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Introduction

The impact of size and shape in the performance
of hydrotropes: a case-study of alkanediols¥

a

Dinis O. Abranches,
Seishi Shimizu, ©2°® Sim&o P. Pinho

12 Bruna P. Soares, (20 2 Ana M. Ferreira,
¢ and Jo3do A. P. Coutinho (2 *@

Inspired by the recently proposed cooperative mechanism of hydrotropy, where water molecules
mediate the aggregation of hydrotrope around the solute, this work studies the impact of apolar volume
and polar group position on the performance of hydrotropes. To do so, the ability of two different
families of alkanediols (1,2-alkanediols and 1,n-alkanediols) to increase the aqueous solubility of syringic
acid is initially investigated. Interestingly, it is observed that in the dilute region (low hydrotrope
concentration), the relative position of the hydroxyl groups of the alkanediols does not impact their
performance. Instead, their ability to increase the solubility of syringic acid correlates remarkably well
with the size of their alkyl chains. However, this is not the case for larger hydrotrope concentrations,
where 1,2-alkanediols are found to perform, in general, better than 1,n-alkanediols. These seemingly
contradictory findings are reconciled using theoretical and experimental techniques, namely the
cooperative model of hydrotropy and chemical environment probes (Kamlet-Taft and pyrene polarity
scales). It is found that the number of hydrotropes aggregated around a solute molecule does not
increase linearly with the apolar volume of the former, reaching a maximum instead. This maximum is
discussed in terms of competing solute—hydrotrope and hydrotrope—hydrotrope interactions. The
results suggest that hydrotrope self-aggregation is more prevalent in 1,n-alkanediols, which negatively
impacts their performance as hydrotropes. The results reported in this work support the cooperative
model of hydrotropy and, from an application perspective, show that hydrotropes should be designed
taking into consideration not only their apolar volume but also their ability to stabilize their self-
aggregation in water, which negatively impacts their performance as solubility enhancers.

10-12

salts,® glycerol ethers and esters,””® ionic liquids, and even

simple organic molecules such as ethanol and urea."?

Following the principles of Green Chemistry," water is undoubt-
edly the most sustainable solvent: it is readily available, non-
flammable, non-toxic, cheap, and environmentally benign.
Unfortunately, many compounds that possess relevant proper-
ties and bioactivities display poor aqueous solubility. Rather
than using different solvents to process these compounds,
hydrotropes can be used to overcome this limitation. Hydro-
tropes are amphiphilic organic substances that significantly
increase the aqueous solubility of hydrophobic compounds.>™
Since the concept was first proposed,® a variety of substances
have been studied as hydrotropes, namely organic sulfonate

@ CICECO - Aveiro Institute of Materials, Department of Chemistry, University of
Aveiro, Aveiro, Portugal. E-mail: jcoutinho@ua.pt

b York Structural Biology Laboratory, Department of Chemistry, University of York,
Heslington, York YO10 5DD, UK

¢ CIMO, Polytechnic Institute of Braganca, Braganga, Portugal

i Electronic supplementary information (ESI) available. See DOI: 10.1039/

d2cp00496h

i Equally contributing authors.

7624 | Phys. Chem. Chem. Phys., 2022, 24, 7624-7634

In contrast with surfactants, hydrotropes do not form well-
structured aggregates such as micelles, and their mechanism of
action is still not fully understood. After much speculation in the
literature, the statistical thermodynamics-based cooperative
model of hydrotropy'* was recently proposed and experimentally
confirmed by proton nuclear magnetic resonance (‘H-NMR).'?
Within the framework of this model, a hydrotrope increases the
solubility of a hydrophobic substance by aggregating around it in
solution through its apolar moieties (hydrophobic effect). This
aggregation is water-mediated, in the sense that aggregation
between the apolar moieties of both hydrotrope and solute
maximizes hydrogen bond-type interactions between water mole-
cules or between water and hydrotrope. As such, the hydrotropic
effect can be heightened by carefully selecting hydrotropes with
large apolar volumes that still retain aqueous solubility.

Given the dependence of hydrotropy on the apolar volumes
of solute and hydrotrope, families of compounds that possess
easily tuned apolarity are a powerful tool to understand the
overall mechanism of this phenomenon and rationally design

This journal is © the Owner Societies 2022


http://orcid.org/0000-0003-0097-2072
http://orcid.org/0000-0002-3126-0900
http://orcid.org/0000-0003-3057-5019
http://orcid.org/0000-0002-7853-1683
http://orcid.org/0000-0002-9211-857X
http://orcid.org/0000-0002-3841-743X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp00496h&domain=pdf&date_stamp=2022-03-15
http://rsc.li/pccp
https://doi.org/10.1039/d2cp00496h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024013

Published on 08 March 2022. Downloaded on 5/12/2022 2:18:32 PM.

Paper

better green hydrotropes for specific applications. For instance,
while investigating the ability of glycerol and glycerol-
derivatives to enhance the aqueous solubility of syringic acid,
increasing the size of the alkyl side chain of monoglycerol
ethers provided key insight into the mechanism of
hydrotropy,”"” revealing that the magnitude of the solubility
enhancement of a given solute correlates well with the apolarity
of the hydrotrope and reaches a maximum when the apolar
surface area of the hydrotrope and solute match. However,
whether this is a general trend for all hydrotrope-solute pairs or
a phenomenon specific to glycerol ethers is still unclear.

