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Small amphiphilic molecules, also known as hydrotropes, are too small to formmicelles

in aqueous solutions. However, aqueous solutions of nonionic hydrotropes show the

presence of a dynamic, loose, non-covalent clustering in the water-rich region. This

clustering can be viewed as “micelle-like structural fluctuations”. Although these

fluctuations are short ranged (�1 nm) and short lived (10 ps–50 ps), they may lead

to thermodynamic anomalies. In addition, many experiments on aqueous solutions

of hydrotropes show the occasional presence of mesoscale (�100 nm)

inhomogeneities. We have combined results obtained from molecular dynamics

simulations, small-angle neutron scattering, and dynamic light-scattering

experiments carried out on tertiary butyl alcohol (hydrotrope)–water solutions and

on tertiary butyl alcohol–water–cyclohexane (hydrophobe) solutions to elucidate the

nature and structure of these inhomogeneities. We have shown that stable

mesoscale inhomogeneities occur in aqueous solutions of nonionic hydrotropes only

when the solution contains a third, more hydrophobic, component. Moreover, these

inhomogeneities exist in ternary systems only in the concentration range where

structural fluctuations and thermodynamic anomalies are observed in the binary

water–hydrotrope solutions. Addition of a hydrophobe seems to stabilize the water–

hydrotrope structural fluctuations, and leads to the formation of larger (mesoscopic)

droplets. The structure of these mesoscopic droplets is such that they have a

hydrophobe-rich core, surrounded by a hydrogen-bonded shell of water and

hydrotrope molecules. These droplets can be extremely long-lived, being stable for

over a year. We refer to the phenomenon of formation of mesoscopic droplets in

aqueous solutions of nonionic hydrotropes containing hydrophobes, as mesoscale

solubilization. This phenomenon may represent a ubiquitous feature of nonionic

hydrotropes that exhibit clustering in water, and may have important practical

applications in areas, such as drug delivery, where the replacement of traditional

surfactants may be necessary.
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1 Introduction

Properties of aqueous solutions of various small amphiphilic molecules such as
C1–C4 monohydric alcohols, amines, and ethers are of great chemical and bio-
logical importance. Liquid phases of these solutions are generally considered
homogeneous on the macroscopic scale.1,2 However, recent experimental and
computational studies show that they are inhomogeneous over smaller length
scales.3–39 Molecular-scale “clusters” (order of 1 nm in size)3–21 and, occasionally,
mesoscale structures (order of 100 nm in size)22–39 have been reported in such
aqueous solutions.

Simple amphiphiles such as ethanol, n-propanol, isopropanol, tertiary butyl
alcohol, 3-methylpyridine, 1,4-dioxane, and tetrahydrofuran can be referred to as
hydrotropes. Hydrotropes are small amphiphilic molecules that are known to
increase the “solubility” of sparingly soluble compounds in water.40 Hydrotropes
are different from traditional surfactants as the hydrotrope molecules have a
smaller non-polar tail and do not form distinct micelles in aqueous solutions.41–43

However, nonionic hydrotropes may show the presence of a dynamic, loose non-
covalent “clustering” akin to “micelle-like structural uctuations”.3–22 Such uc-
tuations can be detected from molecular dynamics simulations8,9,12–21 and
neutron spin echo experiments.7 Themolecular clusters have a size of the order of
1 nm and a lifetime of tens of picoseconds.44

In addition to these molecular-scale inhomogeneities, many experimental
works also report the presence of mesoscale inhomogeneities with a size of the
order of 100 nm.23–38 The observed mesoscale inhomogeneities have been a
subject of a variety of different explanations: from artifacts and impurities24 to
structural “phase transitions”,23 from microphase separation36 to clathrate-
hydrate precursors,26 from loose supramolecular clusters32–34 to kinetically arres-
ted gaseous nanobubbles.35 The lifetime of these inhomogeneities varies greatly,
from hours to years. In our recent works, we have shown that long-lived (practi-
cally permanent) mesoscale inhomogeneities in aqueous solutions of hydrotropes
originate only when the solution contains at least a trace amount of a third, more
hydrophobic, component.37–39

In this work, we focus on the mesoscopic properties of one specic nonionic
hydrotrope, namely aqueous solutions of tertiary butyl alcohol (TBA). TBA is a
“perfect” amphiphile. It is the highest-molecular-weight alcohol isomer to be
completely soluble in water at ambient conditions.1,45 When placed at a water–oil
interface, a TBA molecule aligns itself equally between the two phases, such that
the hydroxyl group of the TBA molecule is in the water phase and the methyl
groups are in the oil phase.46 The story of aqueous solutions of TBA is full of
controversies. The earliest light-scattering experiments in aqueous solutions of
TBA were carried out by Vuks and Shurupova in 1972.23 They observed strong
scattering in a solution containing about 3 mol% (11 mass%) TBA. The authors
attributed this effect to a possible “phase transition” between a clathrate-like
structure and a less ordered structure in the macroscopically homogeneous liquid
phase. Beer and Jolly repeated these experiments in 1974 and found that the effect
depended on the source and prehistory of the sample.24 Thus, they regarded the
observed strong scattering as an “artifact”. In 1977, Iwasaki and Fujiyama carried
out light-scattering experiments in a range of aqueous TBA solutions and
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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observed strong scattering in a solution close to 10 mol% (31 mass%) TBA.25,26

