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Abstract In this study, we examine the Soret effect of ammonium chloride (NH4Cl) and its alkyl-substituted
derivatives: dimethylammonium chloride (DMACl), ethylammonium chloride (EACl), and trimethylammo-
nium chloride (TMACl) in aqueous solution using infrared thermal diffusion forced Rayleigh scattering.
The Soret coefficient, ST, increases systematically with alkyl substitution, following the trend NH4Cl �
DMACl < EACl � TMACl, while hydrophilicity decreases correspondingly. Across the investigated tem-
perature range (15−45◦C) and concentrations (1–4 mol/kg), ST increases with both temperature and
the degree of alkyl substitution. However, the concentration dependence varies among the salts. DMACl,
EACl, and TMACl exhibit decreasing ST with increasing concentration and are predominantly thermo-
phobic; TMACl remains thermophobic under all conditions. In contrast, NH4Cl shows a non-monotonic
concentration dependence above 35 ◦C and is largely thermophilic. We discuss the origin of this minimum
at elevated temperatures in relation to other aqueous salt systems that exhibit non-monotonic behavior
of ST with respect to concentration. Overall, each additional alkyl substitution decreases the temperature
sensitivity of the Soret coefficient, ΔST(ΔT ), consistent with reduced solute hydrophilicity. Furthermore,
we observe a clear correlation between the thermal diffusion coefficient and the thermal expansion coeffi-
cient in these aqueous electrolyte solutions. This is consistent with the trends reported for nonpolar organic
mixtures and aqueous solutions of non-ionic solutes. These findings highlight thermodiffusion as a sensitive
probe for understanding how hydrophilicity and ion-specific interactions govern molecular transport in
aqueous environments.

1 Introduction

Thermodiffusion is the migration of solute molecules
along a thermal gradient and is quantified by the Soret
coefficient, ST. Thermodiffusion has numerous prac-
tical applications. It serves as a key mechanism in
desalination [1], contributes significantly to petroleum
reservoir management [2], and facilitates the forma-
tion of protein-based, cell-like proto-metabolic systems
[3]. In energy storage and conversion, it influences the
efficiency of thermogalvanic cells [4] and absorption
chillers [5]. In biology and medicine, thermophoresis
has become a powerful tool for probing biomolecu-
lar interactions, including protein–ligand binding and
drug–target affinities [6,7].

When it comes to aqueous systems, this process is
sensitive to the nature of solute–water interactions, par-
ticularly to the structure and dynamics of the hydration
layer surrounding the solute [8–11]. Owing to this sen-
sitivity, thermodiffusion of aqueous systems has been
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widely investigated in recent years for various solutes
such as colloids [12–14], polymers [15–17], biological
molecules [3,11,18,19] and small ionic and non-ionic
solutes [5,20–23].

Despite its broad utility, however, there is still no
microscopic theory that can predict either the mag-
nitude or the direction of the Soret coefficient. While
mass, molecular shape, and moment of inertia primar-
ily determine the thermodiffusive behavior of nonpolar
substances, in polar and especially aqueous solutions,
thermodiffusion is instead influenced by the solute’s
hydrophilicity, as well as by pH and ionic strength [9].

In binary mixtures, solute transport arises from
both concentration and temperature gradients and is
explained by the flux expression

−→
J = −ρD

−→∇c − ρc (1 − c) DT
−→∇T (1)

where c is the solute mass fraction, D the Fickian dif-
fusion coefficient, and DT the thermal diffusion coeffi-
cient. At steady state, the balance of these two fluxes
defines the Soret coefficient, ST = DT/D [21,22]. ST

can show positive or negative values, indicating the
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direction of solute migration under a temperature gra-
dient. A positive ST implies that solute molecules pre-
fer the colder region, whereas a negative ST means that
solute accumulates in the warmer region.

The thermodiffusion response of ions in water is
rather complex as it arises from intricate ion–solvent
interactions that fundamentally govern the structural
and dynamical properties of aqueous electrolytes. How-
ever, a microscopic understanding of these structural
changes is still needed. The arrangement of water
molecules around an ion is governed by the size,
charge, and polarizability of the ion and gives rise to
structured water layers whose organization is highly
dynamic. These hydration shells reorganize continu-
ously in response to concentration, temperature, pH,
and counterions [24–26]. Hydrophobic hydration, par-
ticularly relevant for ions with nonpolar substituents,
adds further complexity to ion–water interactions [27,
28]. Thus, in this work, we connect the well-
characterized hydration of simple inorganic ions with
the tunable chemistry of organic ions. A deeper under-
standing of ion–solvent interactions is essential for
interpreting solvation thermodynamics and explaining
ion-specific effects on diffusion, conductivity, and the
optimization of electrolytes in cases such as the Seebeck
effect for waste heat recovery, biomolecule transport, or
prebiotic chemistry [28,29].

