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Exploring the impact of sodium salts on
hydrotropic solubilization†
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Some ionic liquids (ILs) were shown to display a strong ability to enhance the solubility of phenolic

compounds through hydrotropy. However, evidence shows that salt ions in hydrotropic aqueous

solutions may change the behavior of molecules by promoting possible interactions between the

components of the system, thus causing changes in solubility. Herein, we study the impact of sodium

salt anions on the hydrotropic dissolution of syringic acid using 1-butyl-3-methylimidazolium chloride

([C4mim]Cl) as a hydrotrope, with a focus on dicyanamide Na[N(CN)2] and thiocyanate Na[SCN] salts.

Dynamic light scattering, Raman spectroscopy, and nuclear magnetic resonance spectroscopy were

used to investigate how the mixture of IL-salts affects the solvation. The results obtained show that

[C4mim]Cl is able to increase the solubility of syringic acid 80-fold. Despite their structural similarities,

the presence of Na[N(CN)2] or Na[SCN] in an aqueous solution of [C4mim]Cl induced opposite solubility

trends. The addition of Na[N(CN)2] promotes a higher ability to solubilize syringic acid than in the

corresponding IL system due to a pH buffering effect, resulting in the deprotonation of the solute. The

addition of Na[SCN], on the other hand, induces a relative decrease in syringic acid solubilization at

higher concentrations of ILs due to the negative contribution of the NaCl formed by anion-exchange.

These results emphasise the often overlooked pH contribution provided by ILs for biomolecule

solubilisation whilst providing experimental insights into the structure of aqueous solutions of ionic

liquids and the role it plays in the formation of IL-salt aggregates.

Introduction

Although water is listed at the top of the ranking of sustainable
solvents, its use in some applications is still considered a great
challenge.1 Despite its extraordinary properties, water can
hardly be considered as an optimal solvent due to its poor
solvation capability for many molecules of interest.2,3 This
limitation can be overcome with the use of additives, such as
surfactants, co-solvents or hydrotropes.4 Hydrotropes are
amphiphilic compounds which interact favorably with both
water and hydrophobic molecules.4,5 They can be either ionic
or nonionic, and are used to increase the solubility of hydro-
phobic solutes in aqueous media.6 Their small apolar volume
prevents the spontaneous self-assembly into organized phases
such as the micellar arrangement of surfactants. Even in the

presence of a hydrophobic solute, their aggregation does
not lead to organized micellar structures due to their small
hydrocarbon chains, or apolar regions, resulting in a smaller
hydrophobic effect.7,8

Historically, the underlying mechanism governing the
hydrotropic effect was rationailised by various theories includ-
ing (i) the self-aggregation of hydrotropes analogous to micellar
solubilization,9–11 (ii) disruption of the ‘‘water structure’’ by the
hydrotrope that would behave as a chaotropic agent weakening
the hydrophobic effect,12 and (iii) specific stoichiometric asso-
ciation between a solute and a hydrotrope. These theories
cannot be sustained and seem to be at odds with the latest
progress in the field. To deepen the analysis of hydrotropy, a
thermodynamic model was proposed based on the Kirkwood–
Buff (KB) theory,13 capable of relating properties such as
solubility, partial molar volume, and water activity coefficients.
The most recent cooperative theory of hydrotropy14 proposes
that hydrotropy is described as the accumulation of hydrotrope
molecules around solute molecules, causing the driving force
of hydrotropy to be hydrophobic interactions between the
hydrotrope and the solute.15,16 It is important to emphasise
that multiple experimental variables can influence a solute’s
solubility and can be erroneously assigned to a ‘‘hydrotropic’’
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effect despite their different mechanisms. One factor of extreme
importance in terms of solubility for many biomolecules is the
impact of pH. The solubility of ionizable compounds depends on
the pH of the solution in which it is being dissolved and is
influenced by the interactions between the intermolecular forces.

It has been well established for more than a century that the
addition of different salts to water can change the behavior of
non-electrolytes in solution.17–19 In fact, the first study by Carl
A. Neuberg to coin the term ‘‘hydrotropism’’ to describe the
solubilisation of pentanol by salts of aromatic acids is from
1916.20 Specific ion effects, manifested as the change in solu-
bility of a solute in water upon addition of a salt, are macro-
scopically described as salting-in or salting-out to indicate the
increase or decrease in solubility, respectively.21 The propensity
of a salt to induce either phenomenon is determined by its
charge density, polarizability, and volume, and is qualitatively
ordered according to the Hofmeister series.22 Hydrotropy and
salting-in can be used to enhance the solubility of poorly
soluble compounds in aqueous media, with some ions such
as sodium benzoate or 1-methyl-3-butylimidazolium chloride
([C4mim]Cl) presenting dual effects due to their organic
groups.23 Whilst both contributions can best be rationalised
in terms interfacial accumulation or depletion, it is important
to emphasise that as fully inorganic anions do not possess
hydrophobic moieties (by common definition), their mecha-
nism of action can differ from that of classical hydrotropes.24–26

In the last decade, ionic liquids (ILs) were shown to be a
promising class of ionic hydrotropes, since both parts of their
structure (cationic and anionic) if properly selected, can play an
important role to increase the solubility of hydrophobic com-
pounds in aqueous solution.23,27 The very driving force behind
the melting point decrease in ILs, namely the poor intermole-
cular packing resulting from the introduction of bulky and
flexible – typically organic – cations presenting a low charge
density, confers ILs the required structural characteristics to act as
hydrotropes. In fact, recent studies demonstrated that [C4mim]-
based ILs may perform better than classical ionic hydrotropes,23,27

especially when combined with anions of increasing apolarity such
as thiocyanate ([SCN]�), dicyanamide ([N(CN)2]�) or tosylate
([TOS]�).28,29 For example, the aqueous solubility enhancement (S/
S0, where S0 is the solute concentration in pure water) of the drugs
naproxen and ibuprofen is one order of magnitude larger using
[C4mim][TOS] rather than the equivalent sodium salt Na[TOS],29

challenging the common wisdom that ionic hydrotropes require a
highly hydrophilic counterion.6