They attributed this effect to the possible existence of clathrate hydrate structures
in solution. The idea of clathrate hydrate structures in aqueous TBA solutions was
also supported by the X-ray diffraction studies of Tanaka et al. and Nishikawa and
Ijima.47,48 The earliest dynamic light-scattering experiments in aqueous TBA
solutions were carried out by Euliss and Sorensen in 1984.27 While studying short-
ranged concentration uctuations in aqueous TBA solutions, they observed the
presence of larger (mesoscale) inhomogeneities, of the order of 100 nm in size, in
a solution of about 7 mol% (24 mass%) TBA. The authors speculated that this
effect might be associated with the formation of clathrates, stabilized by trace
amounts of another component. In 1986, Bender and Pecora repeated the
experiments of Euliss and Sorensen, and did not observe any mesoscale inho-
mogeneities.28 However, when studying aqueous 2-butoxyethanol solutions,
Bender and Pecora did observe the presence of mesoscale inhomogeneities
(�100 nm in size).29 They concluded that the mesoscopic aggregates could be a
result of contaminants in the solution.

Debates on the existence of mesoscale inhomogeneities are not unique to
aqueous solutions of TBA or 2-butoxyethanol. In 2000, Georgalis et al. reported
observation of a mesoscale structure (50–500 nm in size) in aqueous electrolyte
solutions, namely sodium chloride, ammonium sulfate, and sodium citrate.30

They attributed the formation of such a structure to hydrogen-bond interactions
between water molecules, which act as a bridge for interactions between like-
charged ions. In 2004, Yang et al. observed mesoscale inhomogeneities
(200–600 nm in size) in aqueous solutions of nonionic hydrotropes such as
tetrahydrofuran and 1,4-dioxane.31 They also observed that these inhomogenei-
ties could be removed by ltration, and thus concluded that the effect could be a
result of incomplete mixing of water and the organic solute at the molecular scale.
In 2006, Sedlák carried out an extensive static and dynamic light-scattering study
of around 100 different solute–solvent pairs and observed the presence of large
supramolecular aggregates in aqueous solutions of many ionic and non-ionic
species.32–34 Sedlák explained this phenomenon as the formation of a supramo-
lecular structure due to hydrogen-bond interactions between solute and solvent
molecules. Soon thereaer, Jin et al. in 2007, carried out a static and dynamic
light-scattering study in aqueous solutions of various nonionic hydrotropes such
as tetrahydrofuran, ethanol, urea, and a-cyclodextrin.35 The authors observed
mesoscopic aggregates of around 100 nm in these systems. They attributed this to
the formation of gaseous nanobubbles, which are kinetically stabilized in solu-
tion by the adsorption of small amphiphilic molecules on the surface of the
nanobubble. Long-lived, mesoscale inhomogeneities were also observed in
aqueous solutions of 3-methylpyridine.36 It was found that these inhomogeneities
depended on the source of the sample and thus might be the result of impurities
in the solution. In addition to mesoscale inhomogeneities, aqueous solutions of
certain hydrotropes, such as aqueous isobutyric acid, show a subtle “soap-like”
third phase at the liquid–vapor interface.49 The authors attributed the formation
of this soap-like phase to the aggregation of solute molecules on the interface,
driven by hydrophobic effects.

Motivated by this spectrum of explanations for the observed mesoscale inho-
mogeneities in aqueous solutions of hydrotropes, we set out to clarify this long-
standing issue and carried out a systematic study of aqueous solutions of TBA. We
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss.
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have combined results obtained from molecular dynamics (MD) simulations,
small-angle neutron scattering (SANS) and dynamic light scattering (DLS) exper-
iments to elucidate the nature and structure of these mesoscale inhomogeneities.
We have studied aqueous solutions of TBA and aqueous solutions of TBA with
cyclohexane (a typical hydrophobe with a molecular size similar to that of TBA).
Since many of the mesoscale inhomogeneities reported in the literature did not
appear to be at equilibrium (disappearing within several hours or days aer
sample preparation),33,36 we paid special attention to long-term monitoring and
equilibration of our samples. From MD simulations in TBA–water solutions, we
see that TBA and water form short-lived (<1 nm in size), short-ranged (lifetime of
tens of picoseconds) micelle-like structural uctuations.44 These structural uc-
tuations seem to be responsible for the anomalies in the thermodynamic prop-
erties of aqueous TBA solutions.44 On the addition of a hydrophobic compound,
larger aggregates of about 100 nm in size are formed as seen from DLS. These
aggregates are not gaseous nanobubbles or solid particles but rather Brownian
diffusive droplets. The aggregates consist of a hydrophobe-rich core surrounded
by a hydrogen-bonded shell of hydrotrope and water molecules. They can be
unusually stable over long periods of time (a year or longer).39
2 Materials and methods
2.1 Sample preparation

TBA was procured from two different sources: one (with a labeled purity greater
than 99.7%) was purchased from Sigma Aldrich, while another (with a labeled
purity greater than 99.8%) was purchased from Alfa-Aesar. Most of the samples
described in this work were prepared by using the TBA procured from Alfa-Aesar,
unless otherwise specied. Cyclohexane (CHX), with a labeled purity greater than
99%, was purchased from Merck. Heavy water (used for the SANS experiments),
with a labeled purity greater than 99.9 atom%, was purchased from Sigma
Aldrich. Deionized water was obtained from a Millipore setup.

