in

bulk water.[34] Electrolytes containing Li+ and Mg2+ were not considered in this step.

Second, we applied a PCA for all 19 electrolytes over the spectroscopic region

30-640 cm−1, Figure 2B (see 3.4 and Figure 8 or details). Ten principal components

(C1 −C10) describe the spectra of 19 electrolytes with 11 distinct ions. This suggests

that some of the PCs describe ion-independent properties. To preserve information

from the low-frequency analysis, we rotated the PCs from the full-frequency onto

those of the low-frequency analysis. Of the ten components, four are relevant for the

connection to thermodynamic and macroscopic properties.

C2 shows a strong band at 210 cm−1 as well as a steep slope from 400-600 cm−1.

We can compare this to the H-bond stretch-mode of clathrates at 210 cm−1[33]

and to the spectroscopic signature of ’bound water’, i.e., to the steep slope (δα/δν)

between 400 and 600 cm−1 of the water population H-bonded to the OH-group around

alcohols.[25] C3 peaks at 170 cm−1, characteristic of red-shifted or weaker inter-

molecular interaction.[25] C4 peaks at 140 cm−1 and shows a positive contribution

in the librational region above 250 cm−1. Both observations indicate a further weak-

ening of the contributing H-bonds. All higher principal components make negligible

contributions to the translational frequency range.

By construction, C1 is the CsI spectrum, since CsI has the smallest hydration free

energy of all electrolytes investigated.[35] Summarizing our analysis, we have identified

four spectroscopic markers that span a wide range of H-bond motifs and are expected

to be closely related to ion-specific solution properties.
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1.2.2 Classification of Electrolytes

To connect THz spectroscopic data to hydration properties, we employed Marcus’s

collection of macroscopic thermodynamic data at infinite dilution,[35] i.e., absolute

hydration enthalpies, entropies, and Gibbs free energies for the transfer of the individ-

ual ions from the gas phase into the solution. We converted these data to electrolyte

properties, assuming additivity of single-ion properties. This additivity is preserved in

our analysis below.

Table 1 Fit parameters at infinite dilution as obtained from a global fit of ∆Hhyd, ∆Shyd and
∆Ghyd. For completeness, we added the fit results for the Jones-Dole B coefficient and the limiting
conductivity, Λ∞ (see Figure 2F). The number in brackets corresponds to the errors in units of the
last digit.

Component a b PC 1 PC2 PC 3 PC4

∆Hhyd (kJ/mol) -440(3) - 311(9) -313(13) -78(11) -78(12)
−T∆Shyd (kJ/mol) 13(1) 16(2) -25(2) 43(3) - -
B (dm3/mol) 0.0048(5) - -0.2(1) 0.31(2) - 0.06(2)
Λ∞ (S cm2/mol) 27(3) 34(5) 35(6) -51(8) - -20(7)

The spectroscopic information contained in the linearly concentration-dependent

components was mapped into this set of infinite dilution thermodynamic quantities

via a global fit over all electrolytes, applying the following linear model:

∆Ei = ∆Ea

∑

j

νijq
2
ij +∆Eb

∑

j

νij +
n
∑

k=1

∆Eks̃ik (3)

where ∆E can be enthalpy, ∆Hhyd or entropy, −T∆Shyd. The first two terms depend

on the stoichiometry of the electrolyte and are not ion specific: νij is the stoichiometric

coefficient, qij the charge of each ion, and the index, j, runs over cation and anion. ∆Ea

and ∆Eb are fitting parameters that are the same for all electrolytes. The third term

contains the ion-specific contributions which are determined solely by spectroscopic

8



369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

information. The set of {s̃ik} is the scores as obtained from our PCA analysis for elec-

trolyte i, and ∆Ek is the energetic contribution attributed to the THz spectroscopic

marker, k. In the final fit (see Methods for details), we used the combination of ∆Hhyd,

−T∆Shyd, and the Gibbs free energy, ∆Ghyd = ∆Hhyd − T∆Shyd, to obtain a set of

global fit parameters (see Table 1). Figure 2C shows that four(two) spectroscopic mark-

ers suffice to reproduce ion-specific variations of hydration enthalpy(entropy, see inset,

Gibbs energy see Figure 9). This establishes a direct spectroscopy-thermodynamic

mapping for the dilute regime. Equation 3 allows us to separate electrostatic (∆Ea,

∆Eb) and ion-specific (∆Ek) energetic contributions (see ∆Hspec in Figure 2C) using

THz spectroscopy.

The spectroscopically derived free-energy terms span a high-dimensional space that

can be projected to obtain different unbiased electrolyte classifications. A particularly

interesting projection is shown in Figure 2D where the two dominant principal com-

ponents fully determine the entropic contribution. The purple line separates negative

(lower-left) from positive (upper-right) regions. When plotting the entropy derived

from C2 versus that obtained from C1, two groups of electrolytes can be clearly dis-

tinguished: ’Strong’ Electrolytes containing at least one ion interacting strongly with

water (Yellow: LiI, LiBr, LiCl, NaF, CsF, MgBr2, MgCl2) show a linear relationship

with a negative slope. These electrolytes lie mostly in the entropically unfavorable

region. Electrolytes without a strong ion (in blue) are in the entropically favorable

region. The entropic gain increases with distance from the purple line, i.e., qualitatively

with increasing ion radius and decreasing ion-water interaction. NaCl and NaNO3 are

close to this line and can be considered ”entropically neutral”.

