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ABSTRACT

Specific ion effects are often unpredictable in their manifestation within collective behavior, as the underlying principles of how they mediate
water—solute interactions remain unclear. In this study, we investigate the influence of simple ions on amino acids in electrolyte solutions,
focusing on arginine, lysine, and serine in potassium iodide, potassium bromide, potassium chloride, sodium chloride, and lithium chloride
solutions. We combine experimental techniques and molecular dynamics simulations to examine how monovalent ions affect the dielectric
spectra of these complex solutions. Our results reveal three key effects of salt addition: (I) A decrease in the permittivity of the solution, a
phenomenon known as the dielectric decrement, which is phenomenologically described by the Langevin function. The extent of the dielectric
decrement is dependent on the specific ion. (II) An increase in the relaxation time of amino acids. Furthermore, the relaxation time of water is
either increased or decreased depending on the specific salt-amino acid combination. The extent of the change in relaxation time compared to
binary mixtures is dependent on the charge density of the added ions. (III) Long-range restructuring of amino acids and water leads to changes
in their relative orientation over large distances. These findings provide new insights into how ions affect water—amino acid interactions and
their impact on the dielectric properties of electrolyte solutions.
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. INTRODUCTION

Specific ion effects in aqueous solutions, often framed in terms
of the Hofmeister series, play a central role in controlling the sol-
ubility, stability, and phase behavior of a wide range of chemical
and biological systems.'” Classic manifestations include salting-
in and salting-out phenomena, where the addition of salt either
increases or decreases the solubility of macromolecules, surfactants,
or small amphiphiles. Although such effects have been known for
more than a century, a unified microscopic picture of how different
ions modulate the structure and dynamics of water and solutes is
still lacking.”” The pioneering work of Hofmeister in the late nine-
teenth century® established a phenomenological ordering of ions
according to their ability to precipitate proteins and other solutes.
Later studies showed that the polarity and surface charge den-
sity of both cations and anions are key determinants of whether
salts promote aggregation (“salting-out”) or enhanced solubility
(“salting-in”).”"

A substantial body of work has sought to rationalize spe-
cific ion effects in terms of ion size, charge density, and hydration
properties, and to disentangle direct ion-solute interactions from
more delocalized, water-mediated mechanisms.”''~"> Experimen-
tal and simulation studies have emphasized that ions can interact
directly with charged or polar functional groups,”'° but they can
also act indirectly by reorganizing the hydrogen-bond network of
water and thereby modifying collective polarization and dielec-
tric properties.”'>'>'”'¥ The balance between these contributions is
system-dependent and remains an active area of research.

Aqueous solutions of single amino acids provide a particularly
convenient model platform to probe ion-specific effects at the level
of well-defined, chemically simple solutes. They retain key func-
tional motifs (e.g., charged and polar side chains) found in peptides
and proteins but avoid the structural and dynamical complexity of
full macromolecules. Specific ion effects have been reported, for
example, in the ion-specific solubility of amino acids,'” in the coor-
dination patterns of ions around amino acid side chains,””?! and in
the dependence of these features on the chosen force field in simu-
lations.”’ Previous studies generally suggest that many Hofmeister-
type trends can be sufficiently rationalized at the level of direct
ion-amino acid interactions, while water restructuring plays a more
subtle, system-dependent role.”"” *' More recently, the influence of
ions on the permittivity of electrolyte solutions has highlighted the
importance of cross-correlations between hydration water and bulk-
like water and the impact of long-range salt effects on water structure
and dynamics.”

In this study, we investigate specific ion effects in ternary aque-
ous mixtures of amino acids and simple monovalent salts, with a
particular focus on how ions modulate long-range dipolar correla-
tions and collective dielectric properties. We combine broadband
dielectric relaxation spectroscopy with molecular dynamics (MD)
simulations to resolve the contributions of water and amino acids to
the dielectric spectra and to disentangle self- and cross-correlation
terms. Using OpenMM?*’* with an adapted AMBER force field based
on ff14SB,”* we characterize how ion identity and charge density
affect the dielectric decrement, relaxation times, and orientational
correlations in solutions of arginine, lysine, and serine. Rather than
directly addressing the full complexity of protein (de)stabilization,
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our aim is to provide a microscopic description of ion-specific effects
in amino acid-based model systems that underlie salting-in and
salting-out behavior at a more coarse-grained level.

Il. METHODS

A. Composition of the binary aqueous and ternary
electrolyte amino acid mixtures

To characterize the dielectric properties of amino acids in solu-
tion, two distinct sets of aqueous samples were prepared: (i) binary
aqueous solutions of arginine (Arg), lysine (Lys), and serine (Ser)
and (ii) ternary solutions consisting of water, amino acids, and
added salts.

Binary aqueous solutions of amino acids were prepared volu-
metrically using Milli-Q water. The amino acids (Karl Roth GmbH)
were used as received. Concentration ranges were chosen based on
solubility limits and were as follows: Arg at 0.1, 0.2, 0.3, 0.4, and
0.5mol L™'; Lysat 1,2,and 3 mol L™'; and Ser at 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 mol L™". These amino acids were selected due to the distinct
nature of their side chains: Arg and Lys possess positively charged
side chains, whereas Ser has a polar side chain.””® The charge state
of the amino acids in the solution was determined through pH mea-
surements [see supplementary material, Sec. SI.A. and Fig. S1(a)].
The pH values were close to their respective isoelectric points, indi-
cating the presence of amino acids in their zwitterionic form.”” Note
that under these conditions, the positive charge is located on the side
chains of Arg and Lys.

Further investigations into specific ion effects were conducted
by preparing a second series of ternary samples with the amino acids
dissolved in water at varying salt concentrations. The concentra-
tion of each amino acid was maintained constant and at levels high
enough to ensure reliable detection of their dielectric response, yet
below their solubility limits: 0.45 mol L™" for Arg, 1.0 mol L™" for
Lys, and 1.0 mol L™" for Ser. We prepared ternary solutions with
different molar ratios, with a maximum molar ratio of ~2:1 salt to
amino acid. For the study of cation-specific effects, chloride salts of
potassium K*, sodium Na*, and lithium Li* were utilized, as well as
a potassium iodide KI solution to examine the influence of a highly
denaturing anion, such as iodide. All samples were prepared in a
glovebox by weighing the required amounts of amino acids and salt
into volumetric flasks to prevent moisture uptake, followed by filling
to volume with Milli-Q water.

In addition, KBr was used in our MD simulations, but we chose
only KCl and KI for experimental measurements, as the anionic
effects on the dielectric spectra were less pronounced than the effects
of the cation. We chose potassium halide salts at the end of the
scales, from chaotropic to kosmotropic, to compare the results with
our simulations. Chloride and potassium were selected as com-
mon counterions, as both are considered unlikely to destabilize
proteins.”*”’ The pH remained relatively unaffected by the addition
of salt [see supplementary material, Fig. S1(b)], suggesting that salt
addition does not significantly alter the charge state of the amino
acids. The concentrations of the amino acids used in the simula-
tions matched those used in the experiments, and we used similar
salt concentrations without added salt up to a 2:1 molar ratio of salt
to amino acid. Section SVII in the supplementary material provides
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details regarding the simulation setup and the non-polarizable force
field.