The concentration and temperature dependence of
the thermodiffusion behavior of aqueous salt solutions
has been investigated through both experimental stud-
ies and simulations [10,23,30–40]. The concentration
dependence of ST for a salt in water is not uniform.
It may increase, decrease or exhibit a minimum with
increasing concentration. Similar to non-ionic molecules
in water, the Soret coefficient generally increases with
temperature. In some cases, the system exhibits ther-
mophilic behavior at low temperatures and thermo-
phobic behavior at high temperatures [22,23], indi-
cating a sign change in ST. As all salts are heav-
ier than water, thermophobic behavior is expected if
mass dominates, which is indeed the case for many
salts [21,32,35,37]. However, iodide salts exhibit nega-
tive Soret coefficients at low temperatures and concen-
trations [10,40]. Additionally, few salts such as guani-
dinium thiocyanate, and many lithium salts, exhibit a
negative ST across a wide range of concentrations and
temperatures [5,10,23,34,39,41]. Hydration is believed
to play a key role in determining the sign of the Soret
coefficient and may be responsible for its negative val-
ues in certain systems. Studies suggest that strongly
hydrated salts tend to accumulate on the warm side.
The extent to which, besides hydrophilicity, a high
charge density, as in lithium, is responsible for ther-
mophilic behavior is still an open question. As tem-
perature increases, the hydration shell weakens, leading
to diminished thermophilic behavior. Because hydrogen
bonding is highly temperature-dependent, this effect
is reflected in the temperature sensitivity of thermod-
iffusive behavior [42,43]. Recent studies have shown
that the temperature dependence of the Soret coeffi-
cient ΔST, defined as the difference in ST between a

high and a low temperature, correlates for diluted solu-
tions directly with the hydrophilicity parameter log P
[9,22,37]. The partition coefficient P denotes the con-
centration of a solute between an organic and an aque-
ous phase [44]. The calculation of log P is based on
the assumption that the compound exists solely in its
unionized form. In contrast, the distribution coefficient,
log DpH, depends on pH, as it reflects the contribu-
tions of all solute species—ionized, partially ionized,
and unionized—present at that specific pH. Note, that
log DpH is often simply written as log D. Here, we use
the subscript to avoid confusion with the collective dif-
fusion coefficient D.

As mentioned at the beginning, the Soret coefficient
of some salts shows a minimum as a function of con-
centration [10,33,34,39,45–47]. Since this phenomenon
was reported [31,45,48–50], numerous attempts have
been made to explain the observed behavior. Cur-
rently, two approaches are under discussion, both based
on Lennard–Jones models, which are poorly suited
to describing electrolyte solutions [10,51]. The first
approach links the minimum to the point where ion
hydration shells begin to overlap, but relies on sim-
plified ion-pair treatment and adjustable parameters
[10]. Computer simulations of aqueous LiCl solutions
also suggest that a strong hydration shell is crucial for
understanding the minimum value of the Soret coeffi-
cient as a function of concentration [34]. The second
study, conducted by Gittus and Bresme [51], relates
the minimum of ST to a corresponding minimum in
the thermodynamic factor. This relationship has been
observed in simulations of Lennard–Jones particles,
where kinetic effects are neglected. However, a recent
analysis of various salt systems has shown that this
purely thermodynamic approach fails to describe elec-
trolyte solutions [40]. To date, no microscopic expla-
nation has been provided for the minima of the Soret
coefficient as a function of concentration.

Among nitrogen-containing species, ammonium
(NH+

4 ) serves as a simple model system for probing
ion–solvent interactions. With four N–H bonds, it forms
a tetrahedral structure and a well-defined hydrogen-
bonding environment, although the strength and rigid-
ity of this shell remain debated [52]. A recent study by
Ekimova [52] shows that NH4 donates hydrogen bonds
to four water molecules within its first solvation shell,
while a fifth water molecule remains closely associated
with the hydrated ion, influencing its rotational dynam-
ics. However, their simulations suggest a weaker interac-
tion that allows nearly free rotation of NH+

4 in aqueous
solution [52]. Extending beyond NH+

4 , alkylammonium
halides represent an important class of salts that com-
bine ionic and hydrophobic character within the same
molecule, with hydrophobicity that can be tuned sys-
tematically [53]. Their hydration properties have been
extensively studied using both experimental and simu-
lation approaches [24,54].

