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A B S T R A C T

Aqueous solubility can be enhanced through hydrotropy, where an amphiphilic molecule (the hydrotrope) ag
gregates around the solute, boosting its solubility. To understand the impact of temperature on this phenomenon, 
the solubility of syringic acid was measured in aqueous solutions of different bio-based hydrotropes. Solubility 
curves were modelled using Gaussian processes, a powerful class of machine learning interpolators. This allowed 
for a thermodynamic analysis of excess solvation properties that was complemented using the COSMO-RS model.

As expected, the absolute solubility of syringic acid increased with temperature. However, at low hydrotrope 
concentrations, this increase was not driven by interactions in the liquid phase. Thus, the solubility enhancement 
of syringic acid was found to be independent of temperature. Conversely, at high hydrotrope concentrations, 
increasing the temperature significantly decreased the solubility enhancement of the solute. These effects were 
interpreted considering different solubilization mechanisms, namely hydrotropy (low hydrotrope concentra
tions) and co-solvency (high hydrotrope concentrations).

1. Introduction

Despite the ongoing search for novel green solvents, which includes, 
among many other examples, deep eutectic (Hansen et al., 2021), su
percritical (Khaw et al., 2017); and bio-based solvents (Calvo-Flores 
et al., 2018), water remains the most sustainable option (Lajoie et al., 
2022; Zhou et al., 2019). Although its large heat capacity and enthalpy 
of vaporization can lead to significant energy costs in separation pro
cesses, particularly those based on vapor–liquid equilibrium (e.g., 
evaporation or distillation), water is inexpensive and abundant, non- 
toxic, non-flammable, and overall environmentally benign. Unfortu
nately, many chemical compounds exhibit poor aqueous solubility and, 
thus, cannot be dissolved and processed using water. This limitation can 
be addressed using hydrotropes, compounds that can enhance the sol
ubility of hydrophobic substances in water (Häckl and Kunz, 2018).

Hydrotropy is a thermodynamic phenomenon where the aqueous 
solubility of a hydrophobic solute is significantly increased in the 
presence of a small, amphiphilic additive, commonly referred to as the 
hydrotrope (Patel and Desai, 2023; Kunz et al., 2016). Hydrotrope 
molecules are smaller than surfactants, and their mechanism of action 
does not involve the formation of micelles (Shimizu and Matubayasi, 
2016). Instead, hydrotropes aggregate around the apolar moieties of 

solutes (Abranches et al., 2020; Shimizu, 2020). This aggregation, 
driven by the hydrophobic effect, is more disorganized than complexa
tion or micellization. By reducing the number of contacts between water 
and the apolar moieties of solute molecules, hydrotropes maximize the 
hydrogen bonding network of water with itself, thereby enhancing the 
solubility of the hydrophobic solute. As such, well-designed and 
appropriately applied hydrotropic systems provide a green and sus
tainable alternative for industrial processes involving the dissolution of 
hydrophobic compounds.

Several amphiphilic compounds that exhibit hydrotropic behavior 
have been extensively studied. Amongst the most popular choices are 
sodium salts containing aromatic anions, including, for example, sodium 
benzoate, sodium salicylate, sodium benzenesulfonate, and sodium p- 
toluenesulfonate (Patel and Desai, 2023; Zakharova et al., 2023; Dhapte 
and Mehta, 2015; Sales et al., 2022). Their popularity might stem from 
the incorrect assumption that π-π interactions play an important role in 
the mechanism of hydrotropy, a notion that has largely been disproven 
(Shimizu and Matubayasi, 2016; Abranches et al., 2020; Shimizu, 2020). 
There are also many options for well-studied non-ionic hydrotropes, 
such as urea or nicotinamide (Dhapte and Mehta, 2015; Booth et al., 
2015). More recently, numerous bio-based solvents have also been 
shown to be excellent hydrotropes. These include ionic liquids (Sintra 
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et al., 2021; Becker et al., 2021), glycerol ethers (Soares et al., 2020), 
alkanediols (Abranches et al., 2022), and even dihydrolevoglucosenone 
(Cyrene) (De bruyn et al., 2019; Abranches et al., 2020).

Trends and relationships between the solubility enhancement of 
hydrophobic solutes and the nature and composition of hydrotropes are 
well understood. These include, for instance, the fact that hydrotropes 
with larger apolar volumes tend to display better hydrotropic efficiency, 
that increasing hydrotrope concentration increases solubility enhance
ment up to a specific limit, and that more hydrophobic substances 
typically experience greater solubility enhancements (Patel and Desai, 
2023; Shimizu and Matubayasi, 2016; Abranches et al., 2020; Shimizu, 
2020; Booth et al., 2015; Abranches et al., 2022; Abranches et al., 2020). 
However, very little is known about the impact of temperature on 
hydrotropy. While it is generally assumed that temperature ubiquitously 
increases the solubility of solutes, its effect on the hydrophobic 
effect—an entropically-driven phenomenon—is not as well understood. 
This implies that temperature may unexpectedly influence the ability of 
hydrotropes to solvate hydrophobic substances. This topic has seen only 
limited interest (Shimizu and Matubayasi, 2024) despite the ongoing 
debates in the literature regarding the molecular mechanisms underly
ing hydrotropy.