Despite their potential, the contribution of certain para-
meters to the efficacy of ILs as hydrotropes remains unclear
including the pH buffering effect, the degree of ‘‘ionicity’’
(dissociated ions versus ion-pairs),30 and the evolving nanos-
tructural organization of the mixture into apolar and polar
domains at higher IL concentrations.31 As for surfactant micel-
lization, where the size and shape of the resulting aggregate
depend on the interfacial accumulation of ions as per the
Hofmeister series,32 the solute mediated aggregation of ionic
hydrotropes is stabilised by some degree of counter-anion
binding and therefore ionicity.29 The size of the resulting

aggregate is contingent on the local charge, with a compromise
required between favourable ion-pairing, which positively influ-
ences the apolarity and total contributing hydrotrope volume,
and minimizing conditions for which pre-structuration of the
liquid phase promotes hydrotrope–hydrotrope interactions. In
a previous study, we showed that chloride salts in the presence
of [C4mim]Cl promote a more pronounced decrease in the
solubility of aromatic biomolecules compared to the corres-
ponding system without a hydrotrope.33 This effect was found
to be dependent both on the IL concentration and salt valency
and was attributed to the competing interaction between
intermolecular IL interactions at higher salt concentrations at
the expense of solute–hydrotrope interactions.

This work aims to extend our previous study in light of the
enumerated problematics by studying the impact of sodium
salt anions on the hydrotropic dissolution of syringic acid using
[C4mim]Cl as a hydrotrope, with a focus on the dicyanamide
Na[N(CN)2] and thiocyanate Na[SCN] salts. The final solution
pH was systematically recorded to decorrelate pH from hydro-
tropy contributions on the total solubility, whilst the cyano-
band of the salt anions is sensitive to the local environment,
allowing us to probe the degree of anion-exchange and ion-pair
formation via Raman spectroscopy. Additional techniques
including dynamic light scattering (DLS) and 1D proton nuclear
magnetic resonance spectroscopy (NMR) were employed to gain
an understanding of hydrotrope–solute interactions and estab-
lish their variation as a function of the solution ionic strength.
The obtained results shed light on the site specific interactions
between the hydrotrope and solute that are lost at higher ionic
strengths, pH effect from the anion, and the negative salting-
out contribution of the NaCl formed in situ.

Experimental
Chemicals

The ionic liquids 1-butyl-3-methylimidazolium ([C4mim]Cl, 99.0 wt%),
1-butyl-3-methylimidazolium thiocyanate ([C4mim][SCN], 99.0 wt%)
and 1-butyl-3-methylimidazolium dicyanamide ([C4mim][N(CN)2],
99.0 wt%) were purchased from IoLiTec. The solute under investigata-
tion is syringic acid (97.0 wt%), obtained from Acros Organics. The
following salts were procured from various suppliers: sodium dicyana-
mide (Na[N(CN)2], 96.0 wt%) from Alfa Aesar, sodium thiocyanate
(Na[SCN], 98.0 wt%) from Sigma-Aldrich, sodium sulfate
(Na2SO4, 99.99 wt%) from Sigma-Aldrich, sodium chloride
(NaCl, 99.5 wt%) from Fisher Scientific, sodium tosylate
(Na[TOS], 90.0 wt%) from TCI, and sodium nitrate (Na[NO3],
pure) from Honeywell. All chemicals were used as received
without further purification. Ultrapure, double distilled water
passed through a reverse osmosis system and was further
treated with a Milli-Q plus 185 water purification apparatus
(18.2 MO cm at 25 1C) and was used for all experiments.

Solubility measurements

The solubility of the syringic acid in the hydrotropic systems
studied was experimentally determined using an isothermal
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shake-flask method, previously described in the literature.27,34

The systems, water/hydrotrope/salt solutions were prepared in
the range of concentrations of (0 at 80 wt%) of hydrotrope in
water and for three fixed salt concentrations of 0.5 mol L�1,
1.0 mol L�1 and 2.0 mol L�1. The samples were allowed to
equilibrate under constant agitation (1050 rpm) at 303.2 �
0.5 K and an equilibrium time of 72 h using an Eppendorf
Thermomixer Comfort apparatus and excess syringic acid was
added to these samples to keep all solutions saturated to
equilibrium. All solubility tests were performed in triplicate.
After equilibration (72 h), all samples were left ‘‘overnight’’ and
were subsequently subjected to filtration and centrifugation in
a Hettich Mikro 120 centrifuge at 4500 rpm and a temperature
of (303.2 � 0.5) K for 20 minutes, in order to guarantee the
separation of the undissolved solute from the liquid phase. The
syringic acid concentration in the liquid phase was quantified
via UV spectroscopy using a SHIMADZU UV-1700, Pharma-Spec
spectrometer at a wavelength of 267 nm in a quartz-cell cuvette
with a path length of 1 cm. A previously established calibration
curve was used after validation (absorbance = [syringic acid
concentration] � 44.55; calibration performed for syringic acid
concentrations between 0.001 and 0.020 g L�1).29 To avoid
interference from the imidazolium cation absorption peak at
211 nm, samples of the liquid phase were carefully collected
and appropriately diluted by a minimum factor of 2000 prior to
quantification. Additionally, the absorbance of an aqueous
solution with an equivalent [C4mim]Cl concentration was sub-
tracted from the sample spectra to control for the IL during
syringic acid quantification. An identical protocol was followed
to determine the solubility of syringic acid in inorganic salt and
water solutions.

The final solution pH of all studied hydrotrope systems,
either hydrotrope + solute or hydrotrope + solute + salt, was
measured using a Mettler Toledo SevenExcellence pH meter.
After calibration, according to manufacturer instructions, the
electrode was inserted in a sample for at least 2 minutes. After
this period, the pH was measured in triplicate at room tem-
perature (B295 K). The uncertainty on the pH values presented
is �0.02. All measurements were performed within a period of
24 h after solute saturation was achieved according to the
solubility measurement procedure described previously. Due
to the large number of systems studied, the final pH value was
only recorded for systems containing a fixed hydrotrope
concentration of 2.0 mol L�1.