This picture is supported by Figure 2E where we investigate how ∆Hspec depends

on the ion-water interaction strength ∆HHB,ion = ∆H ion
hyd− q2ion∆Ha of ions after sub-

traction of a Born-like contribution that only depends on the ion charge. We find that

Hspec is dominated by Hmin
HB,ion, i.e., by the ion that is more strongly interacting with

9
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water, independent of its nature as an anion or cation. All electrolytes labeled ’strong’

above contain ions that show negative ∆HHB,ion and possess a long-lived hydration

shell with a fixed number of water molecules.[36, 37] The interaction between the

second-shell and first-shell water leads to their low-intensity THz response. The distri-

bution shows sigmoidal behavior: ∆Hspec increases as ion-water interaction strength

decreases. The ion that interacts most strongly with water dominates the spectroscop-

ically derived enthalpy contribution. The counter-ion water interaction modulates this

effect such that at constant ∆Hmin
HB,ion, ∆Hspec increases with decreasing counterion-

water interaction. The PCA allows us to separate H-bond-related and ion-specific

contributions to ϵ∞ (Figure S9). Our THz-based approach also describes macroscopic

transport properties (limiting conductivity: Figure 2F, Jones-Dole B-coefficient: see

inset and Methods for details).

1.3 How Does the H-bond Network Contribute to the

Energetics of Ion Aggregation?
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Fig. 3 Analysis of the nonideal spectroscopic partial contributions. A) We have plotted here a com-
parison between the deduced nonlinear component in the experimentally observed THz spectra with
the derivative of the molar volume change, and observe a clear correlation. The signs in brackets
correspond to density and spectroscopic changes, respectively. B) Linear and nonlinear contributions
of the measured electrolytes at the highest concentration, displayed for distinct cations. C) Spectro-
scopically determined nonlinear enthalpic contribution of the electrolytes as a function of hydration
enthalpy difference between anion and cation.
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1.3.1 A Thermodynamic Toolbox to Describe Ion Aggregation

When comparing the nonlinearities in ϵeff and ϕ̄eff
V , we find that the spectroscopic

nonlinearity is strongly correlated to a subset of the nonlinear density changes

(Figures 3A and discussion below). This encouraged us to employ the multipole expan-

sion model,[32] that we recently introduced to connect macroscopic and spectroscopic

properties.In a nutshell, our model describes the interaction between a spherical cen-

tral observation volume and the excess charge distribution arising from both ions and

water in the surrounding layers. For each concentration, the central observation vol-

ume is adaptively chosen to contain a single electrolyte unit and the corresponding

stoichiometric amount of water. This interaction can be written as a multipole expan-

sion of the electric field generated by the ions and water in the observation volume,

with the excess charge distribution due to solute and solvent in each layer outside the

observation volume. Integrating over all layers yields the logarithm of the electrolyte’s

activity coefficient:

ln γ±(xB) =

lmax≤3
∑

l=1

Dl

(

xB

xl
h

)λl

ln

[

(

xB

xl
h

)λl

]

(4)

where l=1, 2, 3 correspond to the dipolar, quadrupolar, and octupolar expansion

terms, respectively.

In this picture, ln γ± and ϕ contain contributions from both solute and solvent

charge distributions. Over an extensive set of 138 electrolytes, at maximum, a third-

order expansion is sufficient to describe the electrolyte activity up to the solubility

limit. For many electrolytes, a purely dipolar description is sufficient. The quadrupole

and octupole expansion terms describe short-range interactions, as expected for ion

aggregation. Each parameter has a clear physical meaning: xl
h is a crossover mol

fraction from dipolar to complex ion interaction and characterizes the transition

from exergonic (x < xl
h) to endergonic (x > xl

h) dipolar interaction energy so that

11
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ln γ
(l)
± (xl

h) = 0. For the quadrupole and octupole terms, x2
h = x3

h = 1. Dl describes the

interaction strength of the observation volume with all surrounding ions. For the inter-

action between the central observation volume and the surrounding interacting shells,

we observe a power-law behavior of the form δDl(nD) ∝ 1/n1+3λl

D as the distance,

nD, from the central volume increases. The parameter, λl, determines the effective

interaction coefficient. Larger values of λ correspond to shorter-range interactions.

The model’s major advantage is the Gibbs-Duhem integrability of each expansion

term, yielding an analytical expression for the corresponding osmotic coefficient. This

allows us to derive the full set of activity coefficients from measurements of any combi-

nation of electrolyte activity, osmotic coefficient, and water activity (see Figure 1C). Its

particular strength becomes fully apparent when considering derived excess thermo-

dynamic variables, such as the volume V = (∂G/∂p)T in terms of the Gibbs energy G.

