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Probing the Heterogeneity of lonic Liquids in Solution
through Phenol-Water Phase Behavior.

Abhineet Verma,” Namburi Eswara Prasad,”™ Jyoti Srivastava,” and Satyen Saha*"”

Phenol-water system is important considering its resemblances
to biological systems. Here, we explore this phenol-water
system to get crucial information on ionic liquids (ILs).
Comparative studies on the effect of high melting salts,
micelles and ionic liquids (ILs) reveal interesting facts: while
normal high melting salts such as KCl, CsCl and ionic
surfactants (above and below critical micelle concentration
(CMCQ)) show only an enhancement of critical solution temper-
ature (CST) along with no substantial change in the shape of
phase diagram, TX-100 shows an interesting trend. Below CMC,
TX-100 shows normal trend while complete deviation is
observed above CMC. When IL is added at various concen-
trations in the phenol-water system, the concentration-depend-

Introduction

Phenol is a common chemical and a prototypical aromatic
chromophore. Intermolecular interactions such as hydrogen
bonding™ in the phenol-water cluster are one of the interesting
properties that can be examined by the study of phenol-water
phase system.” This can provide some useful information like
the interaction of the phenolic group with water, as -OH group
of tyrosyl interaction with water in the human body. The
hydrogen-bonded complexes of phenol are examples of
interaction with aromatic acid, serving as a prototype for
tyrosine residues in proteins interacting with water. Studies of
phase behaviour can practically be simulated which helps us to
understand the abnormal behaviour of the system, reflected
clearly in its phase diagram.®”’ Any change in the interaction
between two components shows a variation in its phase
behaviour.” which can also be mathematically expressed by
Gibbs’ phase rule (this rule applies to the non-reactive multi-
component heterogeneous system at thermodynamic equili-
brium). Studies of these interactions between phenol and water
may also be useful in drugs, polymers, and sensors.”) As such
intermolecular interactions are very important in understanding
organic, organometallic, biomolecular structures,
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ent effect on the phase diagram is observed. While at the low
concentration, it follows the normal trend, at higher concen-
tration phase diagram deviates drastically. The concentration at
which this deviation is observed is termed here as Critical lonic
Liquid Aggregation Concentration (CILAC). Above CILAC, ILs
exert an effect that resembles the effect of TX-100 micelles in
the phenol-water phase diagram. Viscosity measurements of
the system substantiate these data. Based on our observations,
we propose that imidazolium chloride ILs constitute elliptical
aggregates similar to TX-100 (having ~300 A length) in
solution above CILAC. To the best of our knowledge, this is the
first report on the possible shape and size of ILs aggregation in
solution.

supramolecular assembly, crystal packing, reaction selectivity/
specificity, and drug-receptor properties. In particular, the
interaction of phenol with an interacting molecule is intrigu-
ing.”” The phenol-water system is also a useful model for micro
solvated phenol clusters.”” The phenol-water/solvent potential-
energy surfaces are found to be valuable for building model
potentials in biomolecular simulations in the solvent environ-
ment. In addition to phenol-water,®® phenol-ammonia is also
reported.”” There are interesting studies on the clusters of
phenol-water and ammonia by various spectroscopic techni-
ques®'® and by theoretical methods.'"” Very recently, the
molecular mechanism of photo-acidity of phenol-ammonia has
been elucidated."” Time dependent-DFT or ab initio calcula-
tions have greatly facilitated the interpretation of large
spectroscopic data on phenol-water and phenol-ammonia.l'?
The addition of the third component such as inorganic salts in
the system found to play an interesting role."® lonic liquids
(ILs) have recently emerged as whole new materials much of
which are yet to be discovered or understood." ILs have found
various potential applications; as powerful green solvents and
catalyst,"™ electrically conducting fluids (i.e., electrolytes)"® and
in many other applications."® lonic liquid is a substance that is
composed solely of anions and cations and therefore must
possess some kind of short-range organisation"” (called charge
ordering) to fulfil local electroneutrality condition and also to
maximise the electrostatic interactions between ions of
opposite sign. When looking at this kind of molecular
architectures, microheterogeneity can be regarded as the
important step in the understanding of the microscopic
structure of these liquids. Therefore, it is no wonder that ILs
must necessarily organise its high-charge density portions into
local structures that obey electroneutrality. Soon after the
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rediscovery of ILs a couple of decades back, a group of
researchers have found considerable and significant pieces of
evidence that there is a high degree of the organisation even
in the fluid phase of room-temperature ionic liquids (RTILs)."® It
is believed that as a major consequence of their microscopic
heterogeneity or nanostructure fluid character, ILs often show
unique properties compared to their molecular liquid ana-
logues. This nanoscale selforganization™ is said to be the result
of different types of interaction in the liquid phase, namely
Columbic interaction and several weak interactions (such as
van der Waals). A combined effect of all interactions eventually
leads to the formation of nanostructured or microheterogene-
ity.”” The possible existence of microscopic structural hetero-
geneity in pure ionic liquids has been suggested from both
theoretical and experimental studies. Several groups, including
ours, have been involved in research with ILs for understanding
the bulk structure at a molecular level. With the help of state of
the art Raman spectroscopic and X-ray crystallographic techni-
ques, Hamaguchi and co-workers have obtained definite
evidence for the existence of nano-structuredness in ILs.2"
Samanta and co-workers have also discussed the possibility of
microheterogeneity based on the extensive fluorescence spec-
troscopic data.’? Recently, we reported several pieces of 2D
NMR and single crystal X-ray crystallographic experimental
evidence, which indicate the existence of microscopic structural
heterogeneity in ILs.? Also, we have observed that the nature
of micro-heterogeneity does depend on the cation as evident
from our comparative studies on imidazolium and piperidinium
ILs.”*” We have obtained strong evidence that indicates that
microheterogeneity in ILs is due to the crucial interplay of
several types of weak interactions.””