In this work, we investigate a well-defined series
of ammonium salts, ammonium chloride (NH4Cl),
dimethylammonium chloride (DMACl), ethylammo-
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Table 1 Properties of ammonium salts

Salt MW / g/mol log DpH Ndon pH

NH4Cl 53.49 -1.99 4 4.7
DMACl 81.54 -1.50 2 5.3
EACl 81.54 -1.40 3 5.4
TMACl 95.57 -1.35 1 5.5

MW is the molecular mass and Ndon is the number of hydrogen-bond donors. Details about the calculation of log DpH can
be found in the Supplementary Information Section S3. The pH of the salts was measured at 1 mol/kg

Fig. 1 Chemical structures of the investigated ammonium
salts along with their corresponding log DpH values. A more
negative log DpH indicates greater hydrophilicity. The color
of each structure corresponds to the representative color
of the respective salt used throughout the figures in the
manuscript

nium chloride (EACl), and trimethylammonium chlo-
ride (TMACl), to study their thermophoretic behav-
ior using infrared thermal diffusion forced Rayleigh
scattering (IR-TDFRS). The stepwise substitution of
hydrogen atoms with alkyl groups introduces system-
atic variations in molecular size, mass, hydrophobicity,
and charge distribution [24,54]. The structures and key
properties of these salts are presented in Fig. 1 and
Table 1, respectively. An increase in alkyl substitution
results in lower negative log DpH values, which corre-
sponds to a reduction in hydrophilicity. These progres-
sive modifications provide a consistent framework for
examining how alkyl substitution influences ion–water
interactions and, consequently, thermophoretic behav-
ior. We hypothesize that the degree of methyl substi-
tution correlates directly with quantifiable changes in
hydration, as reflected in the Soret coefficient.

2 Experimental section

2.1 Sample preparation

Ammonium chloride (≥99% purity) was obtained from
Thermo Fisher Scientific. Ethylammonium chloride,
dimethylammonium chloride, and trimethylammonium
chloride (each of ≥98% purity) were purchased from
Sigma-Aldrich. All the salts were dissolved in distilled
and deionized water (Millipore) to the desired concen-
trations. Note that all concentrations of the salts are
below solubility limit. The resulting solutions were fil-
tered through 0.2 μm filter and subsequently trans-

ferred into optical quartz Hellma cells with a 0.2 mm
optical path length. Measurements were performed in
duplicate using different cells, with freshly prepared
samples for each individual system to ensure repro-
ducibility.

2.2 IR-TDFRS measurements

We employ IR-TDFRS, a laser-induced transient grat-
ing technique, to investigate thermodiffusion proper-
ties in aqueous systems [55]. The principle behind the
method dates back to Thyagarajan and Lallemand [56]
and was significantly further developed by Köhler [57].
In 2003, the method was validated against other ther-
mal diffusion methods as part of a benchmark experi-
ment [58]. In this technique, two intersecting infrared
laser beams generate a spatially periodic holographic
grating within the sample. Due to the intrinsic absorp-
tion of water at the selected wavelength, this optical
pattern produces a corresponding temperature grating.
The localized thermal modulation induces a periodic
variation in the refractive index, forming a transient
phase grating. A third probe beam is then diffracted
by this grating, and the time-dependent intensity of the
diffracted signal is measured. This intensity is directly
proportional to the refractive index contrast and pro-
vides quantitative insights into the underlying thermal
diffusion dynamics.

The heterodyne scattering intensity of the refracted
read out beam is fitted with:

ζhet (t) = 1− exp

(
− t

τth

)
− A0 (τ − τth)

−1

×
{

τ
[
1− exp

(
− t

τ

)]
− τth

[
1− exp

(
− t

τth

)]}
.