Understanding the impact of temperature on hydrotropy has several 
advantages beyond the fundamental knowledge gained. For instance, it 
enables the correct formulation of hydrotrope-solute pairs tailored to 
specific temperature conditions and developing temperature-swing- 
based separation processes. Thus, this work aims to study the impact 
of temperature on hydrotropy. This was done by measuring the aqueous 
solubility of a hydrophobic solute (syringic acid) in aqueous hydrotropes 
(bio-based compounds) at different concentrations and temperatures. 
Syringic acid was selected due to its well-known and studied behavior in 
the presence of hydrotropes and being a model molecule for lignin and 
aromatic compounds in waste valorization processes. Bio-based com
pounds were chosen for their sustainable nature and the extensive 
research in the literature regarding their standalone usage as solvents or 
as hydrotropes when dissolved in water. The data obtained was fitted 
using Gaussian processes (GPs) and further subjected to a thermody
namic analysis that was complemented with thermodynamic models 
such as COSMO-RS.

2. Materials and methods

2.1. Chemical substances

The chemical substances employed in this work are listed in Table 1, 
which includes their molar mass, CAS number, source, and mass purity. 

The chemical structures of these substances are illustrated in Fig. S1. 
Water was double distilled, passed through a reverse osmosis system, 
and further treated with a Milli-Q plus 185 water purification apparatus.

2.2. Solubility measurements

The solubility of syringic acid in binary mixtures of water and 
various bio-based solvents, namely 1,2-propanediol, 1,3-butanediol, 
1,2-pentanediol, [1.0.0], 2-ethoxyethanol, and Cyrene was experimen
tally measured in this work at atmospheric pressure and different tem
peratures, ranging from 278.2 K to 343.2 K, using the analytical 
isothermal shake-flask methodology (Hefter and Tomkins, 2003). To do 
so, syringic acid was added in slight excess of the expected solubility 
limit to each hydrotrope solution or pure compound. The samples were 
equilibrated in an air oven at (303.2 ± 0.5) K under constant stirring 
(1800 rpm) using an Eppendorf Thermomixer Comfort equipment. After 
at least 72 h (with thermodynamic equilibrium at higher temperatures 
requiring up to 120 h of stirring), the liquid phase samples were care
fully collected, filtered using syringe filters, and diluted in ultra-pure 
water. The concentration of syringic acid was then quantified by UV- 
spectroscopy using a SHIMADZU UV-1700 Pharma-Spec spectrometer 
at 267 nm.

2.3. Thermodynamic modelling

The solubility of a compound (solute, s) in a given solvent is gov
erned by the solid–liquid equilibrium (SLE) established between the 
solid phase of the solute and the liquid phase of the solvent. This SLE is 
typically of the eutectic type and, after some reasonable assumptions, 
can be described as (Richard Elliott and Lira, 2012): 

ln(xSγs) =
Δmhs

R

(
1

Tm,s
−

1
T

)

(1) 

where xS and γs are the mole fraction (solubility) and the activity co
efficient of the solute in the liquid phase, respectively, Tm,s and Δmhs are 
the solute melting temperature and enthalpy, T is the absolute temper
ature of the system, and R is the ideal gas constant. Note that Equation 
(1) allows for determining activity coefficients from experimental (xS,T) 
solubility data. The melting properties of syringic acid used in this work 
were taken from the literature (melting temperature, 480.3 K, and 
melting enthalpy, 33.7 kJ/mol) (Queimada et al., 2009).

COSMO-RS (conductor like screening model for real solvents) is a 
statistical thermodynamics model capable of predicting the activity 
coefficients of all components in a liquid mixture without the need for 
experimental data (Klamt, 1995; Klamt et al., 1998; Eckert and Klamt, 
2002). To do so, the model relies on the screened charges of molecules, 
obtained through quantum chemistry calculations, to estimate the pair- 
wise interaction strength between mixture components. COSMO-RS was 
used in this work to obtain estimates for the activity coefficients of 
water, hydrotropes, and syringic acid (allowing for the calculation of 
syringic acid solubility through Equation (1) in an iterative fashion), as 
well as their temperature dependencies. As such, all molecules studied in 
this work were optimized in the quantum chemistry software package 
TURBOMOLE (TURBOMOLE V7.1, 2016) with a BP-86 functional, the 
def-TZVP basis set, and the COSMO solvation model with infinite 
permittivity. The software package COSMOtherm (BIOVIA COSMO
therm, Release, 2021) was used for all COSMO-RS calculations using the 
BP_TZVP_21 parametrization.

Given that solubility can be treated as a solid–liquid equilibrium, 
with an equilibrium constant equal to xS, the van’t Hoff equation may be 
employed to determine the so-called solute enthalpy (Δdhs) and entropy 
(Δdss) of solution (Grant et al., 1984; Carrero, 2024): 

ln(xS) = −
Δdhs

R
•

1
T
+

Δdss

R
(2) 

Table 1 
List of chemical substances experimentally used in this work, including their 
CAS number, molar mass, source, and purity.