B. Interpretation of dielectric spectra
from experiments and molecular dynamics

We investigated specific ion effects on amino acids in solu-
tion using dielectric relaxation spectroscopy,’”’" which probes the
sample polarization under an external alternating electric field with
varying frequencies v. Predominantly at microwave frequencies, the
frequency-dependent polarization arises from the field-induced ori-
entation of the molecules’ permanent dipole moments. Complex
permittivity spectra were measured using a combination of three
different experiments: Frequencies at 0.30 GHz <v < 0.51 GHz
were covered using coaxial probes made from SMA hermetic
feedthroughs, while frequencies at 0.54 GHz < v < 53 GHz were cov-
ered using a frequency domain reflectometer based on an Anritsu
Vector Star MS4647A vector network analyzer with an open-end
coaxial probe based on 1.85 mm coaxial connectors.'” For cover-
ing frequencies at 56 GHz < v < 125 GHz, we analogously used an
open-end coaxial probe based on 1 mm coaxial connectors com-
bined with an external frequency converter module (Anritsu 3744A
mmW module).”> Note that for the binary samples, only the two
high-frequency probes were used, covering the regions: 0.33 GHz
<v< 36 GHz and 56 GHz < v < 125 GHz. To accurately model
the experimental dielectric spectrum, after removing the contribu-
tion from the conductivity, we employed a Debye relaxation model
to describe the amino acid relaxation and a Cole-Cole’” model to
account for the water mode:

S B M
1+2miv e 1+ Quiv ™)™

(V) = €oo

The amplitudes e} and e} are the contributions of the amino acid
and water to the static permittivity, respectively. In addition, both
modes contain a relaxation time 7 for the respective amino acid
and water contributions to the dielectric spectrum. This approach
also effectively captures the symmetric broadening (characterized by
the parameter «) of the water relaxation observed in aqueous salt
solutions.”

The computational, frequency-dependent permittivity £(v) can
be calculated from equilibrium MD simulations via the collective
dipole moment Mp:>%

1 d, . .
e(V) — €00 = WVksTeo .C[—E(MD(O) -MD(t)>], 2)
The Fourier-Laplace transform L[...] converts the time derivative
of the correlation function into a frequency-dependent spectrum.
Spectra computed from Mp(t) represent a simplified description
that accounts solely for the dipolar response. In experimental dielec-
tric spectra, however, additional contributions arising from electrical
conductivity are typically present and are subtracted during data
processing. Such conductivity effects are likewise not captured by the
computational spectra derived from Mp(t). A more detailed discus-
sion of the spectral computation is provided in the supplementary
material, Sec. SII. For completeness, the corresponding experimen-
tal and computational conductivities are shown in Fig. S5 of the
supplementary material.
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FIG. 1. The collective rotational dipole moment Mp(t) can be decomposed into

contributions from the amino acid Mg(t) and water MLV)V(t). The Laplace trans-
form of the self- and cross-correlation of the latter two yields the contributions to
the dielectric spectrum (green and blue areas for amino acids and water, respec-
tively, and turquoise areas for the cross terms). These individual contributions are
accessible only from the simulations. The respective sums of the self- and cross-
contributions yield the contributions for the amino acid and water. Their dominant
spectral contributions are usually separated in the frequency domain.

The collective rotational dipole moment Mp(t) consists of con-
tributions from the amino acids M#5(t) and the water molecules
MY (), as the ions themselves do not possess a dipole moment
because they are isotropic and nonpolarizable. These two compo-
nents give rise to two autocorrelation (i =j) functions C'(t) and
two cross-correlation functions CY(t) for j # i:

C(t) = (Mp(0) - Mj(1)), 3)

ooy 1 _dcij(t) _ i
)= ipTa E[ a |TTW )
&= %1_r)ré el(v) = . (5)

The Laplace transform of the negative time derivative of each cor-
relation function yields the corresponding contribution &7(v) to the
dielectric spectrum, as illustrated in Fig. | and expressed in Eq. (4).
Since the correlation functions are “even” with respect to time, Ci(t)
equals C”(t) and, consequently, ¢’(v) = ¢/'(v). The static relative
permittivity €} is the zero-frequency limit of the permittivity. In
practice, these individual components (colored areas in Fig. 1) can
be distinguished only in MD simulations. Experimentally, only the
total spectrum can be resolved. Fitting the spectra to contributions of
different species often disregards the mixed contributions of ¢’ (v),
where i # j. Usually, these contributions are minimal, and a two-
peak fit is sufficient. We combined the contributions of £'(v) and
£7(v), where i # j, from the simulations to be able to compare com-
putational with experimental results. We define the total amino acid
contribution as £ (v) = ¢**(v) + £V (v), and the water contribu-
tion as e (v) = €™V (v) + €"*(v). These two dielectric components
correspond to the frequency-dependent response of the collective
rotational dipole moment of either the amino acids M%(¢) or the
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water molecules M}y (¢) with respect to the total collective rotational
dipole moment Mp(t):

(v) = .c[ dt(MD(O) MD(t))] ©)

3 Vk T£0

e (v) = W5 (0) - o 0) . )

3VkBT£0 E[ dt<

Although the atomic ions do not directly contribute to the permit-
tivity ¢(v), they influence the rotation of the amino acids and water
molecules as well as their mutual orientations. Therefore, &* (v) and
" (v) are functions of the salt species and its concentration.

The time correlation functions CY(t) in Eq. (3) were fitted
using a Kohlrausch-Williams-Watts (KWW) stretched exponential
function:

Cij(t) = Cg-exp[ (t/Tkww)ﬂu], (8)

where f can assume values between 0 and 1 and is the parameter
related to the stretching of the exponential function. The frequency
domain of a process fitted with a KWW function can be described
by the Havriliak-Negami (HN) function:’*’

. i gl ij
[,[_dicg.e—(t/ﬂ)ﬂ ]g . Cl? T 9)
t (1 (i @ )i

To transform the KWW parameter to the HN parameter, we used
two parameter sets depending on the relaxation times of the species.
In the low-frequency region (7 = 100 ps to 7 = 900 ps), the parameter
TN Was obtained using the parameters of the KWW fit and the rela-
tions of Schroder and Steinhauser.”® For the high-frequency region,
we used the relation suggested by Alvarez et al.:*®

ln[ THN ]:2.6- 1-B-exp[-3B]. (10)

TKWW

The parameters apn and YN Were all calculated from the relations
of Ref. 36. The KWW relaxation time txww can be transformed into
an average relaxation time, which is a connectlng parameter between
the KWW and HN relaxation times:**’

o TR

B TKWW (11)

Ill. SPECTRAL PROPERTIES

In Fig. 2(a), we present the experimental dielectric spectrum of
0.5 mol L™" arginine solution in water. Two overlapping relaxation
processes are observable: a lower-frequency relaxation centered
around ~0.8 GHz and a higher-frequency relaxation near 20 GHz.
Each relaxation is characterized by a peak in the dielectric loss
spectrum and a corresponding dispersion in the dielectric permit-
tivity spectrum. The higher-frequency peak is commonly observed
for aqueous solutions and is attributed to the collective relaxation
of water molecules."”** The lower-frequency peak is commonly
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FIG. 2. (a) Experimental dielectric permittivity (orange squares) and dielectric loss
(vellow circles) spectra for a solution of 0.5 mol L=" arginine. The black lines
show fits using the relaxation model described in Eq. (1). The shaded areas show
the contribution of the main water mode at ~20 GHz (blue) and the relaxation of
arginine centered at ~0.8 GHz (green) to the dielectric loss. (b) Corresponding
computational dielectric spectrum. The orange line shows the computational per-
mittivity in comparison to the experiment (gray squares). The yellow line shows the
computational loss spectrum in comparison to the experiment (gray circles). The
green and blue areas show the computational contributions to the loss spectrum
of arginine and water, respectively.

associated with the orientational relaxation of zwitterionic amino
acids.”"*’ This double-peak approach in Eq. (1) describes all exper-
imental spectra at all studied concentrations (see supplementary
material, Fig. S3 for the other amino acids and concentrations).