Since ln γ± and ϕ depend on the same set of parameters, Equation 2 can be rewritten

as

ϕ̄eff
V = xB

[

ϕ∞
V + νRT

∑

i

(

∂ (ln γ± − ϕ)

∂qi

)

∂qi
∂p

]

(5)

where {qi} is the set of two to seven parameters describing the activity coefficients of

solute and solvent, and ∂qi
∂p are their pressure derivatives.

1.3.2 Mapping Spectroscopy to Nonlinear Density Changes

We used Equation 5 to fit the effective apparent molar volume derived from density

measurements [38]. The effective molar volumes and densities are well reproduced by

Equation 5 (see Figures S8 and S4). The apparent molar volumes at infinite dilution

agree nicely with those reported in the literature (see Figure 6).[39] In most cases (see

Figure 3A), the pressure derivatives of two dipolar interaction parameters, i.e., inter-

action strength, D1, and the crossover mol fraction, x1
h, contribute to the nonlinearity

of ϕ̄eff
V . Exceptions are CsI, where D1 suffices, and LiCl, which requires including the

quadrupolar interaction strength, D2.

12
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While molar volume nonlinearities typically require two parameter derivatives, we

are able to describe the nonlinearity observed in the concentration dependence of the

THz spectra by a single parameter derivative (see Equation 5). Figure 3A shows that

their absolute amplitudes strongly correlate. This indicates that THz-spectroscopic

nonlinearities are closely related to density changes but cannot fully account for

them. The performed mapping establishes a quantitative connection between the non-

linearities in spectroscopic, thermodynamic, and density properties of concentrated

electrolyte solutions, up to the solubility limit.

1.3.3 The H-bond Contribution to Ion-Pair Energetics

In section 1.2, we introduced four THz spectroscopic markers that enable us to ener-

getically classify 19 electrolytes containing 11 ionic species at infinite dilution. The

markers show signatures in the translational (80 to 250 cm−1) and librational (300

to 640 cm−1) frequency regions that indicate hydrogen bonds from very strong (C2),

intermediate (C3, C4) to very weak (C1, i.e. CsI). This indicates that they are directly

related to the partial contribution, which is common for all electrolytes, i.e., the sol-

vent water and its H-bond network. Combined with the strong correlation between

molar volume and spectroscopic changes, this provides an opportunity to quantify

the energetic contribution of the H-bond network to ion pairing and to ion-specific

counterion effects.

Ion pairing is expected to distort the H-bond network and, therefore, shift the

relative weights of the four H-bond populations identified spectroscopically. Since we

know the spectral characteristics of the nonlinear changes for the different electrolytes

and how different H-bond motifs can be converted into energetic contributions, we can

derive the nonlinear THz mixing enthalpy, ∆HTHz
nlin , which describes the energetic con-

tribution of the H-bond network to the total mixing energetics upon ion pair formation.
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∆HTHz
nlin is determined by projecting the nonlinear spectra onto the principal compo-

nents derived in 1.2.2 and converting the spectroscopic weights into ion-pair-specific

energetic contributions (see Methods for details).

Figure 3B shows a comparison of the linear and nonlinear spectroscopic contri-

butions at the highest measured concentration for different electrolytes sorted by

cation, since the cation dominates the overall shape of the nonlinearity (see SI for

a full dissection and Figure S8 ). This is supported by Figure 3C, where we show

∆HTHz
nlin as a function of the difference between cationic and anionic hydration enthalpy,

∆Hhyd(cation-anion). Figure 3C indicates a clear correlation between ∆HTHz
nlin , and the

ion-water interaction strength: Electrolytes containing cations with strong ion-water

interaction (Hcat
hydr ≪ 0) and, therefore, a large negative difference between cationic

and anionic hydration enthalpy show a ∆HTHz
nlin which is three to four orders of mag-

nitude smaller compared to those of electrolytes with a weak ion-water interaction

and positive ∆Hhyd(cation-anion). The relationship also holds for CsF, with F− as

the anion, which strongly interacts with water. This contrasts with our finding at infi-

nite dilution (see Figure 2E), where the strongest water-ion interaction dominates the

spectroscopically derived enthalpy, independent of ion charge.

2 Conclusions

Summarizing our analysis, we have shown that a top-down approach, based on a

generalized multipole expansion model for electrolyte and water activities,[32] can

decompose excess molar volumes and molar extinction coefficients into their infinite-

dilution and ion-aggregation components. This allows us to correlate spectroscopic,

molecular, and macroscopic properties of electrolyte solutions within a unified frame-

work. To test whether this approach applies to other macroscopic properties, we

used LiCl and CsI as the extreme cases of strong and weak electrolytes. Literature
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Fig. 4 Relation between the activity coefficient model and macroscopic solution properties. A-C)
Parameter derivatives of the multipole expansion model (see text for details) allow for the description
of macroscopic solution parameters, such as conductivity, viscosity, and surface tension.

data for conductivity,[38], viscosity,[38], and surface tension at 25◦C[40, 41] were con-

verted to effective values prior to modeling their concentration dependencies based on

adapted versions of Equation 5 (see SI for details). Figures 4A-C show that the cor-

responding fits agree well with experimental data over the full concentration range.