Alkanediols are a family of compounds that possess similar
structures and amphiphilicity to monoglycerol ethers yet are
structurally simpler and offer an additional array of tuning
opportunities, namely the size of their alkyl chain and the
position of their hydroxyl groups. As such, and considering the
recent success of glycerol ethers highlighted in the previous
paragraph, alkanediols offer the most valuable opportunity to
systematically study the combined effects of hydrophobic and
hydrophilic interactions in hydrotropy. Furthermore, alkanediols
present a certain degree of sustainability, with many being FDA-
approved and widely used in the cosmetic, food, and pharma-
ceutical industries.'® They have also been used to prepare sus-
tainable deep eutectic solvents that extract and recover bioactive
compounds from natural sources with high overall efficiency."”

To assess the impact of the alkyl chain length (size) and
relative position of polar groups (shape) of hydrotropes on the
solubility enhancement of hydrophobic solutes, the ability of two
sets of alkanediols (1,2-alkanediols and 1,n-alkanediols with alkyl
chain sizes ranging from one to seven carbons) to increase the
aqueous solubility of syringic acid is investigated in this work.
Alkanediols were chosen as model hydrotropes due to their
tuning potential and sustainable character described above.
Syringic acid was selected as the model solute due to its hydro-
phobicity, therapeutic activity, and presence in bio-relevant
natural sources where sustainable extraction processes are
desirable."® In fact, syringic acid is an antioxidant and an anti-
inflammatory, while also functioning as a therapeutic agent for a
wide range of diseases, such as cancer and diabetes. It can be
found in several plants, ranging from grapes and olives to natural
products such as honey, and functions as a surrogate of lignin (of
which it is a monomer) in solubility studies. The solubility results
obtained are modeled and interpreted in light of the Setschenow
correlation and cooperative model of hydrotropy. The Kamlet-
Taft'® and Py*° polarity scales are measured and used to ratio-
nalize the results obtained. To better understand the impact of
the hydrophobicity of the solute in its interactions with the
hydrotrope, two additional solutes with large apolar volumes
are also studied (Reichardt’s dye and pyrene).

Experimental section
Chemicals

The chemical substances used in this work are listed in Table 1,
along with their CAS number, source, and mass purity. The
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Table 1 List of substances experimentally used in this work, along with
their CAS number, supplier, and mass purity

Substance CAS number Source Purity (wt%)
1,2-Ethanediol 107-21-1 Fisher >99.0
1,2-Propanediol 57-55-6 Sigma-Aldrich 99.5
1,3-Propanediol 504-63-2 Sigma-Aldrich  >98.0
1,2-Butanediol 584-03-2 Sigma-Aldrich  >98.0
1,4-Butanediol 110-63-4 Alfa Aesar >99.0
1,2-Pentanediol 5343-92-0 TCI 97.0
1,5-Pentanediol 111-29-5 Alfa Aesar 97.0
1,2-Hexanediol 6920-22-5 Alfa Aesar 97.0
1,6-Hexanediol 629-11-8 Acros Organics  97.0
1,7-Heptanediol 629-30-1 TCI >98.0
Syringic acid 530-57-4 Acros Organics >98.0
Reichardt’s dye 10081-39-7  Sigma-Aldrich 90.0
Pyrene 129-00-0 Sigma-Aldrich  >99.0
N,N-Diethyl-4-nitroaniline 2216-15-1 Fluorochem >99.0

generic chemical structures of 1,2-alkanediols and 1,n-alkanediols,
and the chemical structure of syringic acid are depicted in Fig. 1
(see Fig. S1 for a full list of chemical structures, ESIT). The water
used in all solubility essays was double distilled, passed across a
reverse osmosis system, and treated with a Milli-Q plus 185 water
purification apparatus.

Solubility curves

The solubility of syringic acid in each water/hydrotrope
solution was measured using the analytical isothermal shake-
flask methodology.>" Syringic acid was added in slight excess to
each aqueous solution of hydrotrope or pure hydrotrope. The
samples were equilibrated in an air oven at (303.2 + 0.5) K
under constant stirring (1050 rpm) for 72 h, using an Eppen-
dorf Thermomixer Comfort equipment. After 72 h, all
samples were centrifuged at (303.2 £ 0.5) K and 4500 rpm for
20 minutes in order to separate the excess undissolved solute
from the liquid phase. Then, liquid-phase samples were care-
fully collected, filtered using syringe filters, and diluted in
ultra-pure water. The amount of syringic acid was quantified
by UV-spectroscopy using a SHIMADZU UV-1700 Pharma-Spec
spectrometer at 267 nm. The solubility of syringic acid in pure
water was found to be (1.462 + 0.004) g L', in line with
previous results reported in the literature.'"*

The procedure described above was also used to measure the
solubility of Reichardt’s dye and pyrene in aqueous solutions of
1,2-pentanediol or 1,5-pentanediol. Due to the high hydropho-
bicity of the solutes, the collected and filtered samples were
diluted in water/ethanol 50% (v/v) and then quantified by
UV-spectroscopy at 304 nm and 335 nm, respectively. The solubility

HO. (0]