Figure 2(b) displays the corresponding computational spec-
trum. In principle, two strategies are available for fitting the cor-
relation functions underlying the total spectra. Here, we adopt
an approach in which each contribution C’(t) is fitted individu-
ally and subsequently transformed into the corresponding spectral
component £/(v). The auto- and cross-correlation terms are then
combined to yield the total contributions ¢" (v) and &*(v). The
alternative strategy of fitting C*(¢) and C"(t) as single effective
terms results in an oversimplified description, as it merges distinct
dynamical processes into a single fit. This procedure distorts the
extracted relaxation times, most notably for water. In particular, the
cross-term &' is closer in frequency to e than to ¢"", which
leads to systematically overestimated relaxation times. By construct-
ing the spectra from individually fitted terms, our approach enables a
consistent comparison between experimental and simulated spectral
contributions while preserving the underlying relaxation mecha-
nisms. As a result, each species exhibits only one distinct peak in
the dielectric spectrum, enabling a straightforward comparison with
the experimental data: the low-frequency & (v) peak stems from the
collective rotation of the amino acid, whereas the high-frequency
peak characterizes the water dynamics, as expected. In addition,
the computational spectrum in Fig. 2(b) agrees very well with the
experimental spectrum over the complete frequency range, validat-
ing the applied force field and also confirming that the simulation
covers all rotational processes over several orders of magnitude
in time.
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FIG. 3. (a) Experimental dielectric permittivity (closed symbols) and dielectric loss
spectra (open symbols) of ternary aqueous solutions of arginine at 0.45 mol L~
with varying LiCl concentration. The black lines show fits using the relaxation
model described in Eq. (1). (b) Corresponding dielectric permittivity (solid line) and
loss spectra (dash-dotted line) from simulations.

A. Impact of the nature of the salt and its
concentration

After the characterization of the dielectric properties of pure
amino acids in aqueous solutions, we investigated the specific

ARTICLE pubs.aip.org/aipl/jcp

influence of ionic additives on these systems. As previously dis-
cussed, the contributions of the ions themselves cannot be observed
in the spectrum as distinct peaks. However, they mediate the inter-
actions of amino acids and water and influence their relaxation
processes indirectly. Figure 3 presents the dielectric spectra of Arg
in the presence of increasing concentrations of LiCl. The experi-
mental results in Fig. 3(a) clearly show that Eq. (1) provides an
excellent description of the dielectric response for these ternary
mixtures, as the ions themselves do not exhibit distinct spectral
features in the probed frequency range. This observation holds
consistently for all other amino acids and salts studied, as illus-
trated by the respective spectra in Figs. S6-S8, left columns in the
supplementary material. The computational spectra in Fig. 3(b) and
Figs. S6-S8, right columns in the supplementary material show
very good agreement with the experimental data. The theoretical
spectra are derived from the frequency-dependent dielectric per-
mittivity e(v) without explicit contributions from ionic motions,
such as local librations of ions within their cages. Both the exper-
imental and computational conductivity increase with increasing
salt concentration across all investigated systems (see supplementary
material, Fig. S5). These results suggest that, apart from the static
conductivity, there is no significant direct contribution to the spec-
tra from the ions. The increase in conductivity can be attributed to
the increased number of mobile charge carriers upon the addition
of salt.
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e¥ (c%)
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sim

exp

sim FIG. 4. Comparison of the contribu-
tions to the static dielectric permittivity of
the rotational collective dipole moment:
(a)—(f) from arginine solutions, (g)—(I)
from lysine solutions, and (m)—(r) from
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bution to the dielectric permittivity from
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Although the addition of salts does not produce distinct peaks
in the dielectric spectra, it nonetheless exerts a pronounced influence
on the interactions between water molecules and amino acids. This
influence manifests as modified dynamical behavior of the amino
acids and their surrounding hydration shells, as well as water in
the hydration shells around the ions. One representative example
is the broadening of the water relaxation peak, which corresponds
to an increase in the a-parameter in Eq. (1) (see supplementary
material, Fig. §9). The most striking observation, however, is
the dielectric decrement—the decrease of er with increasing salt
concentration—as consistently observed in experiments and simula-
tions. The dielectric decrement of aqueous solutions with increasing
salt concentration has been reported for the past century, especially
in aqueous solutions.””*"** To explore ion-specific effects on dipolar
correlations, we dissect the dielectric decrement of ternary solu-
tions into individual contributions of dipolar species to the total
permittivity. In the experimental analysis, the individual dielectric
contributions of amino acids and water were determined according
to Eq. (1). In the simulations, these quantities were obtained from
Egs. (6) and (7), respectively. The dependencies on the salt concen-
tration ¢ are illustrated in Fig. 4, where the upper part of each panel
depicts the simulation result and the lower part depicts the corre-
sponding experimental data. The upper panels are the contributions
of the amino acids; the middle panels are the contributions of
water. The bottom panels depict the total dielectric decrement ex (c®)
— €00 (c%). The high-frequency limit eco = 1 in molecular dynamics
simulations’® " is described by

sw—1_47r o
o t+2 3V’

(12)

where « is the total polarizability, which is zero for our non-
polarizable simulations and is independent of the salt and con-
centration. However, the experimental ¢oo is a fit parameter and
consequently varies.

Across all examined amino acids and salt concentrations, a
consistent decrease in the dielectric constant is observed. This obser-
vation extends to its individual components, namely the dielectric
contributions of the amino acid, sﬁ, and of water, s;". The magnitude
of the dielectric decrement depends systematically on the specific
salt species, reflecting ion-specific effects on the local solvent struc-
ture and dynamics. This phenomenon, commonly referred to as the
dielectric decrement, is well established in the literature.””*” ™ It
arises from the perturbation of the solvent’s dielectric response by
dissolved ions, which restricts molecular reorientation and polariza-
tion. While the dielectric decrement has traditionally been discussed
in terms of the overall permittivity of electrolyte solutions, our
results demonstrate that this effect also manifests in the decomposed
contributions. Specifically, both the amino acid and water compo-
nents exhibit a distinct dielectric decrement upon salt addition, the
magnitude of which depends on the identity of the salt.

The chaotropic iodide anion, well known for its protein-
denaturing properties, induces only a modest dielectric decrement
of the amino acid contribution [red curve in Figs. 4(a), 4(g), and
4(m) (sim) and Figs. 4(b), 4(h), and 4(n) (exp)] compared to the
least denaturing salt, potassium chloride (yellow curve). A notable
exception arises in the case of KI with serine, where the ampli-
tude reduction is unexpectedly weaker than that observed for KCI
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in the experiment [Fig. 4(n)]. The nature of the cation plays a more
pronounced role. Exchanging potassium (yellow curve) for sodium
(green curve) yields moderate changes in both the computational
and experimental dielectric response. However, substitution with
the strongly kosmotropic lithium cation (blue curve) leads to a sub-
stantial reduction in the dielectric contribution of the amino acid,
consistently observed in both simulation and experiment. Replacing
the anion alters the dielectric permittivity of the amino acid less than
the variation of the cation, suggesting that anion substitution exerts
only a minor influence on the rotational dynamics of amino acids.