All nonlinearities show a consistent pattern: dipolar parameter derivatives dominate

the nonlinearity. As a perspective, this is an ideal situation for a Bayesian Machine-

Learning approach: Each macroscopic property contains information on parameter

derivatives and on a subset of the parameters determining the activity coefficients.

A comparison of the interdependencies among these parameters provides important

benchmarks for simulations. It opens the door to a bottom-up approach to determining

electrolyte and water activity using a minimal set of precise measurements.

3 Methods

3.1 Experimental

We investigated in this work a total of 19 electrolytes formed by monovalent cations

(Li+, Na+, K+ and Cs+), monovalent anions (F−, Cl−, Br−, I−, SCN− and NO−
3 ) and

Mg2+. Dry NaCl, KCl, KBr, and CsBr were purchased from Carl Roth GmbH + Co.
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KG (Germany), VWR Chemical Co. Ltd (USA), Honeywell Lab Chemicals (Thermo

Fisher Scientific, USA), and Alfa Aesar (Thermo Fisher GmbH, Germany), respec-

tively. Other chemicals were purchased from Sigma-Aldrich Corporation (St. Louis,

MO, USA). All samples have purities of over 99.5% and aqueous electrolytes were

prepared by dissolving the salts in ultrapure water without further purification. To

prevent degradation due to oxygen and light, electrolytes including LiBr, LiI, NaSCN,

and KSCN were prepared in a glove box with controlled illumination. Table 2 shows

the 19 electrolytes under investigation. Broadband THz/FIR transmission spectra of

the aqueous solutions were measured at 20◦C with a spectral frequency range of 30 to

640 cm−1 and a spectral resolution of 1 cm−1. The sample was placed in a measure-

ment cell between two diamond windows, separated by a Kapton spacer with a typical

thickness of 13µm. The sample thickness was independently determined in the mid-

infrared region by measuring the interference pattern of the empty cell. The densities

of the solutions were measured with a density meter (Anton Paar GmbH, DMA 58)

at 20◦C to determine precise molarity.

Table 2 Investigated electrolytes in this work.

Li+ Na+ K+ Cs+ Mg2+

NaF CsF
LiCl NaCl KCl CsCl MgCl2
LiBr NaBr KBr CsBr MgBr2
LiI NaI KI CsI

NaSCN KSCN
NaNO3

Using Lambert-Beer’s law, the frequency-dependent absorption coefficient of an

aqueous solution (αsol(ν)) is expressed as:

αsol(ν) =
1

d
ln

(

Ibulk(ν)

Isol(ν)

)

+ αbulk(ν) (6)

16



737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782

where d is the sample thickness, Ibulk(ν) and Isol(ν) are the transmitted intensities

of the water reference and the sample, respectively, and αbulk(ν) is the absorption

coefficient of water at the temperature of 20◦C. To obtain αbulk(ν), we fitted the

complex molar susceptibility of water as a superposition of damped harmonic oscil-

lator functions and calculated the absorption coefficient using the equations given by

Zelsmann.[42] The data included in the fit were a selection of literature data[43–45]

combined with our own measurements. Because all electrolyte solution measurements

are referenced to bulk water, and assuming that the change in the THz index of refrac-

tion of the salt solution is small compared to that of bulk water, etalon effects that

could be mistaken for ionic absorption lines are minimized.

To be able to relate the experimental spectra to thermodynamic quantities directly,

we switch to mol fraction units and convert the absorption coefficient into the average

molar extinction coefficient:

ϵsol =
αsol(ν)

cB + cw
. (7)

cB and cw are the molarities of the electrolyte and water, respectively, as obtained

from density measurements. In a final step, we subtract the bulk water contribution

and obtain the effective molar extinction coefficient of the solution:

ϵeff = ϵsol − (1− xB)ϵbulk. (8)

Here, xB is the electrolyte mol fraction and ϵbulk the molar extinction coefficient of bulk

water at the given temperature. This procedure enables us to remove nonlinearities

arising from solute concentration-dependent changes in the apparent molar volumes

of the solvent and the solute. The observed concentration dependency increases

approximately linearly.
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3.2 Converting Molality to Mol Fraction Scale

Although molality, molarity, and weight-percent are well-known descriptors for the

composition of binary solutions, we have chosen the electrolyte mol fraction, xB . The

main reasons are that the multipole expansion model[32] shows its simplest form in

this unit system and is valid over the full mol fraction range 0 ≤ xb ≤ 1, i.e., also

in the super-saturated regime. Second, the mol fraction xB , pressure p, and absolute

temperature T provide a set of independent variables to describe thermodynamic

functions. We, therefore, show here how molar Gibbs energies in the molality scale

can be converted to the mol fraction scale such that the resulting expression matches

the one that is valid over the full mol fraction range.