OH

Fig. 1 Generic chemical structures of 1,2-alkanediols (left, n = 0 to 3) and
1,n-alkanediols (middle, n = 0 to 5), and the chemical structure of syringic
acid (right).
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of Reichardt’s dye in pure water was found to be (30.8 + 0.5) mg L™,
while the solubility of pyrene in pure water (0.17 mg L") was taken
from the literature.”®

Cooperative model of hydrotropy

The solubility data for syringic acid obtained in this work was
fitted using the cooperative model of hydrotropy, a statistical
thermodynamics-based model developed by Shimizu and
Matubayasi.™* This model is based on solute-hydrotrope aggre-
gation in solution and was developed for sigmoidal-shaped
solubility curves. It can be summarized as:

S

12
So

o (5)

So So max
where S and S, are the molar solubilities (mol L") of the solute
in the aqueous hydrotrope solution, or pure water, respectively,
(8/So)max is the maximum attainable relative solubility caused
by a given hydrotrope, xy; is the mole fraction of the hydrotrope
in the ternary water/hydrotrope/solute solution, and m and b
are fitted parameters of the model.

Eqn (1) is often fitted against solubility data by leaving
(S/So)max as an adjustable parameter as well.>* This is done
because most experimental solubility curves are not perfectly
sigmoidal, with some presenting an absolute maximum, casting
doubt on the ability to determine a value for (S/Sp)max correctly.
To avoid this problem and given that some of the solubility
curves obtained in this work are not sigmoidal, this procedure is
adopted here.

In =mln(xy) + b (1)

Solvent polarity scales

The Kamlet-Taft solvatochromic parameter 7* (solvent dipolarity/
polarizability)'® and the Py scale parameter I,/I; (ratio between
the first and third bands of the fluorescence spectrum of
pyrene)*” were experimentally measured in this work for aqueous
solutions of 1,2-pentanediol or 1,5-pentanediol.
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The solvatochromic parameter n* was measured using the
dye N,N-diethyl-4-nitroaniline. After vigorous stirring for the
complete dissolution of the dye, samples were scanned using a
UV-Vis spectrophotometer (BioTeck Synergy HT microplate
reader). The longest wavelength absorption band was used to
determine the parameter using the following equation:

TE* o Valkanediol — vcyclohcxanc (2)
VDMSO — Veyclohexane

where v is the experimental wave number and the subscripts
alkanediol, cyclohexane, and DMSO correspond to the
solvent used.

To measure the polarity index (I3/I3), fluorescence measure-
ments using pyrene were carried out, as previously described in
the literature.>***>® The fluorescence emission spectra were
obtained with aerated solutions at very low pyrene concen-
tration (3 x 1077 mol L"), which ensured the absence of
pyrene excimers. Adequate volumes of pyrene in ethanol solu-
tions were transferred to empty Eppendorf vessels and the
solvent was carefully evaporated. The aqueous solutions of
alkanediols (1,2 and 1,5-pentanediol) were then added. In order
to ensure equilibrium, the spectra were measured after 48 h of
constant stirring (2000 rpm) using an Eppendorf Thermomixer
Comfort equipment. The pyrene spectra were quantified using
a JASCO FP-8300 spectrofluorometer at an excitation wave-
length of 318 nm. The spectra were used to determine the ratio
of the intensities of the first and third vibronic peaks of
monomeric pyrene (polarity index, I/I5).

Results and discussion
Solubility curves of syringic acid

The solubility curves of syringic acid in aqueous solutions of
1,2-alkanediols and 1,n-alkanediols, measured in this work, are
depicted in Fig. 2. Detailed experimental results are reported in
ESIt (Tables S1 and S2). The solubility of syringic acid was
measured in the entire experimentally available concentration
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Fig. 2 Solubility enhancement of syringic acid in aqueous solutions of 1,2-ethanediol @ or A, 1,2-propanediol ¢, 1,2-butanediol ¢, 1,2-pentanediol ¢,
1,2-hexanediol @, 1,3-propanediol A, 1,4-butanediol A, 1,5-pentanediol A, 1,6-hexanediol A, and 1,7-heptanediol A as a function of hydrotrope
concentration, at 303.2 K. S/Sg is the relative solubility of syringic acid and Cy is the concentration of hydrotrope per kg of solution (solute-free basis).

Dashed lines are visual guides.
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range of the hydrotrope, from pure water to pure hydrotrope or
its aqueous solubility limit.

Fig. 2 reveals that the aqueous solubility of syringic acid can
be increased up to 60-fold using alkanediols as hydrotropes.
This value is similar to that obtained with other nonionic
hydrotropes previously studied, such as glycerol ethers (up to
77-fold for 1,3-dimethoxy-2-propanol)” and Cyrene (up to 45-
fold).?* Furthermore, the performance of alkanediols is superior
to ionic hydrotropes with densely charged counterions, such as
the prototypical 1-butyl-3-methylimidazolium chloride (which
enhances the aqueous solubility of syringic acid up to 40-fold),
but inferior to ionic hydrotropes containing amphiphilic coun-
ter ions, such as 1-butyl-3-methylimidazolium p-toluenesulfo-
nate that reached a 170-fold solubility improvement.™*

Except for 1,2-hexanediol, the results depicted in Fig. 2 reveal
that the solubility enhancement of syringic acid generically
increases with the size of the alkyl chain of the hydrotrope, up
to a hydrotrope concentration of 6 mol kg™ *. This trend is in line
with the recently proposed molecular mechanism of hydrotropy,
where the apolar volume of the hydrotrope is one of the main
driving forces of hydrotropy.'*'> However, between hydrotrope
concentrations of 6 and 9 mol kg™, the solubility of syringic acid
reaches a maximum for hydrotropes with larger alkyl chains,
decreasing afterward. This is most likely due to a change in the
solvation regime, as will be discussed in the following sections.
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Although both families of hydrotropes display the same
apolar volume trend, as discussed in the previous paragraph,
the position of the hydroxyl group appears to impact their
performance. To better showcase this, the data reported in
Fig. 2 are replotted in Fig. 3 to highlight the differences between
the performances of 1,2-alkanediols and 1,n-alkanediols.