The dielectric contribution of water also consistently decreases
with increasing salt concentration across all investigated salts.
Notably, this reduction follows a more linear trend compared to the
corresponding decrease observed for the amino acid contribution.
Experimentally, the trends are similar to the trends of the con-
tributions of the amino acids. The more denaturing the ions, the
higher the decrease in permittivity, with cations appearing to exert
a stronger effect. The trends from simulation data are very similar
across all salts; however, the trends are not always visibly ordered
in the same manner as in experiments. The decline in permittivity
can be rationalized by a combination of dilution effects, ion hydra-
tion, and kinetic depolarization.”””>** While the more pronounced
dielectric decrement of water with KI compared to KCl can be par-
tially explained by the lower molar volume of water in the solution,
it is not as obvious for the dielectric decrement of the amino acid.
The molar volume of the amino acid does not change with the salt
concentration, yet the larger anion with lower charge density I” hasa
stronger effect on the contribution of the amino acid to the dielectric
permittivity than CI™.

B. Langevin function describes the dielectric
decrement

To quantify the trends shown in Fig. 4, we describe the
concentration-dependent behavior of the static permittivity ez (c’)
by a Langevin equation:

er(c®) = er(0) — Ae L(3A—A£P cs), (13)

where the Langevin function L(x) = coth(x) — 1/x is employed.
This formulation was initially introduced by Gavish and Promislow
to describe the permittivity decrement in aqueous electrolyte solu-
tions.”” Its applicability has since been extended to more complex
fluids, including aqueous ionic liquid mixtures, as demonstrated in
our previous work.”" We note that in ternary amino acid-salt-water
systems, the Langevin parameters Ae and AP should be regarded
primarily as phenomenological descriptors of the observed concen-
tration dependence of the dielectric decrement, rather than quanti-
ties with a unique microscopic interpretation. As shown in Fig. 4,
the characteristic Langevin-type response is not limited to the total
permittivity decrement (bottom panels) but also holds for the indi-
vidual permittivity contributions of the amino acid and water (top
and middle panels, respectively). For each fit, er(0) is the relative
permittivity at the zero-frequency limit, at zero salt concentration
(c® = 0) of that species. The total permittivity was evaluated with the
high-frequency limit €. (c’) subtracted, which does not influence
the fitting parameters AP and Ae. The values of er(0) were calcu-
lated from the time correlation function C(¢) at t = 0. We used the
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static permittivity eg(0) from the binary mixtures as a constant for
our fitting method to ensure comparability between different salts.
Since we deal with ternary mixtures (containing the amino acid, salt,
and water), the original meaning® of Ae as the difference between
the dielectric constant of water and the molten salt is no longer
applicable. Instead, Ae represents the difference between the dielec-
tric constants at zero salt concentration, ez(0), and at the limit of
high electrolyte concentration and is derived as a fit parameter. The
parameter AP denotes the total excess polarization of the salt.*> It
affects not only the curvature of concentration-dependent behav-
ior at high salt concentrations but also the initial decrement, that
is, e(c*) = £(0) — AP - ¢® for very low concentrations c’.

Figure 5 presents the fitted parameters AP and Ae obtained
from both simulations and experiments. The salts on the x-axis
are arranged from chaotropic to kosmotropic: potassium iodide
represents the most chaotropic case, followed sequentially by potas-
sium bromide and potassium chloride. Cation variations were then
analyzed in order of increasing kosmotropic character, beginning
with potassium, followed by sodium, and finally lithium. Across
the examined salt series, KCl consistently exhibits the lowest val-
ues of both Ae and, in most cases, AP. Especially in experimental
data, the parameter A¢ [see Figs. 5(j)-5(r)], consistently follows a
parabolic trend. Chaotropic anions yield larger Ae values compared
to kosmotropic anions, indicating a stronger perturbation of the
dielectric permittivity of both amino acids and water in electrolyte
solutions. In contrast, for cations, the effect is reversed: kosmotropic
cations exert the strongest influence on Ae. This behavior closely
parallels the established Hofmeister ordering.” Overall, the compu-
tational and experimental results display comparable trends across
all three investigated amino acids, underscoring the robustness and
transferability of the observed ordering.

The curvature parameter AP [see Figs. 5(a)-5(i)] exhibits con-
siderably larger variability and is markedly more sensitive to sta-
tistical fluctuations, particularly in the dilute concentration regime,
where small absolute uncertainties translate into substantial rel-
ative deviations. As a result, no systematic or statistically robust
Hofmeister-type ordering can be established for AP based on the
present data. We can see that the AP" parameter is considerabl
lower than AP*, which is reflected in the smaller curvature of R
compared to £f in Fig. 4.

Overall, the Langevin model provides an excellent empirical
description of the dielectric decrement over the entire salt concen-
tration range ¢’. In addition, it fits into Debye’s dielectric saturation
theory:‘;}“% the linear behavior at low ion concentration, due to
the alignment of the water dipoles with the electric field strength
of the ions, transitions into a saturation regime where the slope
of the dielectric decrement vanishes with increasing salt concen-
tration. However, a mechanistically unambiguous interpretation of
the underlying parameters Ae and AP remains challenging, indi-
cating that these fitted quantities, while quantitatively descriptive,
do not directly yield conclusive insight into the molecular origin of
ion-specific effects without further structural or dynamical decom-
position. Nevertheless, the two parameters Ae and AP depend on the
amino acid-salt combination and, therefore, are ion-specific prop-
erties. We can see that although the absolute values of Ae between
experiments and simulations vary, the relative order is consistent.
This means that the difference between the static permittivity of the
binary amino acid and water solution and the theoretical minimum
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of permittivity in ternary solutions with different salts correlates
with the order of the Hofmeister series. Kosmotropic cations with
high charge density and chaotropic anions with low charge density
have a greater influence on the static permittivity than chaotropic
cations and kosmotropic anions. Furthermore, this parameter not
only describes the total permittivity of the ternary solutions but can
also be decomposed into water and amino acid contributions to the
permittivity, which follow the same trend.

IV. COLLECTIVE DYNAMICS AND IMPLICATIONS
FOR STRUCTURAL PROPERTIES

The influence of dissolved salts on the relaxation dynamics
of water has been examined extensively and is often discussed in
connection with the Hofmeister series.”” °' Recent computational
studies have emphasized the role of ions on the orientational correla-
tions among solvent molecules, which is quantified by the Kirkwood
factor g, and links these correlations to macroscopic dielectric
responses.”””’ In this work, we extend these concepts to more
complex multicomponent systems comprising two distinct dipolar
species: water and amino acids. The introduction of amino acids
modifies the intrinsic hydrogen-bond network of water, generating
an additional level of structural organization. Subsequent addition
of salt perturbs this composite network, influencing both the long-
range structuring of water and the orientational correlations of
the amino acids. Our results show that several salt-induced effects
observed in binary salt-water solutions persist in ternary mixtures.
Moreover, specific trends can be linked to distinct contributions of
the individual components, offering a more nuanced understand-
ing of how salts modulate the collective dielectric and structural
properties of such mixed systems.