According to Stokes[46] the Gibbs free energy, G as function of electrolyte molality,

mB can be described by

G = n0

(

µ0
w +RT ln aw

)

(9)

+ mB

(

µ∞
s + νRT

[

ln
(

(

ν
ν+

+ ν
ν−

−

)1/ν mB

m0

)

+ ln γ±

])

where n0 = 1000 g/Mw is the amount of water in 1 kg of the liquid, and Mw, µ
0
w,

and aw are the molar mass of water in g/L, the chemical potential of bulk water,

and the water activity, respectively. µ∞
s is the chemical potential at infinite dilution.

We assume that the electrolyte is composed of ν+ cations and ν− anions with the

total stoichiometric coefficient ν = ν+ + ν− leading to the average ionic molality

m± = (νν
+

+ ν
ν−

− )
1
ν mB . For water, we use the bulk liquid as the reference state. The

electrolyte is referenced to a hypothetical ideal 1 molal solution (m0) with no ion-ion

interaction, and γ± approaches unity for infinite dilution. The water activity, aw, is

related to the osmotic coefficient, ϕ by

ln aw = −ν
mB

n0
ϕ = −ν

xB

xw
ϕ (10)
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where n0 is the amount of water in molar units in 1 kg of the liquid and xw is the

water mol fraction.

Combining Equations 9 and 10 leads to

G = n0µ
0
w +mB

(

µ∞
s + νRT

[

ln
(

(

ν
ν+

+ ν
ν−

−

)1/ν mB

m0

)

+ ln γ± − ϕ
])

(11)

To convert Equation 11 to mol fraction units, we show that ln(mB/m
0) is the low-

concentration approximation of

ln(xB) = ln

(

mB

mB + n0

)

(12)

= ln

(

mB/m
0

(mB + n0)/m0

)

= ln
(mB

m0

)

− ln

(

mB + n0

m0

)

≈ ln
(mB

m0

)

− ln
( n0

m0

)

for mB ≪ n0. The last term approaches a constant value at low molalities, which is

absorbed in µ∞
s . As expected, ln(xB) vanishes in the limit xB → 1, i.e. mB → ∞.

Converting the combined Equs.11 and 12 to mol fraction units yields a molar Gibbs

energy,

Gm = xwµ
0
w + xB

(

µ∞
s + νRT

[

ln
(

(

ν
ν+

+ ν
ν−

−

)1/ν
xB

)

+ ln γ± − ϕ
])

(13)

Please note that in standard binary solutions, water activity is written as ln aw =

lnxw + ln γw. Using Eq. 10 yields

ϕ = −
xw

νxB
(lnxw + ln γw) (14)
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which returns the standard expression for excess molar Gibbs energies when inserted

in Equation 13.

3.3 Modeling Effective Properties

3.3.1 Average Molar Volume

The average molar volume of the solution is given by

ϕ̄V =

(

∂Gm

∂p

)

T

(15)

= (1− xB)
∂µ0

w

∂p
+ xB

(

∂µ∞
s

∂p
+ νRT

[

∂ ln γ±
∂p

−
∂ϕ

∂p

])

= (1− xB)ϕ
0
W + xB

[

ϕ∞
V + νRT

(

∂ ln γ±
∂p

−
∂ϕ

∂p

)]

where we have introduced the molar volumes of the electrolyte at infinite dilution,

ϕ∞
V =

∂µ∞

s

∂p , and bulk water ϕ0
W =

∂µ0
w

∂p .[39] ϕ̄V can be determined experimentally from

density measurements when the amount of substance of solute and solvent is known.

When MB and Mw are the molar masses of electrolyte and water, respectively,

ϕ̄V =
xBMB + (1− xB)Mw

ρsol
. (16)

We observe that the effective molar volume

ϕ̄eff
V = ϕ̄V − (1− xB)ϕ

0
W (17)

= xB

[

ϕ∞
V + νRT

(

∂ ln γ±
∂p

−
∂ϕ

∂p

)]

= xB

[

ϕ∞
V + νRT

∑

i

(

∂ (ln γ± − ϕ)

∂qi

)

∂qi
∂p

]

is linear in ϕ∞
V and contains a nonlinear contribution that depends on the difference of

the pressure derivatives of the activity coefficient and the osmotic coefficient ln γ± and
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ϕ, respectively. In the last step, we have used the multipole expansion model [32] and

expressed the pressure dependence in terms of its parameter derivatives. Figures 6,

S3, and S4 show that the electrolyte properties at infinite dilution and the changes of

effective molar volume and density over the full mixing range are well described by

our model.

3.3.2 Viscosity

Equation 17 can, in a similar form, be used to model viscosity:

ηeff = η − (1− xB)η
0
W (18)

= xB

[

η∞ + νRT
∑

i

(

∂ (ln γ± − ϕ)

∂qi

)

∂qi
∂fs

]

where ∂qi
∂fs

is the derivative of a model parameter, when a shear force, fs, is applied.