The results depicted in Fig. 3 reveal a curious trend. For shorter
alkyl chains, 1,2-alkanediols outperform 1,n-alkanediols, with both
1,2-propanediol and 1,2-butanediol displaying higher solubility
enhancements than 1,3-propanediol and 1,4-butanediol, respec-
tively. However, the trend is inverted for larger alkyl chains. While
there is no noticeable difference between the performances of 1,2-
pentanediol and 1,5-pentanediol, 1,6-hexanediol can achieve a
greater syringic acid solubility enhancement (up to 60-fold) than
1,2-hexanediol (up to 40-fold). This clearly shows that the relative
position of polar groups in hydrotropes impacts their ability to
enhance the aqueous solubility of hydrophobic solutes, although
the reason for this phenomenon is not yet clear.

The dilute region

The interpretation of the effect that the relative position of
hydroxyl groups in alkanediols has on hydrotropy is made
difficult by the diversity of possible interactions that can be
established between water, hydrotrope, and solute, each playing
favorable or unfavorable roles towards the solubility enhancement

45
40 -
35
30 -

Butanediol

<

> <
> o
<&
>

o

25
20
15 A
10 1 g

s4 &
o DOT

0 2 4 6 8 10 12
Cy, /mol-kg-!

SIS,
> <O
>

70

Hexanediol

50 1 e N

SIS,
B
\
A4
é
/

30 o I’ ’

10 - ,"/

Cy /mol-kg-!

Fig. 3 Solubility enhancement of syringic acid in aqueous solutions of propanediol (1,2-propanediol ¢ and 1,3-propanediol A), butanediol (1,2-
butanediol ¢ and 1,4-butanediol A), pentanediol (1,2-pentanediol ¢ and 1,5-pentanediol A), and hexanediol (1,2-hexanediol ¢ and 1,6-hexanediol A),
as a function of hydrotrope concentration, at 303.2 K. S/Sg is the relative solubility of the solute and Cy is the concentration of hydrotrope per kg of

solution (solute-free basis). Dashed lines are visual guides.
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of the solute. While this is certainly true for larger concentrations
of hydrotrope, in the dilute region (i.e., low hydrotrope concen-
tration) the contribution to solubilization from hydrotrope-hydro-
trope and solute-solute interactions has been shown to be greatly
decreased.” Thus, studying the dilute region should provide
important clues to understand solute-hydrotrope interactions.

The Setschenow constant (Ks) quantifies the solubility
enhancement of a substance due to the addition of a third
component (e.g. hydrotrope, cosolvent, salt, etc.) in the dilute
region.””?® In this work, it is defined as:

In(S/Sy) = Ks:Cx (3)

where S and S, are the molar solubilities (mol L") of the solute
in the aqueous hydrotrope solution and pure water, respec-
tively, and Cy is the concentration (mol Kgowtion ) Of the
hydrotrope in a solute-free basis.

Eqn (3) was initially proposed by Setschenow®’ to quantify
salting-out and salting-in effects but has since proved useful in
the field of hydrotropy.*””> Note that this equation is, in
essence, a linear correlation between In(S/S,) and Cy, and is
only valid when these variables possess a linear relationship
(i.e., the dilute region). In this work, this was found to be true
up to about 20 wt%, depending on the hydrotrope. As such,
each solubility curve reported in the previous section was fitted
using eqn (3) in the dilute region, and the results obtained are
depicted in Fig. 4.

Fig. 4 reinforces the conclusions presented in the previous
section: the ability of each hydrotrope to increase the solubility
of syringic acid correlates positively with the size of their alkyl
chain. In other words, the larger the apolar volume of the
hydrotrope, the larger the solubility enhancement in the dilute
region. Thus, while 1,2-pentanediol is, surprisingly, better than
1,2-hexanediol at higher concentrations, both hydrotropes fol-
low the general apolar trend in the dilute region.