Solubility measurement analysis

Setschenow constant. An important parameter in the context
of solubility studies is the relative effectiveness of salting-out or
salting-in traditionally quantified by the use of the Setschenow
constant.35 The Setschenow constant is proposed as a practical
approach to describe the effect of a salt or additive on the solubility
of a compound in an aqueous solution.36 Therefore, this constant
was here adapted to quantify the change in solute solubility due to
the presence of an IL + salt. It is herein defined as:

ln Ss = KH�CS (1)

KH ¼
X

Kixi (2)

where Ss is the molar solubility of the solute, KH is the system
Setschenow constant, Cs is the molarity of the hydrotropic
system and Ki is the Setschenow constant in the ternary system
of water + solute + compound i. Eqn (1) is valid from the
hydrotropic molarity of zero up to a value in which the change
in the natural logarithm of solute solubility remains linear with
increasing molarity of the system. The Setschenow constant
adapted for each IL + solute + salt + water was obtained from
linear least square regressions of the logarithm (S/S0) and Cs for
a variable IL concentration at a fixed salt concentration, essen-
tially treating the system as pseudo ternary one. KH will be
positive when salting-in occurs and negative when salting-out
takes place. It is important to bear in mind that the Setschenow
constant defined as per eqn (1) is not an empirical equation but
is linked to the Kirkwood–Buff integrals (KBIs) in the following
manner:

KH p GS,H � GS,W (3)

where GS,H is the KBI between the solute and the hydrotrope,
and GS,W is the KBI between the solute and water.

Cooperative hydrotropy model. Shimizu and Matubayasi14

developed a statistical thermodynamics-based model (hence-
forth named cooperative hydrotropy model) to describe hydro-
tropy. The model can be expressed in the following manner:

S

S0
¼

1þ eb
S

S0

� �
max

xmH

1þ ebxmH
(4)

or in the linearized form from which model parameters m and b
can be obtained by linear regression:

ln

1� S

S0

S

S0
� S

S0

� �
max

2
664

3
775 ¼ m ln xHð Þ þ b (5)

where S0 is its molar solubility in water, (S/S0)max is the
maximum attainable relative solubility, and xH is the mole
fraction of the hydrotrope (in the hydrotropic system and not
on a solute-free basis). Finally, m and b are parameters of the
model, both with a physical meaning described in the Discus-
sion section.

Hydrotrope–solute interactions

Nuclear magnetic resonance (NMR) spectroscopy. Selected
samples were prepared and analyzed using one-dimensional
proton NMR spectra to provide information regarding the
chemical environment of the IL and syringic acid mediated
by the addition of salts and the possible hydrotrope/solute
interactions. 1H-NMR measurements were performed on a
Bruker Avance 300 NMR spectrometer operating at 300.13 MHz,
at 293.15 K. The samples were inserted into a glass NMR tube
with a sealed capillary added to a coaxial insert containing D2O
and trimethylsilylpropanoic acid (TSP, 98 mol% D atoms) as an
internal standard.
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Dynamic light scattering (DLS) analyses. To verify the for-
mation of aggregates, DLS analyses were performed using a
Zetasizer Nano-ZS photometer from Malvern Instruments. The
samples were filtered through a 0.45 mm nylon syringe and then
left in an ultrasonic bath for 5 minutes to promote the disper-
sion and degassing of the particles. DLS analyses were per-
formed at 293.15 K, with an equilibration time of 120 seconds.
Irradiation was performed at a wavelength of 565 nm using a
helium–neon laser and the scattered light was detected at a
backscattering angle of 1731. The automatic mode was used for
the measurements and data processing and was corrected
for the viscosity (1.315 and 1.730 mPa s) and refractive index
(1.348 and 1.366) of both IL 0.5 mol L�1 and 1.5 mol L�1

aqueous solutions, respectively. The analyses were performed
in triplicate and the extracted results are averages.

Raman spectroscopy. The Raman spectra were obtained with
a resolution of 4 cm�1 in the spectral range 0–3800 cm�1 on a
Horiba Jobin-Yvon XploRA spectrometer in a back-scattering
geometry after collecting for 20 s and accumulated 60 times.
The Gaussian curves were fitted using commercially available
software (OriginLabR corporation) to identify peak positions
and intensities. Quantitative analysis of the area integrals and
derivatives of the fitted curves were then used to calculate the
integrated intensity vs. area ratio.

Results and discussion
Anion contribution and pH effect

In the majority of studies on salting-in or salting-out effects,
the anion has a much larger impact than the cation and the
ordering of anions in terms of salting power often follows the
Hofmeister series.17,37 In this first section, sodium salts with
varying anions from Na2[SO4] to Na[N(CN)2] were investigated
as additives, syringic acid was chosen as the solute and the
ionic liquid [C4mim]Cl as the hydrotrope. The solubility of
syringic acid in the presence of sodium salts and IL was
measured at a fixed concentration of 1.0 mol L�1 for each,
respectively. Each data point is an average of 3 independent
measurements. The low coefficients of variation, less than 5%,
indicate that the standard deviations are much smaller than
the solubility values. These results are described in Fig. 1 and
the relevant properties of the system components are sum-
marised in Table 1.

The introduction of the IL into an aqueous solution raises
the solubility of syringic acid from 1.48 g L�1 to 18.08 g L�1

(no pH control), resulting in an S/S0 of 12.21 and confirming
the excellent performance of the [C4mim]+ cation as a hydro-
trope. Following the Hofmeister series, in which the salting-in/
out potential of the anions proceeds according to [SO4]2�o Cl�

o [NO3]�o [SCN]�o [N(CN)2]�B [TOS]�, the presence of the
highly solvated [SO4]2� induces a decrease in the ability of the
system to solubilize syringic acid (11.43 g L�1). Correspond-
ingly, anions to the right of [Cl]� promote the solubilisation
of syringic acid as observed in [SCN]� (19.38 g L�1), [TOS]�

(40.06 g L�1), and [N(CN)2]� (43.32 g L�1), inducing a

salting-in effect. Note that in the quaternary system under
study (excluding water) comprising the solute, [C4mim]+, Cl�,
Na+ and its counteranion, approximately quantitative anion
exchange between the IL and sodium salt is anticipated for
anions to the right of chloride along the Hofmeister series.41

For such systems under equimolar conditions, it is more
accurate to consider the components as [C4mim][X], where [X] =
[NO3]�, [SCN]�, [TOS]� or [N(CN)2]�, and NaCl as a weak
salting-out agent42 due to the in situ formation of a different
IL. The presence and influence of NaCl are best represented by
the lower solubility of syringic acid in the IL + salt system
containing NaCl and Na[NO3] which present a lower solubility

Fig. 1 Solubility of syringic acid in an aqueous solution of 1.0 mol L�1 of
[C4mim]Cl with 1.0 mol L�1 of sodium salts as a function of the charge
density of the sodium salt anion expressed as the molecular volume (Vm)
divided by its charge (z). The blue and red symbols correspond to
experiments where the final solution pH was respectively below and above
the pKa of syringic acid (pKa = 4.20).43 All solubility data are available in
Table S1 (ESI†). The error bars (y-axis) represent the standard deviation
from three independent measurements. All measurements were per-
formed at T = 303.2 K.