The linear term, η∞ corresponds to the B coefficient in the empirical equation by

Jones and Dole.

3.3.3 Surface Tension

The model for surface tension can also be directly derived from Equation 17:

σeff = σ − (1− xB)σ
0
W (19)

= xB

[

σ∞ + νRT
∑

i

(

∂ (ln γ± − ϕ)

∂qi

)

∂qi
∂A

]

where ∂qi
∂A is the derivative of a model parameter, when the surface, A, is increased.
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3.3.4 Conductivity

Since only the electrolyte contributes to conductivity, we used the model approach

Λ(xB) = Λ∞ + νRT
∑

i

(

∂ ln γ±
∂qi

)

∂qi
∂E

(20)

where ∂qi
∂E is the derivative of the expansion parameters to the local electric field.

3.4 Principal Component Analysis

3.4.1 Basics

We performed principal component analysis using a Singular Value Decomposition

(SVD).[47] SVD allows us to separate important (e.g., dependency on concentration or

composition) from unimportant information, such as noise or experimental artifacts.

When we apply SVD to a dataset D containing a list of effective molar extinction

coefficients as row vectors, it returns three matrices S, V, and L such that

D = SVLT . (21)

The orthonormal matrix L contains the spectral eigenvectors (sometimes named

’loadings’) that are required to describe the data as column vectors with decreasing

importance. V is a diagonal matrix containing the singular values, i.e., the relative

importance of each loading. Finally, the orthonormal matrix S contains the scores of

the individual measurements as row vectors.

3.4.2 Dissection and Reconstruction of Concentration-Dependent

Molar Extinction Coefficients

A simple example is the separation of concentration-dependent measurements, as

shown in Figure 5, into their spectroscopically relevant contributions (loadings) and
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the concentration dependence as depicted by the corresponding scores. For this

application, we have defined the product

P = VLT (22)

as a principal component matrix listing the PCs, Ci, as row vectors in decreasing

order of importance. In this picture, each column of S weights the importance of

the corresponding principal component as a function of concentration. To separate

information from noise, we can reduce the number of principal components, e.g., by

setting all diagonal elements in V below a certain threshold value to zero.

The original input data can be reconstructed from the relevant principal compo-

nents Ci(ν) and their concentration dependencies described by the score functions

si (xel), by

ϵeff (xB , ν) =
n
∑

i=1

si (xB)Ci(ν). (23)

Please note that the singular value decomposition is a strictly mathematical procedure

that orders principal components according to their ability to describe the variance

in a given data set. Any physical insight must come from an interpretation of the mol

fraction dependencies of the score functions and an analysis of the composition and

line shapes of the spectroscopic components.

We find that, while three principal components are required for LiCl, two principal

components are sufficient for all other electrolytes shown in Table 2. The scores of the

first and by far strongest principal component are primarily linear, while the second

(and third) components show a pronounced nonlinearity. To address this observation,

we separate the linear and nonlinear contributions using

si (xB) = ai0xB +

k
∑

j=1

aijf
nl
j (xB) (24)
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where aij and fnl
j (xB) are proportionality factors and nonlinear functions describing

the mol fraction dependency of the individual scores, respectively. The nonlinear func-

tions, fnl
j (xB), are directly derived from the parameter derivatives of the multipole

expansion model (see Equation 5). The usefulness of this approach is demonstrated in

Figures S6 and S7, which show the spectra reconstructed using Equs. 23 and 24 and

the resulting residuals.

3.4.3 Extracting H-Bond-Related Spectroscopic Markers from

Infinite-Dilution Spectra

In this PCA application, we use the molar extinction coefficients at infinite dilution of

the investigated electrolytes to determine a set of principal components as described

by Equation 22 to reconstruct the original spectra by

ϵ∞i (ν) =
n
∑

j=1

siCj(ν) (25)

where i labels the electrolyte and si are its corresponding scores. Cj(ν) depicts the n

principal components that are necessary for the reconstruction of the input spectra.

3.4.4 Advanced PCA: Rotation of Full-Range on Translation

Range Principal Components

The PCA can be modified by inserting a rotational matrix, R, and its inverse in

Equation 21 such that

D =
(

SR−1
)

(

RVLT
)

= S’P’. (26)

24



1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150

with S’ and P’ as rotated score and principal component matrices, respectively. This

mathematical operation leaves the reconstruction unchanged while allowing us to

modify the dissection based on physical insight.