Besides the impact of the apolar volume, the results dis-
cussed in the previous section suggest that the relative position
of the hydroxyl groups has an impact on the performance
of alkanediols as hydrotropes. To evaluate whether this
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phenomenon is present in the dilute region, the Setschenow
constant (slope of each curve depicted in Fig. 4) is now
correlated against a metric that quantifies the apolar volume
of the hydrotrope. Given the structural similarity of the alka-
nediols studied in this work, their molar mass (or their number
of carbon atoms) is a good surrogate for their apolar volume. In
this sense, Fig. 5 depicts the Setschenow constants as a func-
tion of the molar mass of the hydrotrope, for the two hydro-
trope series. The numerical values are reported in Table S5 of
the ESIL.t

As expected from the results reported in Fig. 2, 4 and 5
reinforces the positive correlation between the performance of
alkanediols as hydrotropes (here quantified by the Setschenow
constant) and their apolar volume (here quantified by their
molar mass). More interestingly, Fig. 5 reveals that in the dilute
region, from where the Setschenow constants were estimated,
there are no significant differences in the hydrotropic effect of
the two series of alkanediols as the lines practically overlap. In
fact, the standard deviations associated with the slopes shown
in Fig. 5 are 0.0043 and 0.0034 for the 1,2 and 1,n-alkanediol
sets, respectively. These very small standard deviations, when
compared to the difference between the two slopes, show them
to be statistically the same at a 5% significance level (signifi-
cance = 0.512 > 0.05). This is in direct conflict with the
observations of the previous section, where the relative position
of the hydroxyl groups was found to have an impact on
hydrotropy, with 1,2-alkanediols performing better than 1,n-
alkanediols for shorter alkyl chains but worse for longer alkyl
chains.

The fact that the hydroxyl position appears to impact
hydrotropy only for larger concentrations of hydrotrope but
not in the dilute region suggests that its effect may stem from
interactions that are heightened by the presence of the hydro-
trope. In other words, this suggests that hydrotrope-hydrotrope
interactions, whose presence is expected to be more significant
at higher hydrotrope concentrations, are the reason behind the
performance differences between the dilute and non-dilute
regions.
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Fig. 4 Natural logarithm of the relative solubility enhancement of syringic acid, at 303.2 K, as a function of the concentration of hydrotrope for 1,2-
alkanediols (left) and 1,n-alkanediols (right), in particular 1,2-ethanediol €, 1,2-propanediol ¢, 1,2-butanediol ¢, 1,2-pentanediol ¢, 1,2-hexanediol @,
1,3-propanediol A, 1,4-butanediol A, 1,5-pentanediol A, 1,6-hexanediol A and 1,7-heptanediol A. Dashed lines represent the best linear fitting for each
data set obtained using the least square method and setting the intercept to zero.
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Fig. 5 Setschenow constant (Ks) as a function of the hydrotrope molar
mass (My) for 1,2-alkanediols (¢) and 1,n-alkanediols (A). Dashed lines
represent the best linear fitting obtained using the least square method.

It is worth noting that the Setschenow constant, as defined
in eqn (3), is proportional to the difference between the Kirk-
wood-Buff (KB) integrals of solute and hydrotrope (Gs ) and of
solute and water (Gs w):>’

KS oC GS,H — GS,W (4)

The KB integrals quantify the excess of a component in the
local vicinity of another component. As such, Gsy quantifies
the excess of hydrotrope around the solute and Ggw quantifies
the excess of water around the solute. Put differently, the
difference between these KB integrals, which is proportional
to Ks, measures the preference of the solute to be surrounded
by hydrotrope rather than water. The results depicted in Fig. 4
show that the Setschenow constant increases with the apolar
volume of the hydrotrope. This, once more, supports the
current understanding of the mechanism of hydrotropy:'*"
as the apolar volume of the hydrotrope increases, so does the
driving force for aggregation around the solute. Thus, Gsy
increases, leading to larger hydrotrope-solute clusters and
better solubility enhancements of the solute.
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Cooperative model of hydrotropy

The results discussed in the previous two sections reveal
interesting and somewhat contradictory phenomena:

(i) In the dilute region, the performance of alkanediols
correlates with their apolar volume, and the relative position
of their hydroxyl groups has no impact;

(ii) In the non-dilute region, the performance of alkanediols
somewhat correlates with their apolar volume (except for 1,2-hex-
anediol), yet the relative position of their hydroxyl groups has an
impact on their performance, which depends on the size of their
alkyl chains (the performance of 1,2-hexanediol is inferior to the
performances of 1,2-butanediol and 1,2-pentanediol, and the perfor-
mance of 1,6-hexanediol is largely superior to that of 1,2-hexanediol).

To shed light on the origins of these discrepancies, a more
holistic approach in the form of the cooperative model of
hydrotropy is used in this section. This model, which has
strong statistical thermodynamics foundations and has been
experimentally validated,"*" is used in this section to fit all the
syringic acid solubility curves measured in this work. Note that
hydrotrope concentrations (solute-free basis) were converted to
ternary mole fractions and that the fitting was carried out using
the solubility data up to the solubility maxima. These results
are depicted in Fig. 6, and the fittings are reported in Fig. S2, S3
and Table S6 of the ESL. ¥

Fig. 6 shows that the cooperative model of hydrotropy can
accurately fit the solubility curves of all solute-hydrotrope
pairs, until the solubility maximum of each curve is reached.
It should be noted that, within the framework (and limitation)
of the model, hydrotropic solubility curves cannot pass through
local maxima. Thus, and according to the current understand-
ing of the mechanism of hydrotropy, the maxima displayed by
some of the solubility curves reported in this work is related to
a change in the solvation environment of the solute. At high
concentrations of hydrotrope, water is no longer the major
solvent of the system, and water-mediated hydrotrope-solute
interactions lose importance, with the system transitioning
from a hydrotropy to a co-solvency regime.*®