Table 1 Molecular volume (Vm) and Gibbs free energy of hydration
(DGHYD) of the compounds studied in this work

Compound Vm (nm3) DGHYD (kJ mol�1)

Na+ 0.004a �365d

[C4mim]+ 0.196 � 0.021b —

[SO4]2� 0.091 � 0.013a �1080d

Cl� 0.047 � 0.013a �340d

[NO3]� 0.064 � 0.011a �300d

[SCN]� 0.071 � 0.003a �280d

[N(CN)2]� 0.089 � 0.010b �255e

[TOS]� 0.197c �305e

Syringic acid 0.222c —

a Taken from ref. 38. b Taken from ref. 39 c Derived from crystal
structures (CCDC Database identification number 1450484 and
116426). d Taken from ref. 40. e Taken from ref. 29.
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than the IL + water system (18.08 g L�1). Similarly, an investiga-
tion of the system comprising [C4mim]Cl, vanillin as a solute,
and NaCl as an added electrolyte also identified a small salting-
out effect of NaCl compared to the binary IL + solute system.33

The decreased solubility of vanillin was assigned to the
increased self-aggregation of the IL in the presence of salt at
the expense of solute–hydrotrope interactions.

When attempting to correlate the influence of salt on
syringic acid solubility as a function of the anion properties
in the absence of pH control, significant positive divergences
were observed for systems with the [N(CN)2]� anion as shown
by the red symbols in Fig. 1 compared to the other salt systems.
Whilst improved solute solubility could be anticipated in the
case of [TOS]� due to its larger volume and organic nature
compared to the other anions, making it a known anionic
hydrotrope,44 the two-fold increase in syringic acid solubility
when changing from [SCN]� to [N(CN)2]� is unexpected. Mea-
surements of the final solution pH for all systems, with the
exception of the aformentioned [N(CN)2]� anion, were in the
range of 3.18 to 3.54 (see Table 3 further on). These values
are below the pKa of of syringic acid (pKa = 4.20) such that the
neutral form of syringic acid dominates.43 In contrast, the
greater basicity of the [N(CN)2]� anion is reflected in a final
pH value of 5.30, signifying that both pH effects and hydrotropy
contribute towards the sudden increase in the solubility of
syringic acid. The ionisation of molecular species is a well-
established approach to improve the low-water solubility of
biomolecules, with the aqueous solubility of sodium syringate
(10.33 � 0.56 g L�1, determined in this work) and cholinium
syringate (553.7 � 3.37 g L�1) being approximately 10 and
550 times greater than for syringic acid, for example.45 Unfor-
tunately, the instability of dicyanamide under acidic condi-
tions, leading to its decomposition with the release of heat and
toxic gases, prevents us from conducting a similar study as
shown in Fig. 1, with pH control to accommodate the varying
basicity of the studied anions.46

To summarise, the influence of the salt anion on the total
solubility of syringic acid approximately follows the Hofmeister
series if the solution pH and increased solubility of sodium

syringate are considered. Nevertheless, pH contributions must
be explicitely considered to explain the experimental variability,
with the pH effect being non-linear and dependent on the IL
concentration. The following sections will focus on two systems
with structurally similar salts, namely Na[SCN] and Na[N(CN)2],
but presenting differing solubility trends to better understand
the delicate balance among pH, hydrotropy, and the Hofmeis-
ter effect on the solubilisation process.

Ternary hydrotrope–solute–water system

The presented results will be introduced in order of system
complexity to better appreciate the contribution of each com-
ponent, focusing first on the ternary IL + solute + water system
before considering the effect of added salts and their potential
pH effect. The behavior of the hydrotropes [C4mim]Cl,
[C4mim][SCN] and [C4mim][N(CN)2] in aqueous solutions and
their ability to enhance the solubility of syringic acid is pre-
sented in the absence of pH control. The solubilities were
measured over the entire experimentally available concen-
tration range of the hydrotrope, from pure water to the limit
of aqueous solubility. The resulting solubility curves are shown
in Fig. 2A, along with the fitted curves of the cooperative
hydrotropy model (in the ESI,† Fig. S1) in Fig. 2B. Additionally,
the same solubility data were represented as moles of solutes
per mole of IL (solute free basis) in the system at equilibrium,
as shown in Fig. 2C. This triptic representation permits an
assessment of the solubility data as a function of the desired
objective, namely maximizing the total solute solubility or
identification of the most ‘‘efficient’’ hydrotrope on a molar
basis. The final solution pH in each system was measured for IL
concentrations of 60 wt%.

Fig. 2A shows an approximately 80-fold increase in the
aqueous solubility of syringic acid using [C4mim]Cl or
[C4mim][SCN] as hydrotropes, obtained at concentrations of
60 and 70 wt%, respectively; under such conditions, water is no
longer the main solvent in terms of mass. In contrast,
[C4mim][N(CN)2] promotes a more efficient solubilisation of
syringic acid at lower hydrotrope concentrations despite exhi-
biting a smaller maximum solubility enhancement of Smax/S0 = 36

Fig. 2 (A) Total aqueous solubility, (B) solubility enhancement (S/S0) along with the fitted curve (dashed line) obtained using the cooperative hydrotropy
model, and (C) moles of solute per mole of the hydrotrope for syringic acid as a function of the concentration (solute-free basis) of [C4mim]Cl ( ),
[C4mim][SCN] ( ) and [C4mim][N(CN)2] ( ) at T = 303.2 K. Full lines are visual guides. The inset in panel (B) shows the parameter m of the cooperative
hydrotropy model for the ILs as a function of the anion volume. All solubility data are available in Tables S2–S4 (ESI†).
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for 40 wt% IL. The existence of a solubility maxima in a ternary
system greater than that of the individual pure compounds is in
itself not unconmon and was previously reported for a range of
solute/hydrotrope combinations including for the solubility of two
antioxidants (gallic acid and vanillin) by aqueous solutions of
[C4mim]Cl.47