(2)

Here, τth = (Dthq2)(−1) and τ = (Dq2)(−1) are the
lifetimes of the temperature and concentration grating,
respectively, where q, Dth, and D in the equation denote
the grating wave vector, the thermal diffusivity and the
mutual diffusion coefficient, respectively. The steady-
state amplitude A0 in the above equation is given by

A0 =
(

∂n

∂c

)
p,T

(
∂n

∂T

)−1

p,c

STc (1 − c) , (3)
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The ST can be calculated from the amplitude A, if the
contrast factors, namely the change in refractive index
with temperature and concentration, (∂n/∂T )c,p and
(∂n/∂c)T,p, are known.

3 Results and discussion

3.1 Concentration dependence of ST

The concentration dependence of ST for all aqueous
salt solutions is shown in Fig. 2. The lines are there
to guide the eye. The Supplementary Information in
section S1 describes the contrast factors required for
the calculation of ST. Additionally, in Section S2 of the
Supplementary Information the diffusion coefficient D
and the thermal diffusion coefficient DT are plotted for
all temperatures and concentrations.

For the series of methyl- or ethyl-substituted ammo-
nium chlorides: ST decreases with increasing concentra-
tion, consistent with trends reported for other salt sys-
tems [30,32,40]. TMACl exhibits thermophobic behav-
ior throughout the concentration range studied. While,
EACl and DMACl are thermophobic over a wide range
but show a sign change with concentration at low tem-
peratures. To validate whether ST exhibits a minimum
with respect to concentration, we investigated DMACl
at a concentration of 6 mol/kg, but the dependence
on concentration remained monotonic (see Figure S5 in
Section S4 in the Supplementary Information). Unlike
the other salts, NH4Cl exhibits primarily thermophilic
behavior and a sign change at 45◦C, the highest tem-
perature investigated. Interestingly, NH4Cl exhibits a
distinct trend: at lower temperatures (T < 30◦C), ST

increases monotonically with concentration, whereas at
T > 30◦C, the concentration dependence becomes non-
monotonic, with a shallow minimum appearing near 1.5
mol/kg.

The magnitude of ST at a given concentration
increases with the degree of methyl substitution in
ammonium chloride, following the trend NH4Cl �
DMACl < EACl � TMACl. For salts of same molecu-
lar weight, EACl exhibits a slightly larger magnitude of
ST compared to DMACl. Previous studies have shown
that molecules with similar molecular weight but larger
moments of inertia preferentially migrate toward the
colder region [47,59]. EACl, with its linear alkyl chain,
possesses a larger moment of inertia than the branched
DMACl, where two methyl groups are directly bound
to the nitrogen center. Consequently, EACl displays a
larger ST magnitude.

Macaskill and Bates [54] reported osmotic and activ-
ity coefficients for monomethyl-, dimethyl-, and trime-
thylammonium chlorides in water. Below 2.3 mol/kg
the activity coefficient decreases as the number of alkyl
groups increases. Above the crossover concentration,
however, the sequence is reversed. They attributed
this behavior to dipole–ion interactions dominating
at low concentrations and hydrophobic interactions
at higher concentrations. Although thermodiffusion

Fig. 2 ST of the investigated aqueous ammonium salt
solutions as a function of concentration. Measurements were
taken at temperatures ranging from 15◦C (light colors) to
45◦C (dark colors), with an increment of 5◦C. For clarity,
the top red x-axis corresponding to EACl is shown sepa-
rately to facilitate direct comparison with DMACl. Error
bars represent the standard deviation of the mean. Lines
are included to guide the eye

behavior is generally sensitive to changes in interac-
tions, we observe a monotonic increase in the Soret
coefficient as the number of alkyl groups increases.
This indicates that mass dominates the behavior at this
point.

As shown in Fig. 2, a very shallow minimum in the
Soret coefficient develops for NH4Cl above 35◦C, a tem-
perature at which hydrogen bonds are already weaken-
ing. This observation is consistent with the minimum
in the solutal expansion coefficient reported at approx-
imately 35◦C [60]. Above this temperature, the solutal
expansion coefficient increases more rapidly because the
voids previously created by the hydrogen-bond network
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Fig. 3 Concentration mmin at which ST has a minimum
with concentration increases with temperature in aqueous
lithium chloride (LiCl) and guanidinium chloride (GdmCl)
solutions [23,39]. The lines are exponential fits of the data
points. Assuming this minimum reflects random close pack-
ing of hydrated spheres [10], a more flexible or thinner
hydration layer at higher temperatures shifts the minimum
to higher concentrations, as illustrated

can no longer be occupied by NH4Cl; as a result, the
density does not rise as strongly.