For the DLS experiments, the binary TBA–water solutions were ltered with
200 nm Nylon lters to remove dust particles. In order to eliminate mesoscale
inhomogeneities, additional cold ltrations with 20 nm Anopore lters (at a
temperature of � 5 �C), were carried out. CHX was used aer ltering it through
200 nm Nylon lters. Light-scattering and neutron-scattering measurements were
performed aer equilibrating the samples for at least 24 h.
2.2 Molecular dynamics simulations

MD simulations on models for pure TBA, on TBA–water mixtures and TBA–water–
CHX mixtures were performed. The concentration and number of molecules for
each system are presented in Table 1. The TIP4P-Ew water model50 was used and
parameters for TBA and CHX were taken from the CHARMM General Force
Field.51 The systems were built by using the Packmol package,52 which randomly
packs all molecules in a simulation box.

The NAMD simulation program53 was used to perform all MD simulations with
2 fs time steps for a total of 10 ns–1000 ns (see Table 1). Most simulations were
run for 50 ns, while one binary TBA–water simulations was run longer to deter-
mine if any clathrate-like structures would form. The van der Waals interactions
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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Table 1 Concentrations of the samples studied by MD simulations

Sample # TBA (mol%) Water (mol%) CHX (mol%) T/K Number of molecules Time (ns)

Pure - P1 100 0 0 283 192 10
Binary
B1 1 99 0 285 2125 50
B2 3.8 96.2 0 285 2188 1000
B3 7 93 0 285 2266 50
B4 18 82 0 285 2556 50
B5 40 60 0 285 3503 50
Ternary
T1 11.84 85.31 2.84 298 8440 50
T2 17.70 79.65 2.65 298 9040 50
T3 27.78 69.44 2.78 298 8640 50
T4 40.05 57.21 2.74 298 8740 50
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were smoothly switched off between 8 and 10 Å by a potential-based switching
function. Long-range electrostatic interactions were calculated by using the
particle-mesh Ewald (PME) method.54 An interpolation order of 4 and a direct
space tolerance of 10�6 were used for the PME method. Langevin dynamics were
used to maintain constant temperatures for each system, while the Nosé-Hoover
Langevin-piston algorithm55,56 was used to maintain constant pressure at 1 bar.
The Visual Molecular Dynamics (VMD) program57 was used to create snapshots
and to calculate the radial distribution functions (RDF).
2.3 Small-angle neutron scattering

SANS experiments were performed by using the NG3 SANS instrument at the NIST
Center for Neutron Research. The SANS experiments were carried out on TBA–
heavy water solutions and on TBA–heavy water–CHX solutions. The concentra-
tions of the samples studied by SANS are presented in Table 2.

The essential measurement length scale in SANS is the wavenumber q. The

wavenumber is related to the length scale l, as l ¼ 2p/q, with q ¼
�
4p
l

�
sin

�
q

2

�
,

where l ¼ 6 Å is the neutron wavelength, and q is the scattering angle. In our
experiments, q was varied from 0.005 Å�1 to 0.5 Å�1, corresponding to the length
scales from �1000 Å to �10 Å.
Table 2 Concentrations of the samples studied by SANS and results from fits to eqn (4) and (5)

Sample #
TBA
(mol %)

Heavy water
(mol %)

CHX
(mol %) T/K xOZ (nm)

Binary
SB1 3.5 96.5 0 298 0.06
SB2 5 95 0 298 0.24
SB3 7.4 92.6 0 283 0.40

298 0.50
313 0.63

Ternary Rg(xed) (nm)
ST1 7.40 92.57 0.03 298 0.5 100

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss.
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2.4 Dynamic light scattering

DLS experiments were performed with a PhotoCor Instruments setup, as
described in ref. 37. Temperature was controlled with an accuracy of �0.1 �C. For
two exponentially decaying relaxation processes, the intensity auto-correlation
function g2(t) (obtained in the homodyning mode) is given by:58,59

g2ðtÞ � 1 ¼
�
A1 exp

�
t

s1

�
þ A2 exp

�
t

s2

��2
(1)

where A1 and A2 are the amplitudes of the two relaxation processes, t is the “lag”
(or “delay”) time of the photon correlations and s1 and s2 are the characteristic
relaxation times. For a diffusive relaxation process, the decay rate (G) is related to
the diffusion coefficient D, as:58,59

G ¼ 1

s
¼ Dq2 (2)

where q is the difference in the wavenumber between incident and scattered light,

q ¼
�
4pn
l

�
sin

�
q

2

�
, n is the refractive index of the solvent, l is the wavelength of

the incident light in vacuum (l ¼ 633 nm for our set-up), and q is the scattering
angle. For monodisperse, non-interacting, spherical Brownian droplets the
hydrodynamic radius R can be calculated by using the Stokes–Einstein
relation:58,59

R ¼ kBT

6phD
(3)

where kB is Boltzmann's constant, T is the temperature, and h is the shear
viscosity of the medium.
3 Molecular-scale inhomogeneities
3.1 Phase behavior and thermodynamic anomalies of aqueous solutions of
TBA

Fig. 1 shows the solid–liquid phase diagram of TBA–water solutions at ambient
pressure.60 While there exist different solid phases, the liquid phase is homoge-
neous on the macroscopic scale, with TBA and water completely miscible with
each other. Fig. 1 also approximately shows the temperature and concentration
domain (shaded in grey) where aqueous TBA solutions exhibit micelle-like
structural uctuations and thermodynamic anomalies. Excess and partial molar
properties, heat capacity, and isothermal compressibility all exhibit extrema in
the solvent-rich region of TBA–water solutions.61–72 These anomalies occur in the
concentration range of 3 mol% to 8 mol% (11 mass% to 26 mass%) TBA and
become enhanced below room temperature.