Name CAS 
Number

M 
/g•mol− 1

Source Purity 
(wt%)

1,2-Propanediol 57-55-6 76.09 Sigma- 
Aldrich

99.5

1,3-Butanediol 107-88-0 90.12 Sigma- 
Aldrich

99.5

1,2-Pentanediol 5343-92- 
0

104.15 TCI 97.0

3-Methoxypropan-1,2-diol 
([1.0.0])

623-39-2 106.12 Synthesizeda >99.0

2-Ethoxyethanol 110-80-5 90.12 Acros 
Organics

99.0

Dihydrolevoglucosenone 
(Cyrene)

53716- 
82-8

128.13 Sigma- 
Aldrich

99.0

Syringic Acid 530-57-4 198.17 Acros 
Organics

>98.0

a Part of a batch synthesized in previous works (Abranches et al., 2020; Soares 
et al., 2020).
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This is achieved by fitting straight lines to experimental solubility data – 
ln(xS) vs. T− 1 – and obtaining the slope and intercept. Volumetric units 
(solubility of syringic acid in g/L) were converted to mole fractions. The 
densities of the pure solvents at different temperatures were taken from 
the literature and fitted with a quadratic polynomial. These correlations 
are reported in Table S1. Densities for the mixtures were obtained 
assuming thermodynamic ideality.

2.4. Gaussian processes

GPs are a class of stochastic machine learning models that excel at 
interpolating data across multiple dimensions (i.e., input variables) 
(Seeger, 2004; Deringer et al., 2021). Among many advantages over 
other models, GPs are non-parametric, meaning they can describe 
complex relationships between features (input variables) and labels 
(output variables) without needing to select a specific functional form 
for the model. In this work, GPs were employed to describe the solubility 
of syringic acid as a function of temperature and solvent composition. 
For each hydrotropic system of interest, a surrogate function repre
senting syringic acid solubility, here denoted as Ś (x), was constructed 
and distributed as a GP with a mean function m(x) and a covariance 
function k(x) (Rasmussen and Processes, 2004): 

Ś (x) GP(m(x), k(x) ) (3) 

where x = [w,T], with w representing the weight fraction composition 
of the solvent.

The mean and covariance functions represent intrinsic properties of 
the relationship between solubility and composition/temperature. In 
practical applications, the mean function is typically zero, (Deringer 
et al., 2021) i.e. m(x) = 0, which has been shown to be effective in 
predicting the aqueous solubility of various solutes using GPs 
(Abranches et al., 2024). Regarding the covariance function, also 
denoted as the kernel, the popular Matérn 3/2 was selected for this work 
due to its generality, minimal number of hyperparameters, and differ
entiability. This kernel is defined as (Duvenaud, 2014; Matthews et al., 
2017): 

k
(
xi,xj

)
= σ2

(

1+

̅̅̅
3

√
‖xi − xj‖

l

)

exp

(

−

̅̅̅
3

√
‖xi − xj‖

l

)

(4) 

where σ2 and l are the variance and length scale hyperparameters of the 
kernel, respectively, and ‖xi − xj‖ represents the Euclidian distance be
tween xi and xj, with i and j being any two datapoints. To directly ac
count for experimental uncertainty, a white noise kernel, kW, was also 
added to Equation (4), being defined as (Duvenaud, 2014; Matthews 
et al., 2017): 

kW
(
xi,xj

)
= δ(i, j)σ2

W (5) 

where σ2
W is the white noise kernel variance and δ(i, j) is one when i = j 

and zero otherwise.
Given a set of N training data points, (xi, Si), a new solubility data 

point S* associated to x* (i.e., a testing data point) is said to be jointly 
distributed as follows:  

where N (0,Σ) represents a multivariate Gaussian distribution with a 
covariance matrix Σ, which contains the covariances between training 
data points (ΣS,S), testing data points (ΣS* ,S* ) and cross-covariances (ΣS,S* 

and ΣT
S,S* ). Thus, treating S* as a random variable and considering Bayes’ 

theorem (Rasmussen and Processes, 2004): 

S*|S N (μʹ, Σ́ ) (7) 

with μʹ and Σʹ being: 

μʹ = ΣT
S,S* Σ− 1

S,SS (8) 

Σʹ = ΣS* ,S* − ΣT
S,S* Σ− 1

S,SΣS,S* (9) 

Within the framework of GPs, μʹ (Equation (8) represents the GP- 
predicted solubility value S* at testing point x*, and Σʹ (Equation (9)
represents the GP-predicted uncertainty (variance) of this estimate.

GPs were trained and employed in this work using the Python 
packages GPFlow (Matthews et al., 2017) (V. 2.9.2) and TensorFlow 
(Abadi et al., 2015) (V. 2.12.1). Kernel hyperparameters and the model 
Gaussian likelihood were optimized by maximizing the log marginal 
likelihood of each GP using the L-BFGS-B algorithm (Byrd et al., 1995). 
Features and labels were normalized following standard procedures in 
the literature, particularly where aqueous solubilities are successfully 
predicted (Abranches et al., 2024). Specifically, features and labels were 
normalized using min–max scaling (Equation (10) and log- 
standardization (Eq. (11), respectively: 

ź =
z − zmin

zmax − zmin
(10) 

ź =
ln(z) − 〈ln(z)〉

sln(z)
(11) 

where ź  is the normalized version of z, zmin and zmax are the minimum 
and maximum values of z, and 〈ln(z)〉 and sln(z) represent the mean and 
standard deviation of the transformed variable ln(z), respectively.