A similar minimum in the Soret coefficient is also
observed for cesium iodide (CsI) above 30◦C. Unfortu-
nately, to the best of our knowledge, no experimental
density data exist for aqueous CsI solutions, preventing
us from verifying the corresponding solutal expansion
coefficient for this system. Another possible explanation
for why the minimum only becomes noticeable at higher
temperatures is that it occurs at lower concentrations at
lower temperatures, shifting towards higher concentra-
tions as the temperature increases. This behavior has
been observed for lithium chloride (LiCl) and guani-
dinium chloride (GdmCl), as illustrated in Fig. 3. A
heuristic explanation is that at lower temperatures,
the hydration layer is more extensive than at higher
temperatures. Consequently, the condition for random
close packing is reached only at higher temperatures,
as schematically depicted in the cartoon in Fig. 3 [10].

3.2 Temperature dependence of ST

Thermodiffusion has been observed to exhibit a strong
dependence on temperature for both non-ionic and ionic
solutes [9,21,37]. Next, we examined the temperature
dependence of ST for all ammonium salts, which is
shown in Fig. 4. For all systems, ST increases with an
increase in temperature. However, the ST of NH4Cl con-
verges at high temperature. Such crossing points are
typical of highly hydrophilic solutes, whether they are
non-ionic or ionic, and have been observed in exper-
iments and simulations [20,39,61]. In less hydrophilic
systems, however, the change in ST with respect to tem-
perature for different concentrations is less pronounced,
meaning that no crossing point can be observed.

The lines are fitted according to equation 4, which
describes the temperature dependence of an aqueous
system. The fitted parameters are listed in Table S1
in Section S5 of the Supplementary Information. It is

Fig. 4 ST of aqueous ammonium salt solutions as a func-
tion of temperature at concentrations ranging from 1 mol/kg
(light color) to 4 mol/kg (dark color). Error bars represent
the standard deviation of the mean. Lines correspond to fits
based on Eq. 4; fitting parameters are summarized in Table
S1 in Section S5 of the Supplementary Information

an empirical equation proposed by Iacopini and Piazza
[12], but in a slightly modified form,

ST(T ) = S∞
T + A exp

(−T

T0

)
(4)

where S∞
T denotes the high-temperature limit of ST and

T0 characterizes the curvature of ST. The amplitude A
reflects the degree of temperature sensitivity. Unfortu-
nately, in some cases, the temperature dependence of
ST is almost linear, and the obtained fitting parame-
ters have significant uncertainties. A more reliable mea-
sure of temperature sensitivity is therefore given by
ΔST(ΔT ), defined as the difference in ST between a
high and a low temperature [23]. For this investigation
we used Thigh = 45◦C and Tlow = 15◦C. Note, that
the same temperature range should be used if you want
to compare different systems. Many recent studies have
related ΔST(ΔT ) and the amplitude A in Eq. 4 to the
number and the strength of hydrogen bonds [9,11,37].
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Fig. 5 ΔST(ΔT ) plotted as a function of increasing
ammonium salt concentration. The lines are guide to eye

The corresponding ΔST(ΔT ) versus concentration
plot is shown in Fig. 5. For all salts, ΔST(ΔT ) decreases
with increasing concentration, with the steepest decline
observed for NH4Cl, while the substituted ammonium
salts exhibit a more moderate decrease. In the case of
EACl, the slope of ΔST(ΔT ) is less steep than that
of other salts, probably due to the bulky alkyl side
group. However, at 4 mol/kg, its ΔST(ΔT ) matches
the DMACl value.

The variation in ST of DMACl with temperature
at different concentrations is shown in Figure S5 in
Section S4 in the Supplementary Information. The
inset shows the temperature sensitivity, defined as
ST(ΔT ) = ST(45◦C) − ST(15◦C), plotted against con-
centration. The results reveal that ST increases consis-
tently with both concentration and temperature. While,
the ΔST(ΔT ) decreases with an increase in concentra-
tion. Thus, we expect no noticeable deviation from the
overall trend.

3.3 Influence of the solute’s hydrophilicity on the
thermodiffusion

Previous studies have shown a direct correlation
between the temperature sensitivity of ST, expressed
as ΔST(ΔT ), and the hydrophilicity of solutes, typi-
cally represented by log P for non-ionic solutes [9]. In
the present study we investigate aqueous salt solutions,
which are better described by the distribution coef-
ficient, log DpH. As mentioned earlier this coefficient
accounts for both ionized and neutral species at a given
pH, describing the hydrophilicity of the solute. It will
be used to correlate with ΔST(ΔT ). In general, the
most hydrophilic molecule has the most negative log P
or log DpH value. Additional information on the cal-
culation of log DpH is available in the Supplementary
Information in Section S3.