The underlying driving force for the hydrotropy model of
Shimizu and Matubayasi14 is the aggregation of hydrotrope
molecules around the solute, expressed as the difference in the
KBIs between GS,H and GS,W. Any modifications in the solution
composition, either through a change in the hydrotrope
concentration or through the introduction of inorganic salts,
that reduces the magnitude of this term will negatively impact
the efficacy of a given hydrotrope.33 From this definition, the
efficiency of a hydrotropy system, in which the hydrotrope is
ionic, is better estimated under dilute conditions where the
hydrotrope can be considered as fully dissociated ions. The
change in the proportion of dissociated to ion-pairs and the
emergence of a solute-independent structuration of the liquid
phase into nano-seggregated polar and apolar domains
with the increase in IL concentration will impact the total
solubility.48

Whilst no structured aggregates were detected for aqueous
[C4mim]Cl solutions in the absence of a solute, conductivity
and surface tension experiments identified a gradual change in
the system properties above approximately 1.0 mol L�1.49–51

Furthermore, a clear liquid phase seggregation of the alkyl-
domain was evidenced by molecular dynamics simulated small-
angle X-ray scattering of a 3.5 mol L�1 solution of [C4mim]Cl,52

the same IL concentration corresponding to the maximum of S/
S0 shown in Fig. 2. The evolution from an isotropic liquid
solution to one presenting spatial organization at the nano-
scale presents potentially differing solubility mechanisms.
A compromise therefore emerges with the increase in IL
concentration between the factors controlling the solubility of
syringic acid, namely the pre-existence of apolar domains
(favourable) and the energy for solvent restructuring in the
presence of a solute (unfavourable). The choice of the IL anion
is likely to particularly impact the former factor due to the
change in the degree of counter-ion binding for a given IL
concentration.53 To clarify, although we make mention of
aggregates and domains, these are in dynamic equilibrium
and represent statistical approximation of the system over a
given duration.

The improved hydrotropic capacity of [C4mim][N(CN)2]
under ‘‘dilute’’ conditions is reflected in Fig. 2C in which an
approximately linear decrease in the moles of solute per mole
of hydrotrope is observed with increasing [C4mim][N(CN)2]
concentration. In contrast, the n(solute)/n(hydrotrope) ratio
sharply increases for initial [C4mim]Cl concentrations of
1.0 mol L�1 and increases linearly until reaching a maximum
at 3.5 mol L�1. A similar profile is obtained for [C4mim][SCN],
albeit with a maximal plateau concentration range from
1.5 mol L�1 onwards, rather than a clear maximum solubility
composition as in the case of [C4mim]Cl. To what extent the
differing behaviour of [C4mim][N(CN)2] is attributable to a pH

effect will be addressed in the next section. Application of the
cooperative hydrotropy model to the dilute region, i.e. [IL] o
50 wt%, results in the solubilisation curves presented in Fig. 2B
from which the model parameters m and b were extracted. The
parameter m corresponds to the number of hydrotrope mole-
cules involved in the solvation of the solute and b is related to
the ease of inserting that number of hydrotrope molecules in
the volume corresponding to the vicinity of the solute. The
evolution of m as a function of the IL anion volume, as shown
in the inset of Fig. 2B, suggests that the greater molecular
efficiency of [C4mim][N(CN)2] in the diluted region is due to its
larger total volume (Vm(IL) = Vm(cation) + Vm(anion)). This large
volume enables it to effectively hydrate a greater surface area of
solute per mole of hydrotrope. A large discrepency is observed
between the obtained m values shown in Fig. 2B and the molar
ratio of the solute to hydrotrope shown in Fig. 2C, suggesting
that most hydrotrope molecules do not directly contact the
solute. This discrepancy is attributed to the excessive aggrega-
tion of the hydrotrope due to hydrophobic hydrotrope–hydro-
trope interactions rather than solute–hydrotrope interactions,
the former being exacerbated by the increased solution ionic
strength. A more detailed discussion of the mechanism con-
tributing to the solubilisation mechanism in the systems con-
taining Na[SCN] and Na[N(CN)2] is presented further on.

Hydrotropy in the presence of salts

The previous sections reconciled the relationship between
the effect of anions, hydrotrope concentration, and pH on the
solubility of syringic acid at a given concentration. In this
section, the additive solubility curves approach are explored
to provide more information on how the salts interact with the
solute/hydrotrope and to validate the hypothesis drawn above.
Syringic acid was maintained as the solute and the ionic liquid
[C4mim]Cl as the hydrotrope to evaluate the impact of
Na[N(CN)2] and Na[SCN] at three different molar concentra-
tions of salt (0.5, 1.0 and 2.0 mol L�1). The solubility curves of
syringic acid in aqueous solutions of ILs and the mentioned
sodium salts were determined and are shown in Fig. 3A, B and
4A, B. All solubility data are available in Tables S2–S4 (ESI†).

The relative solubility was calculated according to eqn (6) to
better represent the synergistic or antagonistic solubility
change upon salt addition:

S ¼ Smix

S0IL þ S0Salt

� � (6)

where S represents the relative solubility of syringic acid, Smix is
the solubility of syringic acid in (mol kg�1) in the mixture of
water + IL + salt, and S0IL

and S0salt
represent the solute solubility

in the systems of water + IL and water + NaX (X = [N(CN)2] or
[SCN]), respectively, for a fixed IL or sodium salt concentration.
The initial syringic acid solubility values (S0) in water and
aqueous salt solutions are presented in Table 2. It is worth
highighting that these are complex multi-component solutions
and that the above notation is a simplification. When consider-
ing ion-dissociation, the systems of H2O + IL or H2O + NaX
could be considered as ternary systems whilst H2O + IL + NaX a
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quintenary one. Nevertheless, eqn (6) allows us to implicitely
consider the salt pH effect through the value of S0,Salt, thereby
providing a clearer insight into the relative contribution of

hydrotropy and pH to the total solubility. Finally, the final
system pH values at equilibrium for a fixed hydrotrope concen-
tration of 2.0 mol L�1 were systematically recorded and are
available in Table 3 for a better appreciation of the differing pH
contribution (the pKa of of syringic acid is 4.20).