3. Results and discussion

3.1. Solubility curves

The solubility of syringic acid in aqueous mixtures of hydrotropes 
was measured in this work at various temperatures, ranging from 278.2 
K to 342.2 K, and at different hydrotrope concentrations, from pure 
water to pure hydrotrope. The results, including associated experi
mental standard deviations, are reported in Tables S2 and S3 of Sup
porting Information. This data is also depicted in Fig. 1 in the form of 
solute solubility (g/L) as a function of hydrotrope composition (solute- 
free basis weight fraction).

Fig. 1 reveals that all amphiphilic molecules (i.e., hydrotropes) 
explored in this work can significantly enhance the aqueous solubility of 
syringic acid. In general terms and considering the entire composition 
range of the water/hydrotrope mixtures, 2-ethoxyethanol is the most 
effective hydrotrope, increasing the solubility of syringic acid up to 260 
g/L at 343 K (compared to 7.6 g/L at the same temperature for pure 
water without hydrotrope). This is followed by Cyrene (209 g/L), 

⎡

⎢
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⎣
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⋮
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S*

⎤
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⎥
⎦ N (0,Σ) = N

⎛
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⎝
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⎤
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[1.0.0] (160 g/L), 1,2-pentanediol (155 g/L), 1,3-butanediol (141 g/L), 
and, lastly, 1,2-propanediol (124 g/L). These performances are, how
ever, influenced by both temperature and hydrotrope composition.

The solubility curves discussed above are also depicted in Fig. S2, 
organized by temperature rather than hydrotrope to provide a more 
comprehensive comparison between hydrotropes. While 2-ethoxyetha
nol exhibits the most remarkable ability to enhance the aqueous solu
bility of syringic acid across the entire water/hydrotrope composition 
range, this is not true at low hydrotrope concentrations. The results 
depicted in Fig. S2 indicate that 1,2-pentanediol outperforms 2-ethoxye
thanol up to a hydrotrope weight percentage of approximately 40 %, 
regardless of temperature. Furthermore, in this low concentration 
regime (below 40 %), the performance of hydrotropes can be ranked, 
from best to worst, as follows: 1,2-pentanediol > 2-ethoxyethanol >
Cyrene > 1,3-butanediol > [1.0.0] > 1,2-propanediol. This ordering 
differs significantly from that listed in the previous paragraph, sug
gesting a change in the solubilization mechanism of these systems 
around a weight percentage of 40 %.

As discussed in the Introduction section, hydrotropy is driven by the 
hydrophobic effect, which leads to the aggregation of apolar hydrotrope 
moieties around solute molecules. As such, the performance of hydro
tropes is closely related to the volume of their apolar moieties (some
times referred to as their apolarity). This apolar volume (and its 
availability to aggregate around a solute) can be quantified using 
quantum-chemistry-derived metrics such as the apolar factor 
(Abranches et al., 2020) or empirical approaches such as octanol–water 
partition coefficients (Abranches et al., 2020). When dealing with simple 
families of similarly structured hydrotropes, molar mass or the number 
of apolar functional groups can also be used as a metric (Abranches 
et al., 2022). In this work, apolar volume was loosely quantified by the 
number of apolar hydrogens in any given hydrotrope. Thus, the apolar 
volume of the hydrotropes discussed above can be ordered as: 1,2-pen
tanediol (10 apolar hydrogens) > 2-ethoxyethanol (9) > Cyrene (8) =

1,3-butanediol (8) = [1.0.0] (8) > 1,2-propanediol (6). Note how this 
closely follows the ranking of best performing hydrotropes below 40 wt 
%.

The larger the apolar volume of a hydrotrope, the stronger the 
driving force for solute-hydrotrope aggregation, resulting in better 
performances. Moreover, a hydrotropy solubilization mechanism is only 
possible when water is the primary solvent in the system, allowing the 
hydrophobic effect to occur. Thus, it is unsurprising that the compound 
with the largest alkyl chain (1,2-pentanediol) exhibits the best hydro
tropic performance at low concentrations. The comparison between 1,2- 
pentanediol and [1.0.0] further underscores the significance of apolarity 
in hydrotropy. The structures of these two hydrotropes are similar, with 
one carbon atom in the former being replaced by an oxygen in the latter. 
This reduction in apolarity leads to a marked decrease in hydrotropic 
efficiency.

All the above observations support the notion that hydrotropy is the 
dominant mechanism at hydrotrope weight percentages below 40 wt% 
for the systems studied in this work. Beyond this concentration, another 
mechanism, here generically termed co-solvency, becomes predomi
nant. In this regime, water is no longer the dominant solvent in the 
system, and the hydrophobic effect diminishes in importance when 
replaced by the solvation in the dominant solvent, i.e., the co-solvent. It 
is worth noting, though, that Cyrene may have a larger apolar volume 
than 1,2-pentanediol, depending on how this quantity is defined. 
Nevertheless, Cyrene establishes a chemical equilibrium in water be
tween its ketone and geminal diol forms. This reactivity with water and 
change in chemical structure alters the effectiveness of Cyrene as a 
hydrotrope, as we discussed in detail in previous work (Abranches et al., 
2020).