Among many others, Canongia Lopes et al.*® Triolo et al."”
and Voth et al™® have proposed the bicontinuous nature of
ionic liquids through high-level molecular dynamics (MD)
simulation. However, the issue of the existence of micro-
heterogeneity is still under intense investigations as the
consequence of microheterogeneity is far-reaching and will
help us to explain much observation related to ILs behaviours
and properties. In addition to pure IL system, there has been
considerable interest generated recently to understand what
happens to this heterogeneity of ILs when they are in solutions.
The microscopic solvation environments in liquids are not well
understood despite the fact that they critically determine the
physical and chemical properties of liquids. Recently we have
studied the microscopic solvation environments in prototype
ILs using resonance Raman spectroscopy and molecular iodine
and bromine as probe molecules.”” Though not as extensive as
for pure ILs, there are some reports in which the formation of
self-aggregates,””? micelles,™ vesicles or layered like structures
@3 are proposed when IL is dissolved in highly dielectric
molecular solvent like water.

In this paper, we present most extensive studies of phenol-
water phase behaviour at equilibrium in the presence of
various high melting inorganic salts, surfactants (below and
above CMC) and with dialkylimidazolium chloride ionic liquids
(Figure 1) of different sizes at different concentrations. In
addition to monitoring of miscibility temperatures at different
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Figure 1. Chemical structures and corresponding codes of ILs used in this
study.

compositions, we also studied the viscosity of solutions of
various compositions. To the best of our knowledge, this is the
first study of phenol-water phase behaviour with an aim to
understand the influence of inorganic salts, surfactants and low
melting organic salts (ILs). The effect of IL is found to be very
interesting and helped us to determine the size and shape of
the microheterogeneity of IL in solution.

Result and discussion

a) Methodology to construct the phase diagram:
i) Phenol-Water System

Pure phenol is crystalline at ambient temperature (melting
point: 40.5 °C), and hence 80% phenol in water (4g colourless
crystals of phenol was added in 1g triple distilled water) was
prepared freshly to start the experiment of constructing phase
diagram of the partially miscible phenol-water binary system.
Since phenol was hygroscopic, weighing was done in a
nitrogen atmosphere. This 80% phenol in water binary
mixtures, which were colourless and transparent, was prepared
in a hard-glass long test tube fitted with a thermometer
(accuracy of £0.1 °C) and ring-end stirrer (made of aluminium/
steel) as shown in Figure 2.

A burette was filled with tripled distilled water to add 0.5
mL of water (each addition) in aqueous phenolic solution to
increase gradually the weight percentage (wt. %) of water in
the system. To make the phase diagram independent of
temperature, the x-axis of the phase diagram is plotted in wt.
%. Since the densities of phenol (d= 1.09 g/cm®) and water are
close to 1, volume (in mL) and weight (in g) becomes
interchangeable. This allows us to plot the phase diagram in
“wt. % of phenol in the water” even though we take 0.5 mL
water in each addition. The solution was stirred vigorously with
the stirrer on each addition of water in phenolic solution. If the
solution remains transparent at laboratory temperature, means
that the system was at the homogeneous condition at that
composition.