The results show that, as expected, both salts act as medium
to strong salting-in inducers. At 2.0 mol L�1, Na[N(CN)2] is able
to enhance the solubility of syringic acid by almost one order of
magnitude due to its buffering influence on the pH (pH = 6.25
at solute saturation, Table 3). In Fig. 3A, the solubility of
syringic acid in aqueous [C4mim]Cl solutions consistently
increased in the presence of Na[N(CN)2] for all concentrations.
A synergistic mechanism is obtained here, in which the ternary
mixture of solvents (around pH 4.80–6.12 at solute saturation,
Table 3) exhibits a higher solubility of syringic acid than that
achieved by the combined individual effects. Although this

Fig. 3 (A) Aqueous syringic acid solubility in aqueous [C4mim]Cl solution in the presence of individual salt Na[N(CN)2] at concentrations of 0.5 , 1.0 ,
2.0 mol L�1 and [C4mim][N(CN)2] at T = 303.2 K. (B) Smix/(S0 IL + S0 salt) is the relative solubility of syringic acid as a function of hydrotrope
concentration. The dashed lines are visual guides. The final pH values of the systems containing 2.0 mol L�1 IL increase from 4.80 to 6.12 for 0.5 to
2.0 mol L�1 Na[N(CN)2], respectively.

Fig. 4 (A) Aqueous syringic acid solubility in aqueous [C4mim]Cl solution in the presence of individual salt Na[SCN] 0.5 , 1.0 2.0 mol L�1 and
[C4mim][SCN] at T = 303.2 K. (B) S/(S0mix + SIL) is the relative solubility of syringic acid as a function of hydrotrope concentration. The dashed lines are

visual guides. The final pH values of the systems containing 2.0 mol L�1 IL range from 3.54 to 3.71 for 0.5 to 2.0 mol L�1 Na[SCN], respectively.

Table 2 Solubility and associated standard deviation of syringic acid in
water aqueous solutions of the studied salts at 303.2 K

Compounds [Salt] (mol L�1) S0 (g L�1) Error

Water — 1.48 0.08

Na[N(CN)2] 0.5 3.87 0.01
1.0 7.50 0.02
2.0 12.63 0.01

Na[SCN] 0.5 1.82 0.01
1.0 2.14 0.02
2.0 2.42 0.10
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evidence is present across the concentration range of the IL +
salt mixtures studied, it can be observed more clearly at lower
concentrations of the IL, disappearing at the higher concentra-
tions as shown in Fig. 3B. As the salt concentration is increased,
a synergistic salting-in effect dominates the system, and an up
to 2-fold increase in solubility above the individual effects of
the salt and the IL is achieved at 2.0 mol L�1 of Na[N(CN)2]
concentration. Interestingly, the general shape of the curve and
its maximum peak solubility do not vary with the salt concen-
tration used, being independent of the ionic strength and
anion exchange under the conditions tested, remaining in the
region of 3.5 mol L�1 of IL. This allows new ‘‘puzzles’’ and
combinations to be made for these hydrotropic systems. For
example, assuming complete anion exchange for each mole of
Na[N(CN)2] added, the solubility of the [C4mim]Cl + Na[N(CN)2]
system for Na[N(CN)2] Z 1.0 mol L�1 exceeds that of
[C4mim][N(CN)2] at the same IL concentration. The observed
reversal in the curve behavior of these mixtures (hydrotrope/
additive) above the maximum in the solubility of syringic acid
must be related to a change in the molecular mechanism of
solvation in these regions as previously discussed elsewhere.54

The effect of another salting-in sodium salt, Na[SCN], was
also investigated. Its effect on the solubility of syringic acid is
less important than Na[N(CN)2] as reported in Table 2, and the
results related to the effect of the hydrotropic dissolution are
shown in Fig. 4A and B. Contrary to what was observed for
Na[N(CN)2], this salt seems to induce a somewhat antagonistic
effect by decreasing the solubility of syringic acid when com-
pared with the aqueous solutions of the individual compounds,
as highlighted in Fig. 4B.

Therefore, it is necessary to investigate in more detail which
mechanism is dominant in these systems. An important para-
meter in the context of solubility studies is the relative effec-
tiveness of salting-out or -in, traditionally quantified by the use
of the Setschenow constants. The Setschenow constant adapted

for each IL + solute + salt was obtained from linear least
squares regression fittings of the logarithm (S/S0) and Cs for
both concentrations of the systems obtained in Table 3. KH will
be positive when salting-in occurs and negative when salting-
out occurs.

According to the results in Table 3, there is a gradual
increase in the Setschenow constants with the salt concen-
tration of Na[N(CN)2] and Na[SCN]. The individual constant of
each component of the mixture confirms the existence of a
synergistic effect between the components of the [C4mim]Cl +
Na[N(CN)2] system, where the sum of the individual compo-
nents (Ki) is smaller than the KH obtained for the mixed system.
The Setschenow analysis suggests that the salt concentration
exerts an influence on the solubility of these systems, especially
in regions of low hydrotrope concentration. Above a certain
hydrotrope concentration, the adverse effect prevails on hydro-
trope–solute interactions, leading to a negative impact on
solubility. In contrast, the Ki results of [C4min]Cl and Na[SCN]
and KH of the mixture (IL + salt) are essentially constant across the
tested salt concentration. This may also be linked to the deleter-
ious effect of the in situ formation of NaCl, assuming complete
anion-exchange, and its salting-out capacity as established in
Table 3. The latter is overcome in the Na[N(CN)2] system due to
the pH effect as evidenced in Table 3.

Further differences are apparent when considering the m
values of the cooperative hydrotropy model, with the regression
fittings available in Fig. S2 and S3 (ESI†). Whilst a proportional
increase of m with Na[SCN] concentration is observed in the
quaternary system from 1.34 to 1.87 for Na[SCN] concentrations
from 0.0 to 2.0 mol L�1, respectively, no appreciable changes
are recorded in Na[N(CN2)] above 1.0 mol L�1. In the
latter system, the m values in the presence of Na[N(CN2)] Z

1.0 mol L�1 are approximately twice that when using the
[C4mim][N(CN)2] IL. Based on the previous discussion in the
ternary system, an increase in m values suggests a lower
atomistic efficiency of the hydrotrope to solubilise the solute.
However, this argument is not consistent with the improved
solubility of syringic acid in the system of [C4mim]Cl +
Na[N(CN)2] Z 1.0 mol L�1 relative to [C4mim][N(CN)2] in spite
of the deleterious presence of the formed NaCl in the former.
Furthermore, similar m values were obtained for [C4mim]Cl +
2.0 mol L�1 Na[SCN], thereby limiting the possible correlation
of the cooperative hydrotropy model variables with the
obtained results. As such, a more systematic study of solute–
hydrotrope interactions was carried out using other techniques.