The thermodynamic anomalies provide insight into solute–solvent interac-
tions and on the structural changes that occur at the molecular scale. For
example, as shown in Fig. 2, the enthalpy of mixing is negative in the solvent-rich
region with aminimum at�6mol% (21mass%) TBA, and becomes positive as the
TBA concentration is increased.66–68 The excess chemical potential of water shows
a similar trend.69,70 These anomalies indicate that at low TBA concentrations,
solute–solvent interactions are favorable, with water and TBA molecules
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Solid–liquid phase diagram of TBA–water solutions at ambient pressure (the solidus data points
(connected by a guide to the eye) are reproduced with permission from ref. 59). The solid phase shows
the presence of two eutectics (at �6 mol% (21 mass%) and 70 mol% (90 mass%) TBA), while the liquid
phase is macroscopically homogeneous. Open circles correspond to maxima of the heat capacity.71 The
grey area schematically represents the region where molecular scale clustering and thermodynamic
anomalies are reported. Mesoscale solubilization of hydrophobic compounds is also observed in this
region. The horizontal and vertical black lines separate the different phases of TBA–water hydrates.

Fig. 2 Excess enthalpy (heat of mixing) of aqueous TBA solutions at T ¼ 25 �C (reproduced with
permission from ref. 67). The negative values of the excess enthalpy in the water rich region indicate
favorable solute–solvent interactions.
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preferring to couple with each other. As the TBA concentration is increased,
solute–solute and solvent–solvent interactions are favored over solute–solvent
interactions, indicating that TBA and water molecules prefer to demix.

The heat capacity of aqueous TBA solutions also exhibits anomalies, with
maxima observed in the solute-rich region.64,65 The maxima become sharper as
the temperature is lowered.72 This could be an indication of a structural change in
this region. Remarkably, as most recent experiments have demonstrated, this
heat capacity anomaly is rather insensitive to the presence or absence of meso-
scale inhomogeneities (the heat capacity anomaly persists even aer the meso-
scale inhomogeneities have been eliminated by ltration).73 This indicates that
the anomaly is inherent to the molecular structure of binary TBA–water solutions,
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss.
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and is not signicantly affected by the presence (or absence) of mesoscale
inhomogeneities.

Thermodynamic anomalies have also been observed in aqueous solutions of
many other hydrotropes. Aqueous solutions of other alcohols such as methanol,
ethanol, n-propanol, isopropanol, and 2-butoxyethanol all show similar anoma-
lies in their thermodynamic properties within the water-rich region.1 In TBA–
water solutions, these anomalies are most pronounced.1 We attribute these
thermodynamic anomalies, to structural uctuations (clustering) occurring on
the molecular scale.44 MD simulations of TBA–water solutions, presented in the
following section, support this view.
3.2 Molecular-scale clustering in aqueous solutions of TBA

MD simulations were performed onmodels of pure TBA and aqueous solutions of
TBA. In the aqueous solutions, the concentration of TBA was varied from 1 mol%
to 40 mol% (4 mass% to 73 mass%). Fig. 3a shows the radial distribution func-
tions (RDFs) between the central carbons of TBA in pure TBA and in aqueous
solutions of TBA. In pure TBA, there exists a peak at a distance of 4.7 Å and a
second peak at a distance of 6 Å. The rst peak in the RDF corresponds to strong
Fig. 3 Radial distribution functions between: (a) Central carbons of TBA and (b) oxygen of TBA and
oxygen of water (for pure TBA RDF is between oxygen atoms of TBA). The curves are offset vertically for
clarity. (1) Pure TBA. (2) 1 mol% (4mass%) TBA. (3) 4 mol% (15mass%) TBA. (4) 7 mol% (24mass%) TBA.
(5) 18 mol% (47 mass%) TBA. (6) 40 mol% (73 mass%) TBA.
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van der Waals interactions, while the second peak corresponds to weaker van der
Waals interactions, between the methyl groups of TBA.

In the aqueous solutions, the rst peak (at 4.7 Å) between the central C atoms
of TBA disappears, but the peak at 6 Å becomes enhanced. This indicates that in
aqueous solutions, TBA molecules prefer to interact with water rather than with
other TBA molecules, in agreement with thermodynamic anomalies. It is also
observed that the magnitude of this peak increases as the TBA concentration is
increased. This is an indication that at higher TBA concentrations more TBA
molecules “cluster” together at this distance. Secondary and tertiary peaks are
also seen in aqueous TBA solutions, which differs from simulations of pure TBA.
As the concentration of TBA increases, the secondary peak occurring at 8 Å tends
to disappear. This could be an indication that at higher concentrations aqueous
TBA solutions do not form “isolated clusters” with water or that the clustering
with water has changed in a TBA-rich solution.