1.0

Fig. 6 Relative solubility enhancement (S/So) of syringic acid, at 303.2 K, as a function of ternary hydrotrope mole fraction, for 1,2-alkanediols (left) and
1,n-alkanediols (right), in particular 1,2-ethanediol ¢, 1,2-propanediol ¢, 1,2-butanediol ¢, 1,2-pentanediol ¢, 1,2-hexanediol ¢, 1,3-propanediol A,
1,4-butanediol A, 1,5-pentanediol A, 1,6-hexanediol A and 1,7-heptanediol A. Dashed lines represent the fitted curves obtained using the cooperative

model of hydrotropy.
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The parameter m of the cooperative model of hydrotropy
(see eqn (1)) is related to the average number of hydrotropes
that aggregate around a given molecule of solute. For syringic
acid and glycerol ethers, this parameter was shown to be non-
monotonous with respect to the apolarity of the hydrotrope,
reaching a maximum when the apolarities of the solute and
hydrotrope match." This was interpreted in light of competing
interactions, as follows: from the perspective of water, there is
no difference between the apolar moieties of the hydrotrope
and the apolar moieties of the solute; as such, when the apolar
volume of the hydrotrope is larger than the apolar volume of
the solute, the driving force (hydrophobic effect) for hydro-
trope-hydrotrope aggregation is larger than the driving force
for solute-hydrotrope aggregation. This decreases the average
number of available hydrotropes to aggregate around the solute
(parameter m). However, this does not necessarily translate into
a decrease in hydrotropic efficiency, as even though a more
apolar hydrotrope may be statistically less aggregated around a
solute, they can cover more of the apolar area of the solute
given their larger apolar volume.

To check whether the phenomenon discussed in the pre-
vious paragraph is also present in the systems studied in this
work, the m parameters here obtained (see Table S6 of ESIt) are
now correlated against the apolarity of the alkanediols (in line
with Fig. 5, the apolarity is quantified by the molar mass of the
hydrotrope). These results are depicted in Fig. 7.

Fig. 7 reveals several interesting phenomena. To start, para-
meter m of the cooperative model of hydrotropy clearly reaches
a maximum as a function of the apolar volume of the hydro-
trope for both families of alkanediols. This phenomenon has
also been observed for monoglycerol ethers,'> which suggests
that this is a general trend of hydrotropy and not a peculiarity
of alkanediols. However, the position and shape of the maxima
are different for both series of alkanediols. The maximum for
1,2-alkanediols occurs at a smaller hydrotrope apolar volume
when compared to the maximum of the 1,n-alkanediols.
Surprisingly, 1,2-ethanediol clearly does not fit the quadratic
trend observed in Fig. 7, which suggests that its ability to
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Fig. 7 Parameter m of the cooperative model of hydrotropy as a function
of the hydrotrope molar mass (M) for 1,2-alkanediols (¢), 1,n-alkanediols
(A), and 1,2-ethanediol (@). The dashed lines represent quadratic fittings
obtained using the method of least squares.
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enhance the solubility of syringic acid arises from a mechanism
other than cooperative hydrotropy. The nature of this mecha-
nism and how it relates to hydrotropy will be the object of
future work.

The observation made in the previous sections that 1,2-
butanediol and 1,2-pentanediol outperform 1,2-hexanediol in
the non-dilute region, despite possessing smaller apolar volumes,
can now be interpreted considering the results depicted in Fig. 7.
Because m reaches a maximum for 1,2-butanediol in the 1,2-
alkanediol series, both 1,2-pentanediol and 1,2-hexanediol are
statistically less aggregated around the solute than their less
apolar counterparts. If the maximum of parameter m is rationa-
lized in terms of competing interactions as discussed above (the
driving force for hydrotrope-hydrotrope aggregation becomes
larger than the driving force for solute-hydrotrope aggregation),
it means that the driving force for hydrotrope-hydrotrope aggre-
gation is greater in aqueous solutions of 1,2-pentanediol and 1,2-
hexanediol. While for 1,2-pentanediol this is not enough to be
noticeable in its performance as a hydrotrope for syringic acid, it
is enough to greatly decrease the amount of 1,2-hexanediol
aggregated around the solute, leading to lower hydrotropic
performance. This also explains why this effect is not seen in
the dilute region (Fig. 3 and 4): since 1,2-hexanediol is out-
performed due to its tendency to self-aggregate, this effect is
only noticeable when hydrotrope-hydrotrope interactions
become more likely (i.e., non-dilute region), and does not impact
the dilute region performance.

Having interpreted the discrepancy between the dilute and
non-dilute regions regarding the relationship between apolar
volume and hydrotrope performance, now the impact of the
relative position of the hydroxyl groups is explored. As shown
in Fig. 7, m is generally smaller for 1,n-alkanediols than
1,2-alkanediols. The position of the maximum of this para-
meter, which is connected to the apolarity of the solute as
discussed above,"” is also shifted, occurring at larger molar
masses for the 1,n-alkanediol family. Again considering that the
extent of solute-hydrotrope aggregation (quantified by m) is a
balance between the driving forces for solute-hydrotrope and
hydrotrope-hydrotrope aggregation, these observations suggest
that, compared to 1,2-alkanediols, 1,n-alkanediols are either
more prone to bulk-phase self-aggregation or less prone to
aggregate around the solute.