A. Salt effects on collective reorientation dynamics

Apart from the dielectric decrement, the salt significantly
impacts the relaxation times of the dipolar species in the ternary
solutions. The relaxation times obtained from experiments and sim-
ulations are depicted in Fig. 6. The amino acid peaks consistently
exhibit red shifts with increasing salt concentration, which manifests
as an increase in 7 /7. In contrast, the behavior of the water band
shows either blue or red shifts depending on the specific combina-
tion of salt and amino acid. The relaxation times 7* and 7" derived
from the experimental spectra (Fig. 6, bottom part of each panel)
were obtained using Eq. (1). For the analysis of computational relax-
ation times 74 and 7" (see Fig. 6, top part of each panel), only
the autocorrelation functions C*4 and C"" from Eq. (4) were eval-
uated. When we analyzed the permittivity, we combined the terms
of the amino acid-water and amino acid-amino acid to obtain the
total contribution of the amino acid. This combination was possible,
as the static permittivity can be derived directly from the simulation
coordinates without any fitting procedures, and the total permittiv-
ity is simply the sum of the individual contributions. The relaxation
times do not exhibit this additive behavior. Therefore, we considered
only the self-terms for each molecular species (C** and C""). We
employed a KWW fit, as in Eq. (8), and the relaxation times were
then extracted according to Eq. (11). This approach ensures a mean-
ingful and consistent comparison between computationally derived
and experimentally measured relaxation times. While cross-term
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relaxation modes are omitted, they cannot be added to the relaxation
time in a meaningful way. In contrast, including cross-correlation
terms within a single KWW fit can bias the resulting relaxation
times, as a single characteristic time would then be forced to rep-
resent multiple relaxation processes that occur on different time
scales. This methodological distinction is crucial for water in lysine-
containing mixtures, where the relaxation time associated with the
cross-term is approximately an order of magnitude shorter than
that of bulk-like water. This is due to the different time scales on
which lysine and water relax. Usually, the cross-term of relaxation
between different species lies between the peaks of each species.
Lysine has the lowest relaxation time of all tested amino acids; con-
comitantly, the lysine-water cross-correlation relaxation time is the
slowest. Taking the average of the self- and cross-correlation relax-
ation times would skew the perceived relaxation time toward lower
time scales. Furthermore, this averaged relaxation time would not
reflect the peak maxima in the spectra. As the experimental fit was
derived from a two-peak fit model, we only get two relaxation times,
whereas from a computational standpoint we have three (amino
acid-water and water-amino acid correlation peaks should ideally
have perfect overlap). There is no meaningful way to combine the
7 value of the cross-terms with the self-terms. As we only have two
peaks in the experiments, we chose the two self-terms to compare the
computational results with the experimental results. Moreover, this
approach facilitates direct comparison with the single-particle dipole
relaxation times derived from the single-particle dipole autocorre-
lation function (see Sec. SV in the supplementary material), which

is essential for interpreting the correlation between the microscopic
structure and dynamical heterogeneity of the liquid.

The analysis of the fitted parameters shows that the relaxation
times of the amino acids increase systematically with rising salt
concentration, as illustrated in the top row of Fig. 6. This trend
agrees with earlier reports,**” which relate the effect to a salt-
induced increase in the effective viscosity of the solution. The
behavior of water in the ternary solutions is markedly different:
in all binary systems, the relaxation time of water exceeds that of
bulk water, with values of 9.01-10.9 ps in the experiments and
12.2-15.4 ps in the simulations, depending on the amino acid.
Among the investigated solutes, Ser induces the smallest increase,
whereas Lys produces the most pronounced slowdown. For com-
parison, previously reported bulk values amount to 8.38 ps® in
experiments and 8.5-11.1 ps®* for SPC/E water. The elevated relax-
ation times in the binary amino acid solutions can be attributed to
the retarded dynamics of hydration water near the solutes, which
effectively increases the local viscosity. Upon addition of salt, the
relaxation time of water may either increase or decrease, depending
on the specific amino acid-salt combination, and minor discrepan-
cies between experiment and simulation are observed. Reductions
in the relaxation time are commonly associated with a weakening of
the hydrogen bond network,’”"” the perturbation of collective water
dynamics, and modifications of dipolar correlations induced by the
ions.”*"’

As discussed by Feldman and Ben Ishai,® the addition of ions
to aqueous solutions typically induces a blue shift of the water
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relaxation peak, whereas the presence of polar solutes leads to a red
shift. Consequently, the relaxation times of water in binary amino
acid-water mixtures exceed those of pure water. Upon introducing
salts into these mixtures, however, the relaxation times decrease for
certain ions, as shown in the bottom row of Fig. 6. For molecular
solutes such as amino acids, which possess both ionic and dipolar
character, the dependence of relaxation dynamics on concentration
is intrinsically complex and does not follow a simple monotonic
relationship.®® The addition of salt to such systems triggers several
competing mechanisms: some processes promote slower dynamics,
whereas others accelerate the reorientation of water in the ternary
mixtures. Despite this interplay, a clear trend emerges across all
studied systems. Ions with higher charge densities systematically
produce larger increases in the water relaxation time as salt concen-
tration rises. To quantify this effect, we applied a linear model in
which we kept the relaxation time of the constituent in the corre-
sponding binary mixture constant to allow for comparability across
systems. The resulting fits show that ions with higher charge density
yield higher slopes. This indicates that there is a specific ion effect on
relaxation times. Kosmotropic ions lead to higher relaxation times of
the amino acid and the water relaxation. Chaotropic ions give rise to
lower relaxation times of amino acids and can even lead to relax-
ation times of water that are lower than in binary water-amino acid
mixtures.

B. Single-particle rotation and collective dielectric
response

We evaluated the single-particle relaxation times of both amino
acids and water from the MD trajectories; the results are presented
in Fig. $10 in the supplementary material. The single-particle relax-
ation times increase in all cases, for both amino acid and water
relaxation modes. This indicates that the relaxation of individual
molecules is decelerated by ions in all cases. The higher the charge
densities of the ions, the slower the molecular relaxation times.
The relationship between single-particle relaxation times 7,,, and
collective relaxation times 7 can provide information about the
structure of the liquid system. The structural organization of the
liquid and its collective dynamical response are inherently linked
through the Kirkwood factor g;, shown in Fig. 7. From a dynam-
ical perspective, g, represents the ratio of the collective relaxation
time 7 to the single-molecule relaxation time 7,,, known as the
Kivelson-Madden relationship in Eq. (14):""'

8K = %> (14)
_ (Mp)
< NGy 1

The second equation, Eq. (15), provides a static interpretation, relat-
ing the collective dipole moment Mp to the single-molecule dipole
moment y, where N denotes the number of molecules of the species
under consideration. Thus, (Mp)/N can be regarded as an effective
dipole moment pZ. A decrease in 7 accompanied by an increase
in 7,0 therefore leads to a pronounced reduction in g, reflect-
ing a decrease in parallel or an increase in antiparallel correlations
within the system. As shown in Fig. 7, Kirkwood factors below unity
indicate predominantly antiparallel dipole arrangements.”> Such
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configurations relax more rapidly than parallel dipole alignments,
as the collective dipole moment relaxation is heavily influenced
by individual molecular reorientation.”” Honegger and Steinhauser
describe that two molecules possessing the same single-particle
relaxation time can exhibit different collective relaxation behav-
iors depending on their relative orientation.”” When dipoles are
already positively correlated, the absolute value of the collective
dipole moment is large, but the angle of rotation of the collec-
tive dipole moment is comparatively low.”” This behavior manifests
as high permittivities and slow relaxation times. When two dipole
moments are already antiparallel, the value of the collective dipole
moment is small.”> However, small rotations of the molecules can
effectively flip the collective dipole moment by up to 180°.7>

This implies that the reduction in " and "W in Figs. 6(c),
6(d), 6(g), 6(h), 6(k), and 6(l), together with the accompanying
decrease in permittivity [see Figs. 4(c), 4(d), 4(i), 4(j), 4(0), and
4(p)], can arise from a smaller number of water molecules effec-
tively contributing to the collective fluctuations of the macroscopic
polarization. In such situations, the reorientation of the remaining
contributing molecules has a disproportionately larger impact on the
dielectric response than in systems where a larger fraction of water
participates. Consistent with this interpretation, the collective relax-
ation times of water approach the corresponding single-molecule
relaxation times as the salt concentration increases. In binary amino
acid-water mixtures, 7\, is significantly lower than V", With
increasing salt concentration, these two values become closer to
each other. An increase in single-particle relaxation times 7,,, com-
bined with a decrease in collective relaxation times 7 can be traced
to disruptions in the microscopic organization of the liquid. In
particular, the behavior is consistent with increasing dipole-dipole
anti-correlation or decreasing dipole-dipole correlation.