Further addition of water was necessary to get the system
in heterogeneous condition. The appearance of milky or cloudy
or opaqueness of the solution indicates the heterogeneous
nature (shown in Figure 2-B). The solution is then heated in
temperature-controlled water-bath to a temperature where the
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Figure 2. The glassware setup with thermometer and ring stirrer. (A)The hard
glass test tube contains the transparent mixture of phenol-water indicating
the homogeneous solution. (B) Shows the appearance of milkiness indicating
heterogeneous phase. Arrow indicates the hard glass test tube having the
mixture in a glass beaker.

milkiness disappears, and the solution becomes transparent.
This temperature is noted as Ti,ppea- Hard-glass test tube was
then removed from the hot-water-bath so that the milkiness
reappears. The temperature at which it reappears is noted
down as T reappear. The average of these two temperatures is
plotted as “Average miscibility temperature / °C" on the y-axis.
It is to be noted that T e,p,e.r Provides better or closer reading
to actual miscibility temperature. These steps are repeated with
the addition of 0.5 mL of water until a complete phase diagram
is obtained. Figure 3 shows the phase diagram of the pure
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Figure 3. Phase Diagram of the phenol-water system. The black dotted line
passing through the blue circled points is the best fit line represented by a
polynomial of the second order, y = 32.72 + 1.95x-0.0282x>. The black
shaded area beneath the black dotted line indicates the heterogeneous
phase while above the line indicates the homogeneity of the solution. The
red triangle shaped point shows the corresponding viscosities at that
percentage of the composition.
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phenol-water system obtained following the procedure de-
scribed above.

ii) Phenol-Water system with normal salts, micelles, and ILs:

The phase diagram of the phenol-water system having a third
component was also determined following the same procedure
described in the previous section with only one difference
being that instead of pure water, we have added an aqueous
solution of the third component in a definite concentration.
The concentrations of the third component in water for the
stock solution are kept such that after the addition of third
component solution in aqueous phenolic solution, the concen-
tration becomes definite x% (x= wt.% of phenol in water).
These final concentrations are mentioned in the discussion. The
miscibility temperature often decides the maximum concen-
tration. In some cases, as low as 5% of KCl solutions, makes the
maximum miscibility temperature (also known as Critical
Solution Temperature (CST), described in preceding section)
close to the boiling point of water and making the measure-
ment impractical. Same experiments are done with the normal
high melting salts (like KCl, CsCl), typical surfactant molecules
(like CTAB, SDS, and TX-100) and finally with the well-known ILs
(imidazolium cation based IL with variation in chain length in
cation, such as C,, C,, G, and C,).

b) Phase Behaviour of Phenol-Water System:

CST is a very important parameter in the phase diagram of the
partially miscible binary system like phenol-water system. It is
defined as the point (temperature) above which two immiscible
liquids are completely miscible at any composition. Since the
miscibility of phenol and water totally depends upon the
temperature; the whole phase diagram is constructed by
varying the composition and temperature as shown in Figure 3.
CST of the phenol-water phase diagram is important concern-
ing the fact that it often indicates the presence of a third
component or impurity in general. The CST of the pure phenol-
water system is found to be 66.3°C at 34.8 wt. % composition,
which closely matches with the literature (66.8°C at 36.4 wt.
%).2°?% The shape of the phase diagram also looks the same as
reported. We have also fitted the phased diagram we obtained
with a polynomial equation (of order 2) to define the phase
diagram better. This polynomial equation, y = 32.72 + 1.95x-
0.0282x2 shall help one to get the phase diagram without even
performing the experiment. Regarding the explanation of why
the milkiness disappears with the increase of temperature, it
can be explained considering the interplay of H-bonding
interactions between these two components. On progressive
addition of water in 80% phenolic solution, the H-bonding
network among phenol molecules get disturbed, and hetero-
geneity appears as milkiness on increasing the temperature,
the constituent molecular vibrations increase which helps to
get the system back to homogeneous status. After a particular
composition, 34.78 wt.%, further addition of water helps to
build H-bonding network among water molecules in which
phenol molecules are accommodated. This extensive H-bonded
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network requires less amount of heat to accommodate further
water, and therefore, the temperature required for homoge-
neity is less at higher phenol in water composition range (right
part of the curve after CST).