Fig. 3b shows the RDFs between the oxygen atom of TBA and the oxygen atom
of water in aqueous solutions of TBA and between oxygen atoms of TBA in the
pure TBA system. This gure shows a large initial peak at 3 Å in pure TBA, which
disappears in aqueous solutions. An initial peak between water and TBA is seen in
aqueous solutions at 2.6 Å. This again indicates that in aqueous solutions, TBA
tends to form hydrogen bonds with water rather than with itself. Moreover, the
distance is shorter indicating stronger hydrogen bond with water than between
TBA–TBA. As the concentration of TBA increases, the magnitude of the rst peak
increases. This indicates that there is a stronger preference for water to form a
hydrogen bond with the hydroxyl of TBA at these higher concentrations. As the
TBA concentration is raised, the secondary peak, which occurs at 4.4 Å, increases
while the tertiary and higher peaks almost disappear. This indicates that at higher
TBA concentrations the water molecules surrounding the TBA molecules in
tertiary shells and beyond are not very well dened and the resultant “cluster”
loses its structural integrity.

Snapshots fromMD simulations can help in interpreting the RDFs as shown in
Fig. 4. At the lower concentrations, TBA forms clusters due to van der Waals
interactions between its methyl groups. These TBA clusters are surrounded by a
hydrogen-bonded polygonal (either pentagonal (Fig. 4b and c) or hexagonal (not
shown)) network formed between TBA–water and water–water molecules. The
main RDF peak at 6 Å, as seen in Fig. 3a, corresponds to the distance between
central carbon atoms of TBA, which may be dimers, trimers or tetramers of TBA.
The secondary peak at 8 Å, as seen in Fig. 3a, corresponds to a distance between
the central carbon atoms in oligomerized TBA with its nearest neighbor of
unstructured TBA. The water molecules are organized in a specic hydrogen-
bonded structure around TBA molecules, with the hydroxyl group of the TBA
molecules forming one of the vertices of a hydrogen-bonded polygon.

The structural signicance of the peaks calculated in the O(TBA)–O(Water)
RDFs of Fig. 3b can be visualized from the snapshots in Fig. 4. The primary peak
in Fig. 3b is from 3 waters coordinating the hydroxyl group of TBA. The secondary
RDF peak at 4.4 Å and the tertiary peak at 5.6 Å in Fig. 3b correspond to larger
distances between the vertices in the pentagon and/or hexagon ring of water. The
secondary and tertiary peaks correspond to an additional 17 to 21 surrounding
water molecules. This leads to an effective structure, which we refer to as a
“micelle-like cluster”. The cluster has an inner radius of�4 Å that constitutes 4 to
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss.
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Fig. 4 Snapshots from MD simulations in aqueous solutions of TBA with increasing concentration of
TBA. TBA molecules are represented by the licorice model, while water molecules are represented by the
ball and stick model. The structure between TBA and water is fairly similar from 1 mol% to 7 mol% TBA.
The only difference is the amount and size of TBA clusters with increasing TBA concentration. However,
beyond �7 mol% TBA, the clusters do not seem to be well-defined and lose their structural integrity. (a)
1 mol% (4 mass%) TBA. (b) 4 mol% (15 mass%) TBA. (c) 7 mol% (24 mass%) TBA. (d) 18 mol%
(47 mass%) TBA. (e) 40 mol% (73 mass%) TBA.

Faraday Discussions Paper
Pu

bl
is

he
d 

on
 1

7 
Ju

ne
 2

01
3.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l I

ns
tit

ut
es

 o
f 

St
an

da
rd

s 
&

 T
ec

hn
ol

og
y 

on
 0

4/
12

/2
01

3 
20

:3
7:

51
. 

View Article Online
5 TBAs and an additional distance, including water shells, of �6.5 Å. Thus, this
“micelle-like cluster” constituting TBA and water molecules is �10.5 Å in radius.
Although the water structures surrounding TBA form polygons commonly found
in hydrates,74 the micelle-like clusters are short-lived and appear to be transient,
with an estimated lifetime of the order of 10 ps–50 ps.

The effect of TBA concentration seen from the RDFs of aqueous TBA solutions
can also be explained from the snapshots in Fig. 4. At low concentrations, 1 mol%
to 2 mol% (4 mass% to 8 mass%) TBA, the average cluster sizes of TBA molecules
range from 1 to 4 and the number of clusters tends to be small. TBA forms a
micelle-like cluster with water. At higher TBA concentrations, 3 mol% to 7 mol%
(11 mass% to 24 mass% TBA), the clusters tend to be larger with 4–8 TBA
molecules. Bipyramidal structures of TBA clusters (Fig. 4b) transiently exist (20 ps
to 50 ps) in the 3 mol% to 7 mol% concentration range. As the TBA concentration
is further raised, the clusters of TBA–water do not behave as a micelle, but rather
TBA becomes dominant in terms of volume component in the solution (Fig. 5d
and e), reecting a growing tendency to be apart from water molecules. These
solutions no longer have the short-lived TBA–water clusters and instead look
more like a randomly mixed solution of TBA and water (usual non-ideal solution).
At 40 mol% (73 mass%) TBA, the water concentration is too low to form any
signicant water polygon structure indicative of the reduction and loss of
secondary and higher order peaks in the RDFs (Fig. 3).
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) SANS data from TBA–heavy water solutions at T ¼ 25 �C. Crosses: 3.5 mol% (12 mass%) TBA
(sample # SB1). Circles: 5 mol% (16 mass%) TBA (sample # SB2). Squares: 7.4 mol% (23 mass%) TBA
(sample # SB3). Standard statistical error bars are comparable to the size of the symbols. The solid lines
are fits to the data in accordance with eqn (4). The results of the fits are summarized in Table 2. (b) SANS
data from a 7.4 mol% (23 mass%) TBA–heavy water solution (sample # SB3). Crosses: 10 �C. Circles:
25 �C. Squares: 40 �C. Standard statistical error bars are comparable to the size of the symbols. The black
lines are fits to the data in accordance with eqn (4). The results of the fits are summarized in Table 2.
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3.3 SANS in aqueous solutions of TBA