The behavior observed for the amino acids is different: in most
systems, the collective relaxation times closely match the molec-
ular relaxation times. This indicates that there is no significant
amino acid-amino acid correlation. A notable exception occurs
in mixtures containing lithium ions, where the molecular relax-
ation times are significantly longer than the collective ones. Strong
ion—amino acid coordination restricts individual molecular reorien-
tation, thereby increasing the single-particle dipole relaxation times.
The shorter collective relaxation times, in turn, can be explained
by antiparallel dipole alignment within these coordinated structures
as depicted in Fig. 8(d). Because these associated dipole moments
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largely cancel their contribution to the permittivity, these slowly
reorienting molecules do not contribute to the collective dielectric
relaxation. In contrast, amino acids in solutions with less strongly
coordinating salts exhibit collective relaxation times comparable to
the corresponding molecular relaxation times, indicating that the
collective amino acid relaxation in these systems is primarily gov-
erned by the rotational dynamics of individual molecules. In the
absence of nearby ions, amino acids favor a parallel, head-tail align-
ment, as illustrated in Fig. 8(b), since this geometry maximizes the
dipole-dipole attraction between neighboring dipolar species. The
radial distribution function g, and the dipole-dipole orientational
radial distribution g,,, can be used to assess how molecules are posi-
tioned. For more information on these functions, see supplementary
material, Sec. SVI. The amino acid-amino acid g, (r) and g,,,(r)
(see supplementary material, Figs. S11-S16 first column) functions
both have a maximum at the distance where tail-to-tail ordering
occurs, indicating that the local density at that distance is enriched
and that they are parallel aligned, as in Fig. 8(b). Another possi-
ble conformation is the side-to-side ordering of amino acids, as
depicted in Fig. 8(a). This conformation is, however, depleted for
arginine in the g ,,(7) function (see supplementary material, Figs.
S11 and S14). The coordination of lithium flips the dipole-dipole
orientation. The two initial extrema in the g,,(r) function for argi-
nine and lysine (see supplementary material, Figs. S14 and S15) flip,
meaning the minimum in the g;,,(r), which is the antiparallel ori-
entation at close distances like Fig. 8(a) becomes a maximum due
to coordination of two or more amino acids to one lithium ion,
like in Fig. 8(c). The head-to-tail conformation in Fig. 8(b) which is
observable as the maximum in the g,,,(r) function, becomes a head-
to-head conformation as shown in Fig. 8(b). All other salts have
single-particle relaxation times that are similar to collective relax-
ation times. Under these conditions, the rotational motion of the
individual molecular amino acid dipoles contributes directly to the
overall polarization of the system and is not impeded by additional
coordinating interactions.

The single-particle relaxation times increase for all amino acid
and water contributions with increasing salt concentration for all
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FIG. 8. Snapshots from the simulations
of parallel and antiparallel dipole align-
ments of lysine molecules. (a) and (b)
show the conformations found in binary
solutions and all electrolyte solutions
other than high concentrations of LiCl
and (c) and (d) show how lithium ions
flip the dipole—dipole orientation of the
amino acid-amino acid conformations.
The red arrows are the dipole moments,
and the distances are distances from
B-carbon to B-carbon.

salts. Salts with higher charge density lead to higher single-particle
relaxation times. The relationship between 7,,, and 7 can provide
information on the structure of the liquid. Amino acid contri-
butions show that 7,,,; and 7 are similar in all ternary mixtures
except for systems containing Li*. This indicates that there is no
strong amino acid—amino acid dipole-dipole correlation. The con-
trasting trends in the dielectric relaxation behavior of water—i.e.,
the increase in single-particle relaxation times with simultaneously
decreasing collective relaxation times—are consistent with increas-
ingly antiparallel alignment of water molecules in the solution.
Therefore, the decrease in collective relaxation time can indicate less
parallel alignment of water-water dipole-dipole correlations.

V. STRUCTURAL ANALYSIS

A. Structural analysis of dipole correlations via
9q110(r) and the Kirkwood factor

While the Kivelson-Madden relationship in Eq. (14) offers
valuable conceptual insight, it exhibits two principal limita-
tions. First, it requires an additional proportionality constant [see
supplementary material, Eq. (510)] that is frequently omitted in
practical applications, thereby reducing its quantitative reliability.**
Second, it does not adequately account for cross-correlations in
multicomponent systems, where dipolar interactions between dis-
tinct species play a significant role.”” To overcome these limitations,
the dipole-dipole orientational radial distribution function’’"”
£110(r) can be employed to characterize the relative orientations of
dipoles belonging to different molecular species. The correspond-
ing g,,,(r) functions for the systems studied here are shown in Figs.
S$14-S16 of the supplementary material. Integration of g;,,(r) over

73,76

spherical shells yields' " the spatially resolved Kirkwood factor,

N r
g(r) =1+ szmRz aio(R) dR, (16)
0

which provides a more complete description of dipolar correla-
tions by explicitly incorporating both intra- (ii) and interspecies (ij)
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orientational contributions. One limitation of evaluating g, via
Eq. (16) is its sensitivity to statistical noise at larger intermolecular
distances. Numerical noise in this long-range region strongly affects
the integral, thereby distorting the resulting g, values. In our sim-
ulations, we observe that all g,,,(R) functions decay toward zero at
shorter distances for systems with higher salt concentrations than
for systems with lower ionic strength. None of the binary systems
converge to zero, even at large distances. Consequently, when g,
is computed from Eq. (16), an apparent increase may emerge at low
salt concentrations before a decrease sets in at higher concentrations,
which might be due to limited simulation box lengths. When g}’
does not level off to zero at half the box length, the spatially resolved
g&" does not plateau, which means the value is not converged and,
therefore, not assured. We conducted additional simulations with
increased box sizes; however, we were unable to completely elim-
inate this effect. We discuss the size effect and the concentration
dependence on the plateauing behavior of the spatially resolved git "
function in greater detail in the supplementary material, Sec. SVIII.
Considering that the amino acid relaxation peak consists of two
contributions (sﬁ =it + sﬁw), we can now take a closer look at the
contributions of amino acid—water relaxations that manifest in e4"
and amino acid-amino acid relaxation that manifests in sﬁA, and
how they relate to the collective structure. Figure 9 displays how eg”,
24, 62", and g&" behave in the different systems. Figures 9(a), 9(e),
and 9(i) display the Kirkwood factors g, for all amino acid-amino
acid pairs obtained from g,,,(r), where the upper integration limit
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in Eq. (16) corresponds to half of the length of the simulation box.
Except for LiCl, the addition of salt has no significant influence
on gg®. In all other systems, the Kirkwood factor remains close to
unity, indicating an essentially random orientational distribution of
amino acids in solution. This observation is consistent with the static
dielectric permittivity in Figs. 9(b), 9(f), and 9(j), which is constant
in all systems except for solutions containing LiCl. Thus, changes
in amino acid-amino acid orientations are not responsible for the
dielectric decrement associated with the amino acid relaxation peak.