Figure 6 presents the temperature sensitivity of ST,
ΔST(ΔT ) as a function of log DpH. The data show a
linear decrease in ΔST(ΔT ) with successive alkyl sub-
stitution on ammonium chloride salts, following the
trend: NH4Cl > DMACl > EACl > TMACl. As methyl
or ethyl groups are successively substituted onto the

Fig. 6 ΔST(ΔT ) for 1 mol/kg salt solutions plotted
against log DpH

Fig. 7 DT plotted as a function of the thermal expansion
coefficient α for all ammonium salts at a concentration of
1 mol/kg. The lines are quadratic fits to the data

ammonium ion, the number of hydrogen-bond donor
sites Ndon decreases, while hydrophobic alkyl groups
are introduced that perturb the local structure of water.
This leads to changes in effective surface charge density
of the solute molecule: NH4Cl, which lacks bulky sub-
stituents, has the highest surface charge density and
therefore the strongest ion–water electrostatic interac-
tions. Introducing methyl or ethyl groups reduces the
effective surface charge density through steric shielding
and delocalization of positive charge over the alkyl sub-
stituents, leading to weaker hydration and lower over-
all hydrophilicity of the salts [54]. The effect is par-
ticularly pronounced with ethyl substitution, because
the larger ethyl groups more effectively disrupt the sur-
rounding water structure compared to methyl groups.
This occurs even though EACl retains three N–H bonds
capable of hydrogen bonding with water [62]. The
Soret coefficient and its temperature sensitivity do not
depend solely on hydration. Many other factors, such
as mass and moment of inertia, also play a role. For the
salt investigated here, log DpH and Mw vary in a simi-
lar way, suggesting that the temperature sensitivity of
the Soret coefficient may be related to mass. However,
when compared with a larger selection of salts, the mass
is no longer correlated with the logarithm of the parti-
tion coefficient [37].
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3.4 Correlation between DT and the thermal
expansion coefficient α

A noteworthy finding from experiments is the linear
correlation between the thermal diffusion coefficient DT

and the thermal expansion coefficient α for both polar
and nonpolar mixtures. Different theoretical models in
the literature relate the thermophoretic mobility and
the thermal diffusion coefficient to the thermal expan-
sion coefficients α or the ratio of α over viscosity [63,64].
This can be understood intuitively: a higher coefficient
of thermal expansion leads to greater thermal mobility,
whereas higher viscosity slows movement down, result-
ing in lower mobility. Experimentally, a linear correla-
tion between DT and α has been observed in nonpo-
lar organic mixtures and aqueous solutions of non-ionic
solutes [20,65–67].

In Fig. 7, we show the thermal diffusion coefficients
of aqueous ammonium salt solutions (1 mol/kg) versus
the thermal expansion coefficient α = (1/V ) · (∂V/∂T ).
The effective volume, V , has been estimated using the
Clausius–Mossotti equation from the refractive index
measurements, leading to the thermal expansion coeffi-
cient [20]

α (T ) = −6 · n (T ) · (∂n/∂T )p,c
n(T )4 + n(T )2 − 2

(5)

In contrast with aqueous solutions of non-ionic solutes,
we find small deviations from a linear relationship
between DT and α. Further information on the cor-
relation between the Soret coefficient ST and α and the
data for 4 mol/kg can be found in Section S6 in the sup-
plementary information. Apart from minor deviations
from a linear relationship, we confirm the proportion-
ality between DT and α for aqueous electrolyte solu-
tions, as was observed for nonpolar organic mixtures
and aqueous solutions of non-ionic solutes [20,65–67].

4 Conclusion

In this study we have investigated the thermophoretic
properties of ammonium chloride and its alkyl-
substituted derivatives (DMACl, EACl, and TMACl)
in aqueous solution as function of temperature and con-
centration by IR-TDFRS to explore the influence of
alkyl substitution on the Soret coefficient.