Due to the relative position of their hydroxyl groups, the
most energetically favorable dimer of 1,n-alkanediols is an
antiparallel conformation, while 1,2-alkanediols are more
prone to head-to-head dimerization.*" From the standpoint of
water, parallel aggregation of large alkyl chains is more favor-
able than head-to-head because it covers a larger apolar area
(hydrophobic effect), maximizing the number of water-water
contacts. This, together with the fact that the enthalpies
of vaporization of 1,n-alkanediols are superior to those of
1,2-alkanediols,**** suggests that 1,n-alkanediols are more
prone to self-aggregation in water than 1,2-alkanediols. In turn,
this suggests that the m discrepancy between both families of
alkanediols is related to hydrotrope self-aggregation, not
solute-hydrotrope interactions.

This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp00496h

Published on 08 March 2022. Downloaded on 5/12/2022 2:18:32 PM.

Paper

Polarity probes and local environment

The previous section reconciled the relationship between the
apolar volume of the hydrotrope and the solubility enhance-
ment of the solute in the dilute and non-dilute regions while
providing a hypothesis to explain the different performances of
1,2-alkanediols and 1,n-alkanediols. Now, two experimental
polarity scales are explored to provide further insight on
how alkanediols interact with the solute and to validate the
conclusions drawn above: the Kamlet-Taft solvatochromic
parameter n* (solvent dipolarity/polarizability)'® and the Py
scale parameter I;/I; (ratio between the first and third bands
of the fluorescence spectrum of pyrene).>°

The polarity scales n* and I,/I; were experimentally mea-
sured in this work, as described in the experimental section, for
aqueous solutions of 1,2-pentanediol and of 1,5-pentanediol, in
the entire experimentally available concentration range of the
hydrotrope, from pure water to pure hydrotrope. These results
are depicted in Fig. 8 and reported in Tables S7 and S8 of ESL.¥
These two hydrotropes were chosen because they represent a
compromise between the position of the maxima of parameter
m for both alkanediol families and show the lower performance
deviation for syringic acid (Fig. 3).

Noting that both the Kamlet-Taft solvatochromic parameter
n* and the Py scale parameter I;/I; are proportional to the
polarity of the solvent (larger values of n* or I,/I; represent more
polar or less apolar environments), Fig. 8 unambiguously
shows that aqueous solutions of 1,2-pentanediol are more
apolar than aqueous solutions of 1,5-pentanediol, from the
perspective of the molecular probe. In other words, the local
environment of the probes used to measure these parameters
maintains more apolar contacts in aqueous solutions of 1,2-
pentanediol than in aqueous solutions of 1,5-pentanediol. This
is in line with the hypothesis raised in the previous section to
explain the impact of the relative position of hydroxyl groups in
the performance of alkanediols as hydrotropes: because
1,5-pentanediol is more prone to self-aggregation in water,
its apolar moieties are not as available to aggregate around
hydrophobic molecules as those of 1,2-pentanediol. Note that
the reduction of solubilization efficacy due to hydrotrope
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self-aggregation in water has been shown statistical thermo-
dynamically using the Kirkwood-Buff integrals.* As such, from
a designing standpoint, this shows that hydrotropes should be
chosen not only taking into consideration their apolar volume
but also their ability to stabilize their self-aggregation in
water, which negatively impacts their performance as solubility
enhancers.

Acree et al.>*** developed a method to estimate the local
composition of pyrene in aqueous solutions using the Py scale
parameter I,/I;, which has been tested for aqueous solutions of
alcohols.?® Briefly, the method assumes that 7, and I; can be
estimated by taking the composition average of these values in
the pure solvents (water and hydrotrope). In other words:

ﬁ_xh '117]-[ + (1 —xh) 'II,W
I3 N Xh -+ (] - xh) -Lw

(5)

where I, iy and I i; are the intensities of the first and third bands
of the fluorescence spectrum of pyrene dissolved in pure hydro-
trope, respectively, I v and I3 v are the intensities of the first and
third bands of the fluorescence spectrum of pyrene dissolved in
pure water, respectively, and xj; is the local mole fraction of
hydrotrope around pyrene in the ternary mixture (water/hydro-
trope/pyrene). Using xjj, a metric that quantifies the excess of
hydrotrope around the solute can be defined in terms of the
difference between local and bulk hydrotrope compositions:

5H = xI]:I —Xyg (6)

Eqn (5) and (6) were used to calculate xj; and Jy, respectively,
and the results are depicted in Fig. 9 and reported in Tables S10
and S11 of ESL.{

Even though the method used to estimate the local composi-
tion of hydrotrope around pyrene is quite sensitive to the
uncertainty of the experimental I;/I; data, Fig. 9 supports all
the conclusions drawn in this work. In particular, the results
depicted in Fig. 9 show the preferential aggregation of hydrotrope
around the apolar probe (pyrene): the local composition of
hydrotrope is larger than its bulk composition in most of its
concentration range. Furthermore, the local composition of 1,2-
pentanediol is superior to that of 1,5-pentanediol, reinforcing
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Fig. 8 Kamlet-Taft solvatochromic parameter n* (left) and the Py scale parameter /1//5 (right) for agueous solutions of 1,2-pentanediol (@) or 1,5-
pentanediol (A). Cy is the concentration of hydrotrope per kg of solution (solute-free basis). Dashed lines are visual guides.
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Fig. 9 Local composition of hydrotrope around the pyrene probe (left) and difference between local and bulk compositions (right) for aqueous solutions
of 1,2-pentanediol (@) or 1,5-pentanediol (A). Cy is the concentration of hydrotrope per kg of solution (solute-free basis). Dashed lines are visual guides
and full lines represent thermodynamic ideality (local composition equal to bulk composition).

that 1,n-alkanediols are more prone to self-aggregation and, thus,
less available to aggregate around hydrophobic solutes. Finally,
the fact that the differences in local composition are mostly seen
for larger hydrotrope concentrations reinforces the discrepancies
observed between the non-dilute and dilute regions.