In order to characterize the molecular-scale inhomogeneities in aqueous solu-
tions of TBA, SANS experiments were carried out on TBA–heavy water solutions.
The following equation best ts the SANS intensity data:71

IðqÞ ¼ A3

1þ ðxqÞ2 þ B (4)

where A3 is the amplitude, B is a background parameter, and x is the correlation
length, which characterizes the length scale of concentration uctuations; it
increases as the temperature is raised and as the TBA concentration is increased.
This behavior of the correlation length is expected as the system approaches a
“virtual” critical point (hidden here by the vapor–liquid transition, but may
become real on the addition of a salt, such as KCl27) located at an inaccessible
higher temperature and higher TBA concentration. Fig. 5a shows the SANS data
for various concentrations of TBA at 25 �C, while Fig. 5b shows the SANS data for
7.4 mol% (23 mass%) TBA solution at different temperatures. The results from
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss.
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the SANS ts are presented in Table 2. The results obtained for the correlation
length are consistent with what has been observed in the literature.27

We also wanted to investigate whether the micelle-like clusters (structural
uctuations) observed from MD simulations could be seen from SANS data.
However, we were unable to unambiguously detect such clusters, although some
spectra at low temperatures suggest the existence of a marginally detectable peak
in the structure factor at q � 0.1 Å. The reasons for this could be two-fold: poor
SANS contrast between these clusters and the bulk solution or small contribution
of these clusters into the intensity as compared to the contribution from the
concentration uctuations.
4 Mesoscale inhomogeneities
4.1 DLS and SANS in aqueous solutions of TBA upon the addition of a
hydrophobe

The discussion so far has focused on molecular-scale (order of 1 nm in size)
inhomogeneities in aqueous TBA solutions. However as mentioned earlier, there
have been many reports on the existence of mesoscale inhomogeneities (order of
100 nm in size) in aqueous solutions of TBA.22–38 We have carried out a compre-
hensive experimental study to elucidate their origin and to characterize these
mesoscale inhomogeneities.37–39

Fig. 6 shows the intensity auto-correlation function observed from an aqueous
solution of TBA (purchased from Sigma Aldrich). The correlation function shows
the presence of two relaxation processes – a fast process with a relaxation time of
65 ms and a slow process with a relaxation time of 22 ms. The fast process
corresponds to molecular diffusion, with a diffusion coefficient of 1.5 � 10�6 cm2

s�1. In accordance with eqn (3), this corresponds to a hydrodynamic radius of
Fig. 6 Time-dependent intensity autocorrelation functions obtained in aqueous solutions of TBA from
dynamic light scattering (q ¼ 45�). The solid lines are fits to the data in accordance with eqn (1). Circles
represent the correlation function obtained in �8 mol% (26 mass%) TBA solution (TBA procured from
Sigma Aldrich) at T ¼ 24 �C. This correlation function shows the presence of two relaxation modes – the
fast mode with a relaxation time of �65 ms and a slow mode with a relaxation time of �22 ms. After
filtering this solution multiple times with a 20 nm Anopore filter at �10 �C, the slow mode is almost
eliminated (correlation function represented by crosses). Adding trace amounts of a hydrophobic
component (0.03 mol% cyclohexane) regenerates the slow mode (correlation function represented by
squares). Statistical error bars are comparable to the size of the symbols.
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about 0.6 nm. This is consistent with the correlation length (x) of the concen-
tration uctuations obtained from SANS data as discussed in the previous section.

The slower process, with a relaxation time of 22 ms, corresponds to mesoscale
inhomogeneities.37 As the temperature is increased, this slow mode disappears
and reappears as the temperature is lowered.37 In fact, at low temperatures the
contribution from the slow mode is enhanced so signicantly, that it becomes
quite difficult to detect molecular diffusion.37 The mesoscale inhomogeneities
were only observed between the concentrations 3 mol% to 8 mol% (11 mass% to
26 mass%) TBA. Above this concentration range, the mesoscale inhomogeneities
disappeared.

In order to understand the origin of the slow mode, this aqueous TBA solution
was ltered multiple times by using a 20 nm Anopore lter, at a low temperature
(�5 �C), to eliminate the slow mode. The intensity auto-correlation function
obtained aer ltering the aqueous TBA solutions at cold conditions is also
shown in Fig. 6. The resultant correlation function shows no mesoscale inho-
mogeneities, but only the contribution from molecular diffusion. A controlled
“impurity”, namely a trace amount (0.03 mol%) of a third, more hydrophobic,
component (cyclohexane) was added to an aqueous TBA solution that initially did
not show any mesoscale inhomogeneities. Upon the addition of cyclohexane,
mesoscale inhomogeneities emerged, and the slow mode was observed. Various
hydrophobic additives such as propylene oxide, isobutyl alcohol, and methyl tert-
butyl ether were also studied. All these experiments showed that the slow mode
appears only when the aqueous TBA solution contains a more hydrophobic
component.38 The wavenumber dependence of the relaxation rate of these inho-
mogeneities (in accordance with eqn (2)) revealed that they are diffusive Brownian
droplets.38 Confocal microscopy images are also consistent with what is observed
from dynamic light scattering.37