We used this method to connect the full frequency analysis to thermodynamically

relevant spectroscopic signatures. We rotated Pfull
LF,10, the low-frequency range (30-

250 cm−1) of the first ten principal components of the full analysis such that the

deviations to Ptrans
LF,10, the first 10 principal components of the restricted translational

data set are minimized (see Figure 2B). The rotation matrix, RLF , is given by

Ptrans
LF,10 = RLFP

full
LF,10 =⇒ RLF = Ptrans

LF,10 ·
(

Pfull
LF,10

)−1

(27)

where
(

Pfull
LF,10

)−1

represents the pseudoinverse of the rectangular matrix Pfull
LF,10. The

rotated set of relevant PCs for the full data set and their corresponding scores are

obtained by

P’full10 = RLFP
full
10 (28)

S’full10 = Sfull
10 (RLF )

−1

and shown in Figure 2B.

3.4.5 Using CsI as a Spectroscopic Reference

It is clearly visible that the first principal component still contains a signature of

chloride rattling around 180 cm−1.[31] To remove this chloride contamination, we

picked CsI as a reference. The resulting scores are given by

s̃CsI,1 = 1 (29)

s̃CsI,j = 0 (2 ≤ j ≤ 10)

25



1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196

s̃i1 =
si1

sCsI,1

s̃ij = sij −
si1

sCsI,1
sij (2 ≤ j ≤ 10)

s̃ij = sij (j > 10)

This set of equations transforms the first principal component to the CsI spectrum

and leaves the remaining principal components unaffected.

3.5 Model for Hydration Energies

We expect that the total energetics is a combination of long-range Coulombic interac-

tions, entropic costs associated with the formation of cavities to host ions in solution,

and short-range distortions of the hydrogen-bond network, as characterized spectro-

scopically. The long-range Coulombic interactions are taken into account via a Born

term

∆Hcoul ∝
∑

i

νiq
2
i

(

1−
1

ϵ(T )

)

(30)

with stoichiometric coefficients, νi, ion charges, qi, and ϵ(T ) as dielectric constant of

the solvent. (see [48] for details on why this approach is useful). Since ϵ is temperature

dependent, it follows that this term will also contribute to the hydration entropy. The

entropic costs of entropy formation are considered to be proportional to the number

of ions per electrolyte sub-unit (i.e., three for the magnesium salts, two for the 1:1

electrolytes). Thus, for electrolyte i, the total model is of the form

∆H
(i)
hyd = ∆HB

∑

j

νijq
2
ij +

n
∑

k=1

∆Hks̃ik (31)

−T∆S
(i)
hyd = −T∆SB

∑

j

νijq
2
ij − T∆Scav

∑

j

νij −
n
∑

k=1

T∆Sks̃ik

∆G
(i)
hyd = ∆Hi

hyd − T∆Si
hyd
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where νij and qij are the stoichiometric coefficients of anions and cations, and their

corresponding charges, respectively. The s̃ik are the scores of the principal components

as defined in Equation 29.

Figure 9 shows the result of a weighted global fit of ∆Hhyd(A), ∆Shyd(B), and

∆Ghyd(C) with respect to the literature data. The fit weights (0.001 for ∆Hhyd and

∆Ghyd, 0.05 for ∆Shyd) were estimated from the inverse of the variance of fits of the

individual electrolyte properties. We found that the first two principal components are

sufficient to reproduce the hydration entropy to within experimental uncertainty. In

comparison, four principal components are required to accurately describe the hydra-

tion enthalpy and Gibbs free energy. The fit parameters are shown in Table 1. Tests

showed that reducing the number of principal components dramatically increases the

fit uncertainty, whereas increasing it yields no significant improvement.

Supplementary information. Supplementary information for the article contains

a table of terms and definitions, figures containing effective molar extinction coeffi-

cients, fits of the activity and osmotic coefficients, fits of effective molar volumes and

densities, the relevant principal components, fits of the spectroscopic scores, and the

spectral reconstruction based on the PCA for all 19 electrolytes, A figure showing

the linear and nonlinear contributions and a figure separating the spectra at infinite

dilution into H-bond-related and ion-specific contributions
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14 electrolytes. For the analysis, Li and Mg salts were excluded due to their strong ionic rattling
modes. A: Original spectra; B: The major seven principal components; C: Reconstructed spectra and
residuals when using the first seven principal components.
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Fig. 8 PCA of the full frequency range (30-640 cm−1) of the linear spectroscopic components of 19
electrolytes, including Li and Mg salts. A: Original spectra; B: The first ten principal components;
C: Reconstructed spectra and residuals when using the first ten principal components.
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Table 3 The four spectral weights (scores)
of the 19 electrolytes that are relevant for the
linear models of mixing energies and transport
properties. The values for CsI have been fixed
to ensure that C1 corresponds to the CsI
spectrum.

salt s̃1 s̃2 s̃3 s̃4
CsBr 0.727 -0.141 0.032 0.201
CsCl 1.080 0.264 0.701 -0.593
CsF 0.649 0.487 -0.067 -0.110
CsI 1.000 0.000 0.000 0.000
KBr 1.208 0.250 0.719 0.398
KCl 1.520 0.566 1.122 0.341
KI 1.307 0.279 0.466 0.528
KSCN 1.677 0.513 1.051 0.553
LiBr 0.410 0.147 0.144 0.353
LiCl 0.718 0.521 0.610 0.305
LiI 0.329 0.104 -0.167 0.299
MgBr2 0.871 0.709 0.617 -0.398
MgCl2 1.207 1.182 1.304 -0.465
NaBr 1.089 0.406 0.398 0.314
NaCl 1.388 0.746 0.840 0.156
NaF 1.003 1.007 0.160 0.195
NaI 1.201 0.496 0.268 0.476
NaNO3 1.405 0.748 0.718 0.191
NaSCN 1.475 0.666 0.733 0.399
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Supplementary Information