Lithium chloride represents a clear outlier due to its strong
coordination with the amino acids. This interaction promotes the
formation of amino acid dimers or even larger aggregates, leading
to a reduction in g, and visible peak inversions in the Arg-Arg and
Lys-Lys orientational correlations in the g,,,(r) functions (see Figs.
S14 and S15 of the supplementary material). These structural motifs
induce pronounced depolarization effects in e5*, a mechanism rem-
iniscent of the frequently reported salting-in effect.”””® In our trajec-
tories, we observe multiple lithium ions coordinated simultaneously
to several amino acids, enforcing antiparallel dipole orientations
within these clusters as depicted in Fig. 8(d). While other cations do
not promote such aggregation, lithium uniquely alters the structural
alignment between amino acid molecules, thereby influencing their
collective dielectric response.

There is an apparent discrepancy between the constant g&"* and
ez in Fig. 9. The g¢* values for all K* -containing arginine solutions
appear nearly constant, which is consistent with our assessment that

Arg Lys

JIES

FIG. 9. Kirkwood g-factor g, and decomposed ez of all
amino acids and all contributions. The top panels show
the self-terms of amino acid—amino acid (AA) correlations

and the bottom panels show the amino acid-water (AW)

correlations of arginine (left), lysine (middle), and serine
(right). The structure factor of AA was calculated by Eq. (14)
(dotted lines) and Eq. (16) (solid lines) for comparison.
As the Kivelson-Madden relationship cannot be applied
to mixed species, they were only evaluated according to
Eq. (16) (solid lines). The contributions &A% and e to eg
were calculated according to Eq. (4) where j =i and j =i,

SS0JD

respectively.

0.0 0.5 1.0 0 1 2 0
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g’ is constant. However, all g&" of K*-salt systems are also nearly
constant in arginine systems, which does not align with the pro-
nounced variations observed in the e2" contributions. Considering
that £ﬁ decreases, the decrease must either be from changes in amino
acid-amino acid or amino acid-water correlations. In theory gg"”
and sﬁw should resemble the same trend, as ez can be calculated
from ]\7112), see Fig. 7, which we used to calculate &g, see Eq. (4). This
discrepancy might be due to uncertainties in the g,,, functions and
subsequent integration errors. The higher the salt concentration, the
faster the g, ,, function converges to zero. As the systems containing
arginine have lower salt concentrations, convergence is not necessar-
ily achieved. Section SVIII in the supplementary material discusses
the convergence in greater detail. The top panels of Fig. 9 demon-
strate that the Kivelson-Madden relationship captures changes in
the permittivity more faithfully than the g, obtained from the
£110(r) function. However, because cross-terms cannot be extracted
from the Kivelson-Madden expression, it remains unclear whether
this discrepancy arises from integration-related uncertainties in
Eq. (16) or from the possibility that potassium salts do not substan-
tially modify the long-range orientational structure of Arg relative to
water.

Overall, the decrease of eﬁ can be attributed to a decrease in
g&". The amino acid-amino acid correlations are not affected by the
addition of salt, except for LiCl. That means that the changes in the
amino acid peak are dominated by amino acid-water correlations.

B. Long-range interactions of amino acid-water
dipolar cross-correlations

Even though the amino acid-amino acid (AA) orientational
structure remains largely unaffected by the addition of salt, a pro-
nounced dielectric decrement is observed in Figs. 4(a), 4(b), 4(g),
4(h), 4(m), and 4(n). Our analysis shows a systematic reduction in
the Kirkwood factor g for all amino acids and salts when amino
acid-water (AW) correlations are considered, as shown in Figs. 9(c),
9(g), and 9(k). This decrease originates from the strong local ion
fields, which disrupt dipolar ordering well beyond the first solva-
tion shell. We found that the decrease in git" is mainly caused by
long-range restructuring beyond the first two solvation shells, which
can be observed as the second minimum in the g,,, functions. A
reduction in g, reflects an increasing tendency toward antiparal-
lel alignment between water and amino acid dipoles, which in turn
causes a substantial decrease in the cross-term sﬁw in Figs. 9(d),
9(h), and 9(i).

A schematic representation of the dominant dipole-dipole
interactions between the amino acid and surrounding water
molecules is provided in Fig. 10. Within the first solvation shell, the
correlation function g,,,(r) assumes negative values at very short
distances, reflecting the preferred side-by-side orientation of the
amino acid and water dipoles [see Fig. 10(b)]. The pronounced max-
imum at ~4 to 5 A arises from head-tail configurations in which the
dipoles are aligned in parallel (supplementary material Figs. S14-S16
show the g,,, functions for all amino acids and salts; the AW cor-
relations are the middle columns). Owing to the long-range nature
of dipole-dipole interactions, water molecules at distances beyond
10 A also tend toward parallel alignment. However, these effects
are barely visible in the g,,, function as it converges to zero at
these distances. At elevated salt concentrations, shown in Fig. 10(a),
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FIG. 10. Schematic representation of the Ser-water orientation based on g4, (r)
atlow (a) and high (b) salt concentration. The local ion field may overlay the subtle
long-range dipole—dipole interaction between the amino acid and water. The gy,
function of solutions with low concentration (0.25 mol L=") and high concentration
(2.0 mol L= of K are shown to demonstrate the effects on the dipole—dipole
orientation of water around amino acids.

the water dipole orientations in close proximity to the amino acid
are less antiparallel at the first minimum and more parallel at the
first maximum compared to low salt concentrations. This is due to
strong local ion fields and the parallel alignment of water molecules
when water and amino acids are affected by the same ion field. The
initial two peaks of the g;,, function would indicate more paral-
lel alignment and, therefore, a higher g,. However, the long-range
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effects—i.e., alignments of dipole moments beyond the first two sol-
vation shells—dominate the overall g,, which we can see as gi"’
decreases with increasing salt concentrations in Fig. 9. Local ion
fields generated by the ions dominate the orientational ordering
of the water dipoles and strongly counteract the long-range ori-
entational influence of the amino acid. In extreme cases, such as
Arg in LiCl solutions, the permittivity from cross-correlations 5"
approaches zero at high salt concentrations (0.75 mol L™"). The
behavior of the gfjy functions (see supplementary material $14-S16
middle columns) can be generalized. We can see that the two initial
peaks in these functions are less negative or more positive, respec-
tively, at high salt concentration. This indicates that there is more
parallel alignment of water in proximity to amino acid molecules
at high salt concentration. As the overall g, decreases with increas-
ing salt concentration, the total parallel alignment, however, must
decrease with increasing salt concentration. This decrease in paral-
lel alignment must, therefore, come from subtle long-range effects.
This behavior indicates that the dielectric decrement associated with
the amino acid peak is largely governed by ion-induced alterations
in the long-range water-amino acid dipole structure, rather than by
neighboring amino acid-water interactions.