The presence of mesoscopic droplets can also be veried from SANS experi-
ments. Fig. 7 shows the SANS intensity I(q) from a TBA–heavy water solution
containing trace amounts of cyclohexane (CHX) as the hydrophobe. The SANS
Fig. 7 SANS data from a TBA–heavy water–CHX solution at T ¼ 25 �C. 7.4 mol% TBA (23 mass%),
0.03 mol% (0.1 mass%) CHX (sample # ST1 from Table 2). The black line is a fit to the data in accordance
with eqn (5). The results of the fit are summarized in Table 2. Statistical error bars represent one standard
deviation.
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Fig. 8 Snapshots (at �50 ns) from MD simulations of a TBA–water–CHX solution (sample # T1 from
Table 1). TBA molecules are represented by the licorice model, while van der Waals spheres represent
CHX molecules. This snapshot demonstrates the formation of a “droplet” with aggregated CHX mole-
cules in the core, surrounded by primary and secondary layers of TBA molecules. These layers are further
solvated by a water layer and a tertiary layer of TBA molecules.

Fig. 9 Radial distribution functions in TBA–water–CHX solutions with increasing concentrations of TBA
(samples # T1 to T4 from Table 1). (a) RDFs between central C atoms of TBA (b) RDFs between central C of
TBA and C1 on CHX.
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data in this TBA–heavy water–CHX system were best t to an equation of the
following form:75

IðqÞ ¼ A4�
Rgq

�4 þ A5

1þ ðxqÞ2 þ B1 (5)

where A4 and A5 are the amplitudes, Rg is the radius of gyration of the mesoscopic
droplets, x is the correlation length of the concentration uctuations, and B1 is a
background parameter. The above equation includes contributions from the
concentration uctuations and contributions from the much larger, mesoscopic
droplets. Since the SANS data do not reach a Guinier region (plateau at low q), the
Rg corresponding to mesoscopic droplets was xed at 100 nm (as was observed
from DLS).

4.2 Investigating the structure of mesoscopic droplets by MD simulations

In order to further investigate the nature of these mesoscopic droplets, MD
simulations of TBA–water–CHX solutions were carried out. Fig. 8 shows a snap-
shot from MD simulations where aggregated CHX molecules are surrounded by
TBA molecules. The concentration of TBA in the layer surrounding the CHX
aggregate is higher than in the bulk solution. The structure of this layer is similar
to a “microemulsion” structure, which seems to occur at higher concentrations of
TBA.20 Water molecules form hydrogen bonds with the hydroxyl groups of the TBA
molecules. There may be secondary or higher order layers of TBA and water
molecules that surround the CHX aggregate (Fig. 8), leading to the formation of a
“droplet”. The observed droplets remained stable for the length of the simulation.
Fig. 10 Snapshots from MD simulations in TBA–water–CHX system with increasing concentrations of
TBA (samples # T1 to T4 from Table 1). These snapshots indicate that as the TBA concentration increases,
the tendency of CHX to form droplets decreases. At high TBA concentrations, TBA and CHX preferred to
remain mixed, rather than form the droplets.
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Simulations of TBA–water–CHX solutions with different concentrations of
TBA, but almost the same concentration of CHX, were also carried out. Fig. 9a
shows the RDFs between central carbon atoms of TBA molecules, while Fig. 9b
shows the RDFs between central C of TBA molecule and a carbon on the CHX (C1)
molecule. Fig. 10a to d show snapshots from MD simulations. The RDFs and the
snapshots indicate that as the TBA concentration increases, the tendency to form
“droplets” (as described above) disappears. Fig. 10c and d show that at high TBA
concentrations, TBA and CHX prefer to remain mixed with each other rather than
form droplets.
5 Mesoscale solubilization – a state between molecular
solubility and macrophase separation

We refer to the phenomenon of formation of mesoscopic droplets in aqueous
solutions of hydrotropes containing hydrophobes, as the mesoscale solubiliza-
tion. Mesoscale solubilization is a distinct intermediate state between molecular
solubility and macrophase separation.76 Molecular solubility of nonpolar solutes
(hydrophobes) in water can be explained by the phenomenon of hydrophobic
hydration,77–79 where water molecules form a hydrogen-bonded shell around the
solute molecule. This shell is similar to a clathrate shell and the water molecules
in the shell do not interact strongly with the nonpolar solute in the core.79

However, molecular solubility in aqueous solutions of nonionic hydrotropes is
quite different, where the water molecules strongly interact with the solute
molecules through strong hydrogen bonds. This interaction leads to the forma-
tion of loose micelle-like clusters in water–hydrotrope solutions. Such clusters
may have the same length scale as the correlation length of the concentration
uctuations (when far away from the critical point), but very different dynamics.
Clusters, which have a life-time of tens of picoseconds, relax by the reorientation
of hydrogen bonds, while concentration uctuations have a time-scale of about
tens of microseconds at q �107 m�1 (when far away from the critical point) and
relax by diffusion. The cluster dynamics can be experimentally detected by
dynamic neutron scattering techniques such as disc chopper spectrometer (DCS)
or neutron spin echo (NSE), whereas concentration uctuations can be detected
by both SANS and DLS.