S1.1 Terms and Definitions

Table S1 Basic definitions and equations used in this work to describe electrolyte and water
activities. Based on our recent work[32] and standard thermodynamic relationships.[46]

Function Equation

Definitions
Molar mass of water Mw = 18.015 g/mol

moles water per 1 kg n0 = 1000g
Mw

= 55.509 moles
electrolyte molality mB mol/kg solvent
total amount of substance/kg solvent n = n0 +mB mol
electrolyte mol fraction xB = mB

mB+n0

water mol fraction xw = 1− xB = n0

mB+n0

one-molal reference solution m0 = 1 moles/kg solvent
Stoichiometric coefficients
cation ν+
anion ν−
total ν = ν+ + ν−
Chemical potentials
water activity ln aw = −ν xB

xw
ϕ

electrolyte activity coefficient ln γ±
Osmotic coefficient ϕ = 1 + 1−xB

xB

∫ xB

0
x

1−xd ln γ±
Multipole parametrization

electrolyte activity coefficient ln γ± =
∑≤3

l=1 ln γ
(l)
±

osmotic coefficient ϕ = 1 +
∑≤3

l=1 ϕ
(l)

ln γ± multipole term ln γ
(l)
± = Dl

(

xB

xl

h

)λl

ln

[

(

xB

xl

h

)λl

]

ϕ multipole term ϕ(l) = 1−xB

xB

∫ xB

0
x

1−xd ln γ
(l)
±

ϕ(l) from [32] ϕ(l) = 1−xB

xB
Dl

λl

x
λl

h

[(

1 + λl ln
[

xB

xh

])

BxB
(1 + λl, 0)

−λlx
1+λl

B Φ(xB , 2, 1 + λl)
]

ϕ(l) alternative ϕ(l) = (1− xB)Dlλl

(

xB

xh

)λl

×
[(

1 + λl ln
[

xB

xh

])

Φ(xB , 1, 1 + λl)− λlΦ(xB , 2, 1 + λl)
]

Lerch transcendent Φ(xB , 2, 1 + λl) =
∑∞

k=0
xk

B

(1+λl+k)2

Φ(xB , 1, 1 + λl) =
∑∞

k=0
xk

B

(1+λl+k)

Incomplete Euler Beta BxB
(1 + λl, 0) =

∫ xB

0
tλl

(1−t)
dt

Fit parameters
Interaction strength Dl (l = 1: dipole, l = 2: quadrupole, l = 3: octupole)
Interaction exponent λl
Crossover mol fraction xlh, 0 < x1h ≤ 1, x2h = x3h = 1
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S1.2 Concentration Dependent Measurements
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Fig. S1 Effective molar extinction coefficients of 19 electrolytes as a function of concentration.
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S1.3 Connecting the Multipole Model and Volume Properties

S1.3.1 Global Fits of ln γ± and the Osmotic Coefficient, ϕ
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Fig. S2 Fit of the activity and osmotic coefficients for 19 electrolytes.
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S1.3.2 Effective Molar Volumes as Derived from the

Activity-Coefficient Model
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Fig. S3 Fit of the excess molar volume as a function of electrolyte mol fraction for 19 electrolytes.
The linear and nonlinear components (for individual multipole expansion terms) are also shown. LiCl
is the only electrolyte that shows a quadrupolar contribution.
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S1.3.3 Densities as Derived from the Activity-Coefficient Model
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Fig. S4 Fit of the excess density as a function of electrolyte mol fraction for 19 electrolytes. The
linear and nonlinear components (by multipole expansion term) are also shown. LiCl is the only
electrolyte that shows a significant quadrupolar contribution.
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S1.4 Principal Component Analysis of

Concentration-Dependent Molar Extinction Coefficients

S1.4.1 Relevant Principal Components
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Fig. S5 Relevant principal components for 19 electrolytes. The number in brackets indicates the
number of components necessary to describe the spectroscopic measurements within experimental
error.
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Fig. S6 Fit of the relevant scores for 19 electrolytes.
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Fig. S7 Spectra reconstructed from the activity-based score fit and fit residuals for 19 electrolytes.
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Fig. S8 Linear and nonlinear contributions to the observed molar extinction coefficients for 19
electrolytes. The cation dominates the shape of the nonlinear contribution.
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Fig. S9 Separation of linear spectra (blue) into their H-bond-related (yellow) and ion-specific
(green) spectroscopic contributions. The residual after applying a ten-component PCA is shown in
red.
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