Now focusing on the influence of temperature on hydrotropy, rather 
than that of composition or hydrotrope structure, the results depicted in 
Fig. 1 show that an increase in temperature leads to an increase in the 
solubility of syringic acid across all systems studied. Furthermore, 

Fig. 1. Solubility (mass of solute per volume of solution) of syringic acid in aqueous hydrotrope solutions as a function of the solute-free basis weight fraction of the 
hydrotrope. Each panel depicts different hydrotropes, circles represent experimental data measured in this work, and colors represent different temperatures. Lines 
are simple visual aids. The chemical structures of the hydrotropes are also shown.
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excepting 1,2-propanediol and [1.0.0] between 278 K and 323 K, all 
solubility curves display a maximum concerning hydrotrope composi
tion. The position of this maximum tends to shift towards lower 
hydrotrope concentrations as the temperature increases. Additionally, 
the onset of the exponential rise in solute solubility, often referred to as 
the minimum hydrotrope concentration (MHC) in analogy to the critical 
micellar concentration (CMC) of surfactants, is also observed to decrease 
with increasing temperature.

Despite the clear differences between hydrotropes and surfactants, 
the concepts of MHC and CMC are frequently related in the literature 
(Shimizu and Matubayasi, 2016). As such, it is worth highlighting the 
similarities in how temperature affects CMCs and MHCs observed in this 
work. The CMCs of ionic surfactants tend to display non-monotonic 
behavior with temperature, whereas the CMCs of their non-ionic coun
terparts tend to decrease as temperature increases (Tadros and Con
centration, 2013). For instance, Khoshnood et al. (Khoshnood et al., 
2016) showed that the CMCs of sodium dodecyl sulfate, sodium decyl 
sulfate, sodium tetradecyl sulfate, dodecyl trimethylammonium bro
mide exhibited an absolute minimum concerning temperature (note the 
similarity of these surfactants with the ionic hydrotropes mentioned in 
the Introduction). For all systems studied in this work, which involve 
only non-ionic hydrotropes, MHCs consistently and monotonically 
decreased with increasing temperature (Fig. 1), aligning with the 
behavior observed for non-ionic surfactants.

3.2. Solubility enhancement

As discussed in the previous section, the positive effect of tempera
ture on solubility is a well-established result of basic solid–liquid equi
librium thermodynamics. To better highlight this fundamental 
relationship between temperature and solubility, remembering the 
assumption of no solid phase transitions and disregarding the change of 
the heat capacity upon melting, Equation (1) can be rearranged as: 

xS = Aexp
(

−
B
T

)

•
1
γS

(12) 

where A = exp
(

Δmhs
RTm,s

)

and B = Δmhs
R are temperature-independent pa

rameters. Note how as the temperature increases, so does the expo
nential term in Equation (12), leading to a corresponding increase of xS. 
This phenomenon is associated with changes in the Gibbs energy of the 
solid solute and is unrelated to the intermolecular interactions estab
lished between the solute and the solvent in the liquid phase, which are 
described by γS.

To understand how temperature influences the aggregation behavior 
of hydrotropes and solutes in aqueous solutions, or in other words, to 
study the impact of temperature on hydrotropy, solubility data must be 
analyzed while removing the effect of temperature on the Gibbs energy 
of the solid. This can be achieved by examining the so-called solubility 
enhancement, which quantifies the increase in solubility of a solute 
upon the addition of a hydrotrope. For any given temperature, solubility 
enhancement is defined as the ratio between the molar solubility of the 
solute in the solvent mixture and its molar solubility in pure water, 
denoted as S(T)/SwH=0(T). Following Equation (12), this ratio is influ
enced solely by the activity coefficients of the solute and density changes 
in the solvent. As such, the solubility curves discussed in the previous 
section are presented in Fig. 2 as solubility enhancements rather than 
absolute solubility values. Furthermore, activity coefficients were 
directly calculated from this experimental solubility data using Equation 
(1) and are reported in Figs. S3 and S4.

The results depicted in Fig. 2 are remarkable. Surprisingly, temper
ature does not affect the thermodynamic behavior of hydrotropy. For all 
systems studied, there is a composition window, from pure water to a 
hydrotrope weight percentage of approximately 40 % (the exact value 
varies by hydrotropic system), within which the solubility enhancement 

Fig. 2. Solubility enhancement – S(T)/SwH=0(T) – of syringic acid in aqueous hydrotrope solutions as a function of the solute-free basis weight fraction of the 
hydrotrope. Each panel depicts different hydrotropes, circles represent experimental data measured in this work, and colors represent different temperatures. Lines 
are simple visual aids. The chemical structures of the hydrotropes are also shown.
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of syringic acid remains unchanged by temperature. Beyond this point, 
increasing temperature actually leads to a decrease in solubility 
enhancement. These findings suggest that syringic acid is solubilized by 
two distinct mechanisms (or regimes), depending on the concentration 
of the hydrotrope, consistent with the conclusions drawn in the previous 
section.