The concentration and temperature dependence of
ST are strongly affected by the degree of substitution.
While the hydrophilicity inferred from log DpH values
decreases with increasing alkylation, the sequence of
ST follows the same trend (NH4Cl � DMACl < EACl
� TMACl). The substituted ammonium salts display
a systematic increase of ST with temperature, and
for DMACl, EACl, and TMACl, a monotonic decrease
with concentration. TMACl exhibits positive ST and
thermophobic behavior across the entire concentra-
tion range studied, while DMACl and EACl remain

thermophobic over a large range but become ther-
mophilic at low concentrations and temperatures. In
contrast, NH4Cl exhibits predominantly thermophilic
behavior under the studied conditions and shows a non-
monotonic dependence on concentration at higher tem-
peratures. A possible explanation is that, at lower tem-
peratures, the minimum of the Soret coefficient occurs
at concentrations below the experimentally accessible
range. Such a concentration shift has been reported in
the literature for LiCl and GdmCl [23,39].

Furthermore, Eq. 4 can be used to describe the tem-
perature dependence of ST for all concentrations. We
observe a direct correlation between the temperature
sensitivity of ST, ΔST(ΔT ), and log DpH, revealing
that the most hydrophilic salt (NH4Cl) exhibits the
strongest response to temperature changes. Meanwhile,
alkyl substitution alters both the hydrophilicity and
the thermodiffusive behavior. For these salts, ΔST(ΔT )
values decrease with a decrease in hydrophilicity, follow-
ing the trend: NH4Cl > DMACl > EACl > TMACl.

Moreover, the thermal diffusion coefficient, DT,
exhibits a proportional correlation with the thermal
expansion coefficient, α, for all ammonium salts inves-
tigated. In contrast with aqueous solutions of non-ionic
solutes, deviations from a strictly linear relationship
between DT and α are observed, with a quadratic
dependence providing a better description of the data.
Nevertheless, the overall proportionality between DT

and α remains consistent with trends reported for non-
polar organic mixtures and aqueous solutions of non-
ionic solutes.

Our results extend the understanding of ion-specific
thermodiffusion by highlighting the role of alkyl substi-
tution in ammonium salts. As ammonium derivatives
are widely applied as intermediates in pharmaceutical
synthesis and in soft-matter systems, the correlations
established here may serve as a basis for tailoring ther-
mophoretic transport in complex environments.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epje/s10189-026-00561-3.

Acknowledgements We are thankful to Wim Briels, Hol-
ger Gohlke, Stephan Schott-Verdugo, and Docter Steffen
for fruitful discussions. We are grateful to Peter Lang for
his generous support of our work. BR acknowledges the
support of the International Helmholtz Research School
of Biophysics and Soft Matter (BioSoft). Calculator Plu-
gins were used for structure property prediction and cal-
culation (of log DpH), Marvin 16.5.2.0, 2016, ChemAxon
(http://www.chemaxon.com).

Funding Open Access funding enabled and organized by
Projekt DEAL.

Author contribution statement

BR and SW conceived and planned the experiments.
BR carried out the experiments and analyzed the data.

123

https://doi.org/10.1140/epje/s10189-026-00561-3
https://doi.org/10.1140/epje/s10189-026-00561-3


   17 Page 8 of 10 Eur. Phys. J. E           (2026) 49:17 

BR and SW contributed to the interpretation of the
results. BR took the lead in writing the manuscript.
Both authors provided critical feedback and helped
shape the research, analysis, and manuscript.

Data availibility The data that support the findings of
this study are available from Zenodo https://doi.org/10.
5281/zenodo.18174547.

Declarations

Conflict of interest There are no conflicts to declare.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this arti-
cle are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. S. Xu, J.F. Torres, All-liquid thermal desalination and
brine concentration via multichannel thermodiffusion.
Nat. Water 3, 617–631 (2025)

2. M.H. Nikpoor, M. Dejam, Z. Chen, M. Clarke,
Chemical-gravity-thermal diffusion equilibrium in two-
phase non-isothermal petroleum reservoirs. Energy
Fuels 30, 2021–2034 (2016)

3. A. Floroni, N. Yeh Mart́ın, T. Matreux, L.I. Weise, S.S.
Mansy, H. Mutschler, C.B. Mast, D. Braun, Membrane-
less protocell confined by a heat flow. Nat. Phys. 21,
1303–1310 (2025)

4. B.T. Huang, M. Roger, M. Bonetti, T.J. Salez, C.
Wiertel-Gasquet, E. Dubois, R. Cabreira Gomes, G.
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