This behavior resembles the findings of Zhang ef al.”* for aque-
ous salt solutions. They reported that, although the structure of
bulk water remains largely unaffected by the addition of salt, the
cross-correlation between bulk water and water in the solvation shell
exhibits a characteristic arc-like dependence on salt concentration.
While we did not explicitly separate bulk and hydration-shell water
in our analysis, we observe analogous trends in both the AA and
AW correlations. Long-range correlations of amino acid and water
influence the overall ez. As depicted in Fig. 10(a), the orientation of
water molecules that are part of an ion shell is influenced by local
ion fields. The reorientation of water and amino acid molecules,
which are affected by different ionic fields, can lead to long-range
anticorrelations. The local ion fields disrupt the long-range orien-
tation of dipole moments beyond the first solvation shell. This can
also be observed in the g,,, functions, which approach zero more
quickly in solutions with higher salt concentrations. However, this
effect is very subtle, whereas the change in the structure of the first
solvation shells can be observed from the 110 functions. In contrast,
AA correlations remain largely unchanged across all salts and con-
centrations [see Figs. 9(a), 9(e), and 9(i)], except in the presence
of Li* ions. Lithium induces enhanced amino acid coordination,
resulting in a nonlinear reduction of the AA contributions (blue
curve). This effect is due to the direct influence of lithium on the
amino acid-amino acid orientations [see Figs. 8(c) and 8(d)]. For
all other ions, the AA dipole-dipole correlations remain essentially
unaffected, mirroring the invariant bulk water-bulk water correla-
tions described by others.”*’ While amino acids are coordinated to
an ion, they are rarely coordinated to the same ion; therefore, they
move independently.

Given that amino acids are known to be strongly hydrated,*
the addition of salts could modify the size and/or structure of
their hydration shells."”'"* The first minimum in gf; () for amino
acids and water (see supplementary material, Figs. S14-S16, middle
panels) becomes progressively shallower with increasing salt con-
centration, which, in isolation, would lead to an increase in g.
Similarly, the subsequent maximum grows in intensity and would
likewise contribute positively to g,.. However, depolarization is not
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a purely local phenomenon. The features discussed above occur at
short intermolecular distances, where the volume of the correspond-
ing spherical shells is small, and thus their contributions to the
integral in Eq. (16) are minor. As a result, the dominant effect is a
net decrease in g, with rising salt concentration, demonstrating that
ion-induced perturbations of dipolar order extend well beyond the
first solvation shell.

VI. CONCLUSION

Our combined experimental and computational analysis
demonstrates that the dielectric response of aqueous amino acid-salt
solutions is governed by robust and systematic ion-specific effects.
Across all systems, the static permittivity decreases monotonically
with increasing salt concentration and is accurately described by
a phenomenological Langevin-type functional form for both the
total permittivity and the decomposed contributions of water and
amino acids. The magnitude of this dielectric decrement follows a
clear Hofmeister-type ordering: cations with high charge density,
most notably Li*, induce the strongest reduction in permittivity.
Anionic effects are generally weaker and more variable, but they
also follow established chaotropic/kosmotropic trends; anions with
lower charge density, such as I", invoke greater changes. In this
sense, the observed trends parallel classical salting-in and salting-
out behavior, where ions of different hydration strengths modulate
the effective interactions and dynamic response of solutes. Figure 11,
row 4, shows that the static permittivity er decreases for all salts,
with the smallest decrease observed for KCl and progressively larger
decreases for cations with higher charge density and anions with
lower charge density.

MD simulations reveal that the decrease in permittivity orig-
inates not from changes in the permanent dipole moments of the
amino acids, but rather from ion-induced restructuring of dipolar
correlations. Strongly kosmotropic cations preferentially coordi-
nate to the carboxylate groups and, in extreme cases, promote the

KI  KBr LiCl
0°9°9°9°9, s
ASA>A>A> A

V<V<V<V<d v .w
V=V="<7<¥ &

V<¥V<i>7>¥ ==

FIG. 11. Ranking of the dielectric properties in the Ser solutions of this study as a
function of the added alkali halide salt. The ionic charge density increases system-
atically from Kl to LiCl. The symbols >, =, and < denote whether the respective
property decreases, remains unchanged, or increases with increasing ionic charge
density. Colored arrows indicate the variation of each property with increasing salt
concentration, where upward arrows represent an increase and downward arrows
a decrease. The arrow colors distinguish the different salt species. The indices AA
and WW indicate the collective relaxation times of the computational correlation
functions of the amino acid and water. The indices A and W are the respective
indices for the experimental data.
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formation of amino acid dimers or small aggregates with antipar-
allel dipole alignment. This results in substantial depolarization
of the amino acid contribution to the permittivity, an effect con-
sistent with ion-induced modulation of solute-solute interactions
seen in salting-in/out phenomena. In contrast, amino acid—-amino
acid orientational correlations remain largely unaffected by all other
salts, underscoring that the dominant structural perturbations arise
from modifications of amino acid-water and water-water dipolar
correlations rather than direct changes in amino acid packing.

The relaxation dynamics similarly reflect ion-specific behav-
ior as sketched in Fig. 11. The relaxation times of the amino acid
modes increase with rising salt concentration (upward arrows in the
first row) and correlate with ionic charge density, with LiCl again
producing the most pronounced slowdown. The water relaxation
dynamics exhibit a more complex interplay of effects: although the
single-particle reorientation of water universally slows down upon
salt addition, the collective water relaxation time may decrease for
ions of lower charge density (second row in Fig. 11). This diver-
gence between single-particle and collective dynamics reflects the
disruption of long-range dipolar networks and an enhanced antipar-
allel alignment that reduces the number of molecules contributing
cooperatively to the collective mode.

In this context, it is worthwhile to mention that at higher
electrolyte concentrations, or for ion species with a stronger propen-
sity for ion-ion association, ion pairing and the formation of ionic
aggregates may become increasingly relevant and can modify the
dielectric response. In dielectric spectroscopy, such effects may man-
ifest as additional low-frequency relaxation processes and deviations
from simple Debye or Cole-Cole behavior. In this regime, the dielec-
tric decrement and relaxation dynamics are no longer governed
solely by solvent-mediated dipolar correlations, and explicit ion-ion
correlations would need to be considered. The present framework,
therefore, applies most directly to the concentration ranges explored
in this work, where no additional relaxation processes are observed
within the present experimental window. From a computational
point of view, 9, discussed in the supplementary material in Sec.
SII, cannot be neglected at high concentration regimes of electrolytic
solutions.

Altogether, these results show that specific ion effects in
electrolyte—amino acid mixtures manifest primarily through the
modulation of long-range orientational correlations rather than
through local changes in hydration structure alone. This perspective
is consistent with broader frameworks used to rationalize salting-
in and salting-out behavior, suggesting that even simple amino
acid solutions capture essential features of Hofmeister-type speci-
ficity. While amino acids constitute only minimalistic models of
biomolecular building blocks, the trends identified here may pro-
vide microscopic insight into how ions modulate interactions in
more complex systems. Further work will be required to assess how
these mechanisms extend to peptides and proteins, where additional
structural and dynamical factors come into play.

SUPPLEMENTARY MATERIAL

The supplementary material contains supporting exper-
imental dielectric spectra and analysis (pH measurements,
concentration dependence, spectral decomposition, Cole-Cole
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parameters, and conductivity), as well as dielectric spectra
of ternary amino acid-salt solutions. Additional simulation
methodology and results are included, comprising single-particle
relaxation times, molecular radial and orientational correlation
functions, water-structure metrics, force-field parameters, and
finite-size/convergence assessments.
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