The fact that the solubility enhancement of syringic acid remains 
unaffected by temperature within the hydrotropy regime does not imply 
that the hydrophobic effect is temperature-independent. The significant 
influence of temperature on the hydrophobic effect, which drives 
hydrotropy (Shimizu and Matubayasi, 2016; Abranches et al., 2020), is 
well-documented (Shimizu and Chan, 2000; Southall et al., 2002; 
Kronberg et al., 1994). From a molecular mechanistic perspective, even 
when disregarding entropic effects on apolar-apolar clusters, an increase 
in temperature weakens the hydrogen bonding network of water due to 
the increased thermal motion of water molecules, thus altering the 
driving force of the hydrophobic effect (Swiatla-Wojcik et al., 2008; 
Dougherty, 1998). Instead, the results presented in Fig. 2 suggest that, 
within the hydrotropy regime, the impact of temperature on the hy
drophobic effect is independent of the hydrotrope concentration. In 
other words, and because solubility enhancements represent relative 
ratios taken at the same temperature – S(T)/SwH=0(T), the intermolec
ular interactions between syringic acid and pure water or water/ 
hydrotrope mixtures appear to be affected by temperature in the same 
way. This indicates a thermodynamic process where the entropy 
contribution to the excess Gibbs free energy is much greater than its 
enthalpy counterpart. This is related to the hydrotrope-solute in
teractions being dominated by dispersion forces, which are by nature 
athermal.

The observation that temperature decreases the solubility enhance
ment of syringic acid at large hydrotrope concentrations (recall that this 
composition window is here referred to as the co-solvency regime) is 
easy to explain. The hallmark of co-solvency is the formation of 

enthalpically-driven intermolecular interactions, particularly hydrogen 
bonding, at concentrations where water, in loose terms, is not the pri
mary solvent of the system (Gomes et al., 2024; Andanson et al., 2014; 
Abranches et al., 2020). As temperature increases, the strength of these 
interactions diminishes due to the heightened thermal motion of the 
molecules (Dougherty, 1998). This results in a decrease in the solubility 
enhancement of syringic acid, as shown in Fig. 2. Additionally, it re
duces the activity coefficients, approaching unity (thermodynamic ide
ality), as illustrated in Figs. S3 and S4.

The discussion above, including the identification of two distinct 
solubilization mechanisms in the hydrotropic systems studied in this 
work, is aligned with previous findings in the literature (Abranches 
et al., 2020; Abranches et al., 2022; Abranches et al., 2020). For 
example, while Cyrene has been demonstrated to act as a hydrotrope, at 
high Cyrene concentrations where water is no longer the primary sol
vent of the system and the hydrophobic effect is absent, water has been 
shown to mediate hydrogen bonding interactions between syringic acid 
and Cyrene (Abranches et al., 2020). This phenomenon helps explain 
why both absolute solubilities and solubility enhancements display a 
maximum concerning the hydrotrope composition. Thus, paradoxically, 
water can enhance the solubility of hydrophobic substances in amphi
philic solvents through co-solvency, as will be further explained below.

3.3. COSMO-RS

As mentioned in the Methods section, the thermodynamics model 
COSMO-RS was employed to predict the solubility of syringic acid in the 
aqueous solutions of hydrotropes studied in this work across the entire 
composition and temperature ranges. While the theoretical foundations 
of this model lie on pair-wise interactions, there is limited evidence in 
the literature (Abranches et al., 2020) suggesting that COSMO-RS can 
capture the complex n-body interactions that give rise to the hydro
phobic effect and hydrotropy. The results obtained are reported in Fig. 3.

Fig. 3. Solubility enhancement in mole fraction basis – x(T)/xwH=0(T) – of syringic acid in aqueous hydrotrope solutions as a function of the solute-free basis weight 
fraction of the hydrotrope, predicted using COSMO-RS Each panel depicts different hydrotropes, circles represent COSMO-RS predictions, and colors represent 
different temperatures. Lines are simple visual aids. The chemical structures of the hydrotropes are also shown.
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COSMO-RS is unable to quantitatively predict the solubility 
enhancement of syringic acid, with deviations from the experimental 
values (Fig. 2) exceeding one order of magnitude. Moreover, COSMO-RS 
does not predict solubility maxima (with respect to hydrotrope 
composition) in the co-solvency region for any of the systems studied. 
However, the qualitative trends observed with respect to temperature 
are interesting. In particular, COSMO-RS indicates that at low hydro
trope concentration (i.e., in the hydrotrope regime), temperature has a 
negligible impact on solubility enhancement. In contrast, at high 
hydrotrope concentration (i.e., in the co-solvency regime) temperature 
negatively impacts solubility enhancement. This fully agrees with the 
observations made in the previous section, suggesting that COSMO-RS is 
capturing, albeit qualitatively, the different mechanisms of hydrotropy 
and co-solvency.

Given the accurate qualitative trends of COSMO-RS described above, 
this model is now used to examine the molecular mechanism behind the 
unusual temperature dependencies identified so far. To do so, the 
mixture of water/1,2-pentanediol was taken as an illustrative example, 
and the activity coefficients of water were computed, along with the 
infinite dilution activity coefficients of syringic acid and its excess 
enthalpy and entropy. These results are depicted in Fig. 4 on a mole 
basis.

Fig. 4 presents several important results. The activity coefficient of 
water in the binary water/hydrotrope mixture is, remarkably, constant 
with respect to temperature until a hydrotrope mole fraction of roughly 
0.2. This corresponds roughly to the composition window where the 
solubility enhancement of syringic acid is constant with temperature 
and supports the notion raised in the previous section that, in the 
hydrotropy regime, the impact of temperature on the intermolecular 
interactions in pure water and water/hydrotrope mixtures is very 
similar. Surprisingly, within this low hydrotrope composition window, 
the excess enthalpy of syringic acid at infinite dilution changes consid
erably with temperature. However, the contribution of its excess entropy 
counterpart, which does not exhibit such a strong dependency on tem
perature, is dominant at low hydrotrope concentrations.