Highly hydrophobic solutes

Although pyrene was used in the previous section in trace
quantities to act as an apolarity probe, the results obtained
clearly match the mechanism of hydrotropy (aggregation of
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Fig. 10 Chemical structure of Reichardt's dye (left) and pyrene (right).
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hydrotrope around a hydrophobic molecule). As such, it is
reasonable to speculate that alkanediols can act as hydrotropes
and enhance the aqueous solubility of pyrene. In the final section
of this work, the solubility of pyrene in aqueous solutions of 1,2-
and 1,5-pentanediols is investigated. Seeing as pyrene is quite
more hydrophobic than syringic acid, this presents an opportu-
nity to assess the impact of the hydrophobicity of the solute on
the performance of hydrotropes. Taking this into consideration,
another solute, Reichardt’s dye, was also tested. This solute was
chosen due to the ease of its quantification using UV techniques
despite its very low water solubility. The chemical structures of
these two additional solutes are depicted in Fig. 10.

To start this discussion, the solubility curves of Reichardt’s
dye and pyrene in aqueous solutions of 1,2-pentanediol and of
1,5-pentanediol, experimentally measured in this work, are
depicted in Fig. 11 and reported in Tables S3 and S4 of ESL.

As expected, Fig. 11 shows that alkanediols are able to
enhance the aqueous solubility of pyrene and Reichardt’s dye.
It is noteworthy that, for these more hydrophobic solutes, 1,2-
pentanediol clearly performs better than 1,5-pentanediol, in
contrast with the results obtained for syringic acid, where the
differences are much less noticeable. This can be interpreted by
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Fig. 11 Solubility enhancement of Reichardt’s dye (left) and pyrene (right) in aqueous solutions of 1,2-pentanediol (@) or 1,5-pentanediol (A). Cy is the
concentration of hydrotrope (solute-free basis). Dashed lines are visual guides.

7632 | Phys. Chem. Chem. Phys., 2022, 24, 7624-7634

This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp00496h

Published on 08 March 2022. Downloaded on 5/12/2022 2:18:32 PM.

Paper

considering the results depicted in Fig. 7. As previously shown
for glycerol ethers, parameter m of the cooperative model of
hydrotropy reaches a maximum when the apolarities of the
solute and hydrotrope match.'® Because for syringic acid the
maximum of m is located at around the apolarities of 1,2- and
1,5-pentanediols, the maxima for these more hydrophobic
solutes is expected to only be reached for larger hydrotropes.
Thus, the differences in the performance of the pentanediols
for these solutes should be similar to those observed in the
smaller alkanediols for syringic acid.

Conclusions

To assess the impact of the apolar volume and polar group
position of hydrotropes in their ability to enhance the aqueous
solubility of hydrophobic substances, two families of alkane-
diols were used in this work to increase the aqueous solubility
of syringic acid. All alkanediols tested were able to act as
hydrotropes, and the solubility of syringic acid could be
enhanced up to 65-fold for the best-performing hydrotrope
(1,7-heptanediol).

Using the empirical Setschenow model in the dilute hydro-
trope concentration range, it was found that the ability of a
hydrotrope to enhance the aqueous solubility of a hydrophobic
substance correlates with its apolar volume, with larger alka-
nediols being able to achieve higher performances. The relative
position of their hydroxyl groups was found to have no impact
on their performance in the dilute region. This is in line with
the cooperative mechanism of hydrotropy, which states that
water, being highly polar and establishing strong hydrogen
bonding with other water molecules, drives the apolar moieties
of the hydrotrope to aggregate around hydrophobic solute
molecules. On the other hand, in the non-dilute region, the
performance of 1,2-hexanediol was found to be inferior to that
of 1,2-butanediol and 1,2-pentanediol, and the performance of
1,6-hexanediol was largely superior to that of 1,2-hexanediol.
This is intriguing, as the apolar volume of 1,2-hexanediol
is larger than the apolar volumes of 1,2-butanediol and
1,2-pentanediol and equal to the apolar volume 1,6-hexanediol.

The contradictory observations made for 1,2-hexanediol
were reconciled using the cooperative mechanism of hydro-
tropy that showed that the number of hydrotropes aggregated
around the solute did not increase linearly with the apolar
volume of the hydrotrope, reaching a maximum instead. This
maximum was interpreted in light of competing solute-hydro-
trope and hydrotrope-hydrotrope interactions. Furthermore,
the model revealed smaller solute-hydrotrope aggregation
values for 1,n-alkanediols, which were rationalized in terms of
hydrotrope self-aggregation.

Finally, two chemical environment probes were used to
confirm the different degrees of self-aggregation for 1,2-alkanediols
and 1,n-alkanediols. These results showed that the extent of solute-
hydrotrope aggregation is larger in 1,2-alkanediols than in 1,n-
alkanediols, which is most noteworthy for high hydrotrope
concentration.
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