Understanding the solute–hydrotrope interactions in the
presence of salt

To complement the macroscopic solubility curves reported in
Fig. 3 and 4, we further investigated the molecular interactions
responsible for this solubility enhancement through NMR,
DLS, and RAMAN spectra of the cyano band of the salt anions.
From the NMR spectra, it was possible to observe the 1H-NMR
displacement (DdH) for a quaternary system (IL + salt+ syringic
acid) in relation to the same ternary system (IL + solute).
1H-NMR shifts for the IL and syringic acid are available in

Table 3 Setschenow constants (KH), cooperative hydrotropy constants
(m and b), and final pH values at solute saturation for syringic acid in the
hydrotrope systems studied in this work (T = 303.2 K). The final solution
pH was measured at a fixed hydrotrope concentration of 2.0 mol L�1

Mixture
[Salt]
(mol L�1) KH Error Cs M b pH

[C4mim]Cl — 0.102a 0.00 0.0–2.0 1.45 3.81 3.23
[C4mim][N(CN)2] — 0.143a 0.01 0.0–2.0 1.15 4.77 6.25
[C4mim][SCN] — 0.070a 0.00 0.0–2.0 1.34 3.85 3.54
[C4mim][TOS] — 0.158a 0.001 0.0–2.0 1.17 4.79 3.45
Na[N(CN)2] — 0.028a 0.01 0.0–2.0 — — 5.35
Na[SCN] — 0.002a 0.01 0.0–2.0 — — 3.18
NaCl — �0.612a 0.01 0.0–2.0 — — 3.09

[C4mim]Cl +
Na[N(CN)2]

0.5 0.183 0.01 0.0–2.0 1.56 4.40 4.80
1.0 0.235 0.01 0.0–2.0 2.01 6.70 5.30
2.0 0.258 0.01 0.0–2.0 1.97 6.55 6.12

[C4mim]Cl +
Na[SCN]

0.5 0.101 0.02 0.0–2.0 1.59 4.13 3.54
1.0 0.107 0.01 0.0–2.0 1.64 4.49 3.54
2.0 0.111 0.01 0.0–2.0 1.87 5.42 3.71

a Ki is the Setschenow constant of compound (i) in a single electrolyte
solution.
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Table S5 of the ESI.† Fig. 5A shows the difference between the
chemical shifts for the binary system in aqueous IL solution
[C4mim]Cl at a concentration of 1.0 mol L�1 saturated with
syringic acid and the binary system without any addition of
syringic acid and Fig. 5B presents the respective correlation for
the solute.

The main goal of this analysis is to provide quantitative
insight through the distinct DdH values for each proton.
Increased proton shielding was observed for all protons, albeit
with different magnitudes. Differences can be observed by
changing the aromatic ring of the IL. In cases where lower
DdH chemical shifts were retained upon the addition of syringic
acid, there is evidence of continued hydration, providing
greater protection for the hydrogens in solution, suggesting a
greater interaction between the tail part of the hydrotrope and
the solute compared to the aromatic ring. The greater DdH

associated with the first CH2 of the cationic butyl chain most
likely reflects the change in the electron density on the imida-
zolium ring and hints at possible additional p–p interactions
between the hydrotrope and solute. The same approach was
performed for saturated syringic acid (Fig. 5B) dissolved in
1.0 mol L�1 IL in an aqueous solution. The chemical structure
of syringic acid consists of a single aromatic ring attached to
two OCH3 groups, an OH group and a COOH group. The
shielding is most pronounced for the aromatic hydrogens
(H4) and (H5). In contrast, for the two methoxy parts attached
to the aromatic ring (H1) and (H2), smaller DdH values are
observed, suggesting a lower solute–hydrotrope interaction and
greater hydration of these groups. The DdH values shown in

Fig. 5B suggest that the significant increase in solubility of
syringic acid in 1.0 mol L�1 IL solutions happens due to the
displacement of water molecules around the aromatic ring of
the solute, thus revealing strong hydrotrope–solute interac-
tions. This can be observed with more incidence in the analysis
of aggregate formation, as measured by DLS discussed later.
This experimental evidence is in agreement with the results
proposed in our previous study on the effect of chloride salts on
vanillin solubility using [C4min]Cl as a hydrotrope.23 The
results in the ternary system are consistent with the hydrotropy
theory proposed by Shimizu et al.,17 in which the hydrotropic
solubilization mechanism is driven by the aggregation of
hydrotrope molecules surrounded by the solute, while the polar
portions are kept in contact with water.

Having determined the site-specific interactions between
the hydrotrope and solute in the ternary system without added
salt, the influence of Na[N(CN)2] and Na[SCN] on this system is
now determined. Fig. 6A and B shows the difference between
the chemical shifts for the quaternary system in aqueous IL
solution ([C4mim]Cl) at a concentration of 1.0 mol L�1 and the
concentration of salts Na[N(CN)2] and Na[SCN] (0.5, 1.0 and
2.0 mol L�1) saturated in syringic acid compared to the ternary
system (IL + salt) at the same concentration without any
addition of syringic acid. All NMR shifts are available in
Table S6 (ESI†). Upon comparison, the relative shifts of each
imidazolium proton in the Na[N(CN)2] system (Fig. 6A) present
an essentially salt-independent behavior upon introduction of
the solute. Furthermore, a similar magnitude of the ring and
butyl tail DdH is observable, contrary to the prevailing notion

Fig. 5 (A) Proton chemical shifts (DdH) of the IL cation in a 1.0 mol L�1 solution of IL [C4mim]Cl in water, saturated with syringic acid, compared to an
aqueous solution of 1.0 mol L�1 IL solution without a solute. (B) Syringic acid molecule in saturated aqueous solution of 1.0 mol L�1 IL solution compared
to syringic acid dissolved in water to saturation.
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that hydrophobic interactions are the drivers of hydrotropy.
Such behaviour is consistent with an increased pH contribution
to syringic acid solubilisation, in which an increase in solubility
is expected due to solute deprotonation, leading to the intro-
duction of electrostatic and hydrogen-bonding interactions
between the imidazolium cation and syringate anion in addi-
tion to dispersive ones. In contrast, a clear dependence on
Na[SCN] concentration was observed for the terminal methyl
and methylene groups of [C4mim]+ and is consistent with the
increased self-aggregation of the IL in the presence of salt
(formed NaCl) and solute addition.