The results discussed above also reinforce the two solubility regimes 

of syringic acid, which COSMO-RS captures qualitatively. At low 
hydrotrope compositions, the thermodynamic behavior of syringic acid 
is dominated by entropic factors. Although its excess enthalpy changes 
with temperature (as expected), its contribution to the final excess Gibbs 
energy of syringic acid is insignificant. Then, at high hydrotrope com
positions, enthalpic contributions become prevalent over their entropic 
counterparts, signifying a shift from a hydrotropy regime to a co- 
solvency.

3.4. ML modelling and thermodynamic assessment

A meticulous analysis of the thermodynamic properties of the sys
tems examined in this work, utilizing the van’t Hoff approach (Equation 
(2), may help uncover the molecular mechanisms underlying the un
usual temperature trends identified in the previous sections. This anal
ysis is facilitated by having a smooth function directly relating solubility 
with solvent composition and temperature. To achieve this, a GP model 
was fitted to each system studied, as detailed in the section on “Gaussian 
Processes,” and the results are reported in Fig. 5. The usage of GPs is 
based on their exceptional capability to interpolate experimental data 
while natively handling both experimental and epistemic uncertainty, 
mitigating the risk of overfitting.

The results presented in Fig. 5 show that GPs can interpolate the 
solubility of syringic acid across the entire range of compositions and 
temperatures investigated. The models achieved a relatively low mean 
relative error (MRE) for each system, with a maximum value of 4.7 % 
when the hydrotrope is [1.0.0] and an average across all systems of just 
2.9 %. Moreover, the main landscape characteristics of each system are 
well captured, including the presence of solubility maxima and the 
exponential relationship between solubility and temperature. This 
demonstrates that GPs serve as a viable alternative to thermodynamic 
modelling for hydrotropic systems, which is particularly relevant due to 
a lack of models capable of capturing the composition and temperature 
trends of these systems.

Having constructed smooth GP models for the solubility of syringic 
acid with respect to solvent composition and temperature, the en

Fig. 4. Predicted activity coefficients of water in the water/1,2-pentanediol binary mixture (top left corner), along with the contribution of excess enthalpy to the 
excess Gibbs energy (top right corner), excess enthalpies (bottom left corner), and excess entropies (bottom right corner) of syringic acid at infinite dilution. Circles 
represent COSMO-RS predictions, and colors represent different temperatures. Lines are simple visual aids.
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thalpies and entropies of solvation are now estimated for these systems 
using the van’t Hoff approach. To do so, GPs were employed to generate 
solubility data across 20 different compositions, ranging from pure 
water to pure hydrotrope, with 20 temperature points per composition 
within the range 278.2–343.2 K. Then, following the procedure 
explained above, the enthalpies and entropies of solvation were 
extracted from the plots of lnxS versus 1/T by fitting linear polynomials. 
These plots are depicted in Fig. S5 for select compositions and 
temperatures.

It is important to note that while the lnxS vs. 1/T plots depicted in 
Fig. S5 display strong linear correlations, small variations in lnxS can 
lead to significant changes in the derived enthalpies and entropies of 
solvation. This is especially true at low hydrotrope concentrations, 
where the experimental solubility value of syringic acid is small, making 
it more difficult to have precise solubility measurements. This is why 
GPs were employed in this work to process the data and prevent a rough 
and noisy landscape for enthalpy and entropy. Despite these efforts, the 
accuracy of the determined values for solvation enthalpy and entropy is 

Fig. 5. GP-predicted solubility (mass of solute per volume of solution) of syringic acid in aqueous hydrotrope solutions as a function of the solute-free basis weight 
fraction of the hydrotrope and temperature. Each panel depicts different hydrotropes, and circles represent experimental data measured in this work. Mean relative 
errors for the GP-predicted data are also included.

Fig. 6. Enthalpy (left) and entropy (right) of solvation of syringic acid in aqueous hydrotrope solutions as a function of the solute-free basis weight fraction of the 
hydrotrope, estimated using the van’t Hoff approach from GP-predicted data. Vertical dotted lines represent a hydrotrope weight fraction of 0.4.
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expected to have high uncertainty. It should be interpreted as indicative 
of general trends rather than settled values, that can be more correct by 
calorimetric measurements. The enthalpies and entropies of solvation at 
different solvent compositions are shown in Fig. 6.

The enthalpy of solvation represents the enthalpy associated with the 
solvation of syringic acid in water/hydrotrope mixtures. It is a different 
thermodynamic quantity from the solute excess enthalpy reported in 
Fig. 4. Its values, reported in Fig. 6, are always positive across the entire 
composition range of the water/hydrotrope mixtures, indicating a pre
dominantly endothermic solvation process. The enthalpies of solvation 
around pure water display a value of roughly 30 kJ/mol, similar to that 
observed in the solvation of alkanes (e.g., 33 kJ/mol for hexane) 
(Morgado et al., 2020). Moreover, despite their large absolute values, 
the enthalpies of solvation exhibit minimal variation (less than 15 %) 
between pure water and approximately 40 % of the hydrotrope mass 
fraction. Thus, while temperature has a pronounced effect on the ab
solute solubility of syringic acid within this composition range, as ex
pected from a thermodynamic process with a significantly associated 
enthalpy, the solubility enhancements remain unaffected by tempera
ture due to the small variations in enthalpy (that is, the enthalpy dif
ference between water/hydrotrope mixtures and pure water govern the 
impact of temperature on solubility enhancement).