On the addition of a hydrophobe (such as cyclohexane), the short-lived micelle-
like clusters that originally exist in hydrotrope-water binary solutions (such as in
TBA–water) seem to be stabilized and rearranged. Over a certain concentration
range of hydrophobe, the hydrophobe molecules start to aggregate. Part of the
hydrotrope–water clusters surround the hydrophobe aggregates, protecting them
from the water-rich environment. Thus, we view the mesoscopic droplets as
having a hydrophobe-rich core, surrounded by a hydrogen-bonded “micro-
emulsion-like” water–hydrotrope shell. The schematic of such a droplet is shown
in Fig. 11. This picture is consistent with what has been observed and interpreted
in other aqueous systems.22,80

In order to understand the thermodynamic stability of the mesoscopic drop-
lets, we have studied the macroscopic behavior of the ternary system TBA–water–
CHX.76 The ternary phase diagram at ambient conditions is shown in Fig. 12.76

This gure shows that TBA is completely miscible with water and CHX, while
water and CHX are almost completely immiscible with each other. The region
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 Schematic representation of mesoscale solubilization in aqueous solutions of hydrotropes
containing a hydrophobe. The mesoscopic droplets have a hydrophobic core surrounded by a hydrogen-
bonded microemulsion-like hydrotrope–water shell.
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where mesoscopic droplets are observed is shown in the inset of Fig. 12.
Remarkably, this region corresponds to the concentration range where structural
uctuations and thermodynamic anomalies are observed in binary TBA–water
solutions. Mesoscopic droplets are not observed on the addition of CHX to pure
water or to TBA–water solutions where the TBA concentration is greater than
25 mol%. In the region around 7 mol% TBA the mesoscale droplets are extremely
long-lived, being stable for over a year.39 Only in the presence of a macroscopic
hydrophobe-rich phase (samples studied in the two-phase region of the ternary
Fig. 12 Phase diagram of TBA–water–CHX system at T ¼ 21 �C (reproduced from ref. 39). The smooth
line across the points is a guide to the eye. All concentrations are shown asmass fractions. The open circle
(CP) represents the approximate location of the critical point. The dashed line from the vertex of the
hydrophobe (CHX) represents concentrations with a constant TBA–water ratio (25 : 75 mass basis/7 : 93
mole basis) where thermodynamic anomalies in the binary TBA–water solution are observed. The region
inside the solid curve is the two-phase region, while the region outside this curve is the macroscopic one-
phase region. The dotted area in the phase diagram shows the region where mesoscopic droplets are
observed.
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system), these droplets tend to slowly (over a period of months) condense on the
water–CHX interface. The instability of themesoscopic droplets in the presence of
the macroscopic water–CHX interface may be due to the destruction of the TBA–
water protective shell, which surrounds the hydrophobic CHX core.

Mesoscale solubilization, being intermediate between molecular solubility
and macroscopic phase separation, makes the traditional denition of solubility
ambiguous. Thus, popular experimental techniques, such as chromatography
methods, used for measuring solubility of hydrophobic species in water may be
misinterpreted. Moreover, the bulk equilibration may require an unrealistically
long time, making the denition of thermodynamic equilibrium also ambiguous.
6 Summary and conclusions

We have investigated molecular-scale and mesoscale inhomogeneities in TBA–
water solutions and in TBA–water–CHX solutions. We have combined results
obtained from MD simulations with those obtained from SANS and DLS experi-
ments. MD simulations in TBA–water solutions show the presence of short-ranged
(�1 nm), short-lived (10 ps–50 ps) clusters, interpreted as micelle-like structural
uctuations. These clusters may have a length-scale similar to the concentration
uctuations, but have very different (much faster) dynamics. Concentration uc-
tuations relax by diffusion, while clusters relax by the reorientation of hydrogen
bonds. Clustering is observed in the low concentration region of TBA (1 mol% to
8 mol% or 4 mass% to 26 mass%) and tends to disappear at higher TBA concen-
trations. These clusters are likely responsible for the thermodynamic anomalies
observed in aqueous TBA solutions. We were unable to unambiguously detect these
clusters from SANS experiments, but the presence of concentration uctuations was
clearly detected by both SANS and DLS techniques.

Mesoscale inhomogeneities, which are Brownian diffusive droplets, order
of 100 nm in size, are observed in aqueous solutions of TBA containing a hydro-
phobic component. The hydrophobe tends to stabilize and rearrange the short-
ranged, short-lived structural uctuations initially present in aqueous TBA
solutions and leads to the formation of larger (mesoscopic) droplets. The structure
of these droplets is such that they contain a hydrophobe-rich core surrounded by a
microemulsion-like hydrogen-bonded shell of TBA and water molecules. The shell
can be regarded as a “protective layer” consisting of TBA and water molecules,
which separate the oily core of the aggregates from the aqueous-rich bulk phase of
the solution. We call the formation of mesoscopic droplets in aqueous solutions of
hydrotropes, containing hydrophobe, the mesoscale solubilization.

Two peculiar features characterize mesoscale solubilization. The mesoscopic
droplets are order of 100 nm in size. This size does not seem to signicantly
depend on the type of the hydrotrope or the hydrophobe. Lowering the temper-
ature enhances the number of these droplets, but their size remains almost
unchanged. Moreover, these droplets are extremely long-lived, being stable for
over a year. Only in the presence of a macroscopic hydrophobe-rich phase do
these droplets tend to slowly (over a period of months) condense on the water–oil
interface. The phenomenon observed in aqueous solutions of TBA may represent
a ubiquitous feature of aqueous solutions of nonionic hydrotropes, and may have
important practical implications in areas such as drug delivery, where traditional
surfactants may need to be replaced by hydrotropes.
Faraday Discuss. This journal is ª The Royal Society of Chemistry 2013
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