The same solutions as shown in Fig. 6 were analyzed via DLS
and the results concerning the hydrodynamic diameter of the
aggregates in solution are presented in more detail in the ESI†
(Fig. S4). For the (IL+ Na[N(CN)2]) system in which the solubility
is increased as the salt concentration is increased, the dia-
meters of the aggregates at the different salt concentrations
show a similar average distribution with maximum distribution
shifts from 1.74 to 2.01 nm. For the (IL + Na[SCN]) system, the
highest aggregate formation (approximately 3.61) is obtained in
the IL + Na[SCN] 2.0 mol L�1 system, which is the system with
the lowest solubilization of syringic acid, followed by IL +
Na[SCN] 1.0 mol L�1 4 IL + Na[SCN] 0.5 mol L�1. To emphasize
the solute aggregation process more clearly, Fig. 7 provides the
correlation between aggregate formation in the Na[SCN] system
and the DdH chemical shifts of the imidazolium CH3 group
of the butyl chain. This illustration shows that the largest
aggregates are formed when Na[SCN] is presented at a

concentration of 2.0 mol L�1. The tendency of syringic acid to
segregate from solution in IL + salt is in agreement with the
experimental observation that the solubility is lower in this
system. From this aggregation promoted by Na[SCN], fewer IL
cations remain available to participate in the hydrotropic
solubilization of syringic acid, justifying the decreased solubi-
lization in these systems.

The 1H-NMR and DLS analysis primarily focused on the
solute–hydrotrope interactions via the IL cation. To fully under-
stand the aggregation mechanism and the partition of the

Fig. 6 (A) Proton chemical shifts (DdH) of the IL cation in a 1.0 mol L�1 solution of IL [C4mim]Cl in 0.5 mol L�1 of Na[N(CN)2] (light color), 1.0 mol L�1 of
Na[N(CN)2] (medium color) and 2.0 mol L�1 of Na[N(CN)2] (dark color) in water, saturated with syringic acid, compared to an aqueous 1.0 mol L�1 IL
solution with no solute. (B) Proton chemical shifts (DdH) of the IL cation in a 1.0 mol L�1 solution of IL [C4mim]Cl in 0.5 mol L�1 of Na[SCN] (light color),
1.0 mol L�1 of Na[SCN] (medium color) and 2.0 mol L�1 of Na[SCN] (dark color) in water, saturated with syringic acid, compared to an aqueous 1.0 mol L�1

IL solution with no solute.

Fig. 7 Proton chemical shifts (DdH) of CH3 IL in a 1.0 mol L�1 solution of IL
[C4mim]Cl in Na[SCN], saturated with syringic acid, relative to the dia-
meters of the aggregates.
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added salt anion, Raman spectroscopy was applied using the
salt anion as the probe due to the sensitivity of the cyano band
to its local environment. In this approach, the behaviour of the
system [C4mim]Cl + Na[SCN] in aqueous solution at different IL
and salt concentrations is investigated, focusing on the vibra-
tional frequency of the totally symmetric mode, oCN, in the
region 2040 to 2090 cm�1. A characteristic spectrum in this
region is presented in Fig. 8A along with an example of its
deconvolution into three bands centered approximately around
2046 cm�1, 2060 cm�1 and 2075 cm�1. The band assignment is
based on the work of Penna and co-workers,55 in which the
band for [SCN]� ions free of ionic pairing in solutions of
organic solvents was observed at 2051 cm�1.56 Furthermore,
the pure imidazolium thiocyanate IL exhibited a band at
2054 cm�1,55 as indicated in their study and concentrated
Na[SCN] melts displayed a band at 2074 cm�1 as per their
findings.57 The Raman spectrum was deconvoluted using
the same criteria for all systems investigated, comprising
[C4mim]Cl + Na[SCN] in aqueous solution at different IL con-
centrations with the results shown in Fig. 8B. In the quaternary
systems composed of IL + Na[SCN] in water, a clear [SCN]�

exchange is observed between Na+ and [C4mim]+ as the concen-
tration of the latter is increased. The results indicate increased
ion-pairing between the IL cation and [SCN]� anion as more
syringic acid is solubilised, stabilising the generated solute–
hydrotrope aggregates. It does not appear that [SCN]� acts
independently of [C4mim]+ cations to solubilise syringic acid.
Instead, it appears that both ionic components contribute
within a mixed aggregate, resulting in cation-rich and anion-
rich aggregates.

Conclusions

The focus of this work was to investigate the behaviour of
aqueous solutions of [C4mim]Cl with and without the presence
of sodium salts and pH control on the solubility of syringic
acid. The IL [C4mim]Cl in aqueous solution presents an excel-
lent ability to increase the solubility of syringic acid up to
80 times. As a first approach in this work, the influence of the
anion of sodium salts of the Hofmeister series was evaluated as
an additive, and the solubility curve of Na[N(CN)2] and Na[SCN]
at different concentrations was evaluated in more detail.
A distinct mechanism of solubilization was found, in which
the salting-in effect presented by the addition of Na[N(CN)2]
corresponds mainly to the effect of pH. The addition of
Na[SCN] to IL–hydrotropic solutions promotes a salting-out
effect of syringic acid solubility when compared with the
influence of the hydrotrope alone. The aggregation of ILs–ILs
justifies the lower solubility observed upon the addition of
Na[SCN] and highlights the impairment to hydrotropy when the
aggregation of hydrotropes in solution occurs. The present
results highlight the mechanism of hydrotropy proposed by
Shimizu based on statistical thermodynamics, confirming
hydrotropic solubilization resulting from solute aggregation
driven by hydrophobic interactions.
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