The fact that the enthalpy of solvation does not significantly change 
within hydrotrope weight percentages of 0–40 % suggests that 
hydrotrope-solute interactions are essentially athermal, as would be 
expected since dispersion forces dominate hydrotrope-solute in
teractions. This observation is consistent with the thermodynamic 
quantities predicted by COSMO-RS in the previous section, along with 
the observation that temperature affects the thermodynamic behavior of 
syringic acid in pure water and in water/hydrotrope mixtures in the 
same manner. Beyond a hydrotrope weight percentage of 40 %, there is 
a sharp decrease in the enthalpies of solvation for all systems, particu
larly within the 40–60 % range. This decrease is related to the transition 
from a hydrotropy regime to a co-solvency regime, indicating the 
prevalence of enthalpically-driven solute-hydrotrope interactions and 
contacts and a more favorable environment for the solute. Note that pure 
2-ethoxyethanol presents the lowest enthalpy of solvation, around 10 
kJ/mol, which was also the co-solvent that attained the highest solubi
lity enhancement of syringic acid, as explained in the previous sections.

Focusing now on the entropy of solvation, its value in pure water is 
approximately 30 J/(K•mol), which is somewhat lower than what is 
observed for common alkanes in water (e.g., 45 J/(K•mol) for hexane) 
(Morgado et al., 2020). Furthermore, the overall trend with hydrotrope 
composition differs from that observed for the enthalpy of solvation. 
Specifically, the entropy of solvation generally increases for all systems 
until reaching a maximum at around a hydrotrope weight percentage of 
40 %, decreasing thereafter. This suggests that the transition from the 
hydrotropy solubilization regime to the co-solvency regime, when the 
temperature has a remarkable impact on the solubility enhancement, is 
associated with a maximum in the entropy value.

4. Conclusions

In this work, the solubility of a hydrophobic compound syringic acid 
was measured in binary mixtures of water and bio-based solvents at 
different temperatures and the entire composition range of the solvent, 
from pure water to pure hydrotrope. The solvents selected, namely 1,2- 
propanediol, 1,3-butanediol, 1,2-pentanediol, [1.0.0], 2-ethoxyehtanol, 
and Cyrene are of varying polarities and hydrophobic volumes. The 
solubility data was analyzed in terms of absolute and relative solubilities 
alongside predictions with the COSMO-RS thermodynamic model, 
connecting also to the enthalpies and entropies of solvation, which were 
obtained employing a thermodynamic approach enhanced by machine 
learning-smoothed data.

Remarkably, the results obtained and discussed throughout this work 
reveal that temperature has a negligible effect on the solubility 

enhancement of syringic acid in the hydrotropy regime (i.e., low 
hydrotrope concentrations, roughly below 40 wt%). Moreover, the 
different effects of temperature on the thermodynamic behavior of 
syringic acid allowed for a clear distinction between hydrotropy and a 
second solvation regime, termed co-solvency, where increasing tem
perature decreases the solubility enhancement of syringic acid. These 
conclusions were made based on the following observations: 

i) The bio-based solvent with the largest apolar volume, 1,2-pro
panediol, is the most effective hydrotrope up to a hydrotrope 
weight percentage of approximately 40 wt%, beyond which 2- 
ethoxyethanol becomes more effective.

ii) The impact of temperature on the solubility enhancement of 
syringic acid differs significantly at hydrotrope compositions 
below and above approximately 40 wt%.

iii) Syringic acid activity coefficients remain constant with temper
ature until a hydrotrope weight percentage of 40 wt%, increasing 
afterwards.

iv) Enthalpies of solvation remain relatively constant up to approx
imately 40 wt% hydrotrope, after which they sharply decline.

v) Entropies of solvation reach a maximum at approximately 40 wt 
% of hydrotrope mass percentage.

All in all, while the absolute solubility of syringic acid consistently 
increased with temperature, the unusual temperature-dependent trends 
in solubility enhancement, activity coefficients, and thermodynamic 
properties have enabled the identification of distinct solubilization re
gimes. These findings highlight the importance of studying hydrotropy, 
or at least measuring solubility curves, across various temperatures and 
solvent compositions, as the best solvation additive is not always clear 
and varies with concentration.
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Villagrá, P., Ghahramani, Z., Hensman, J., 2017. A Gaussian Process Library using 
TensorFlow. J. Mach. Learn. Res. 18, 1–6. http://jmlr.org/papers/v18/16-537.html.

Martín Abadi, Ashish Agarwal, Paul Barham, Eugene Brevdo, Zhifeng Chen, Craig Citro, 
Greg S. Corrado, Andy Davis, Jeffrey Dean, Matthieu Devin, Sanjay Ghemawat, Ian 
Goodfellow, Andrew Harp, Geoffrey Irving, Michael Isard, Y. Jia, Rafal Jozefowicz, 
Lukasz Kaiser, Manjunath Kudlur, Josh Levenberg, Dandelion Mané, Rajat Monga, 
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