H-bonding network among water molecules associated
with phenol is also supported by theoretical calculation. ESI
Figure S2 shows the calculated energies of various systems
where the number of water molecules attached with phenol is
increased systematically. The trend shows that with the
increase in the hydrogen bonding the energy of the system
decreases and is up to 5 membered planer ring structure
cluster.?” The cluster loses its planarity with the addition of
further water molecule leading to destabilisation of the system.
This theoretical study though done in gas phase clearly
indicates that H-bonding association between water and
phenol molecule has a definite role in stabilising the phenol-
water system. David and co-workers have also demonstrated
the existence of a m-hydrogen-bonded network structure for
the phenol-water system through rigid-body diffusion quantum
Monte Carlo calculation.®? Our result corroborates very well
with their finding that stable phenol-xwater (x<4) exists and
beyond x> 4 leads to the unstable structure. Jacoby et al. have
also found the same results as ours using ab initio calculations
and termed the phenol-xWater (x=4) as “book” structure 23

Since H-bonding interaction is expected to affect the
viscosity of the solution, we have studied the viscosities of the
system at various compositions (Figure 3). To the best of our
knowledge, such in-depth studies of the phenol-water system
have not been reported in the literature. We have observed a
very interesting correlation between viscosity trends with that
of the phenol-water phase diagram. Though both techniques
are completely different, surprisingly they provide very similar
data on critical composition at CST. The composition at CST as
found from these two studies is 34.78 wt.%, (miscibility
temperature measurement) and 34.78 wt.%, (viscosity measure-
ment) respectively. This allows concluding that viscosity of the
solution at critical composition is the least (here, 0.3 cp). This
finding indicates that the critical composition of a phenol-water
system can also be determined just by measurement of
viscosity of the composition.®” The viscosity is taken at a fixed
temperature, here, in this case, 70°C as the CST of the system is
found to be 66.3°C. It is clearly seen that if the miscibility
temperature is high, then the corresponding viscosity of that
composition is low and vice versa.®**¢ Thus, we can also use
this measurement to check the composition of an unknown
sample simply by measuring their viscosities.

c) Phenol-Water System with High Melting Salts: KCl & CsCl:

Effect of addition of a third component in the pure phenol-
water system often shows up in the phase diagram. It has
already been observed that the addition of inorganic salts like
KCl raises the CST without any change in the shape of the
phase diagram (Figure 4-A). The same is true for the addition of
CsCl (Figure 4-B). In contrast, drop in CST is reported for the
addition of compounds like urea or sucrose. The reason for
enhancement or drop in CST is correlated with the solubility of
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Figure 4. Phase diagrams of phenol-water systems having different concen-
trations of (A) KCl and (B) CsCl. Though there is no change in shape,
enhancement of miscibility temperature on the successive addition is
noteworthy. All data are given in ESI Table S1.

the third component in one or both the phases. If the
component is soluble in both the phases, it is observed that
CST decreases. In contrast, salts such as KCl and CsCl enhance
the CST, as it is soluble only in the aqueous phase. A
comparison of the effect of these two similar salts on CST of
the phenol-water system reveals interesting facts. The
enhancement is found to be profound in the case of KCI
compared to the CsCl at the same concentration (Figure 5). KCI
addition shows a significant temperature jump in CST on
changing the concentration compared to CsCl. For example,
CST of the system having 3% of KCl and CsCl are found to be
82.5 °C and 69.4°C respectively.

Detailed data of CST and compositions on the various
amount of addition of salts are given in ESI Table S1. Since the
anion component is the same in both the cases, the difference
is expected due to either the size or charge density. However,
their sizes do not vary significantly (ionic radius of Cs*: 0.169
nm vs K*: 0.133 nm). This finding stimulates us to investigate
the size dependence of organic cation (of ionic liquids), which
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is discussed later. In addition to this size, another effect that
can influence is the difference in solubility of KCI and CsCl at
different temperatures. It is clear from the ESI Table S2 that
solubility of these two salts are different at different temper-
atures and the trend is similar to the results we have observed.
Also, this table also explains why there is a higher temperature
jump for KCl solution compared to CsCl. The trend in the
viscosity variation is found to be the same as that of pure one
and is shown in ESI Figure S1. Therefore, it establishes that
there is a correlation between viscosity, CST, and critical
solution composition. If the miscibility temperature is more
then corresponding viscosity is found to be less and vice versa.
At the highest miscibility temperature, i.e., at CST, the viscosity
is the minimum. The Figure S1 given in ESI has shown the
phase diagram of KCl and CsCl with the corresponding
viscosities data.

d) Phenol-Water System with Surfactant Molecules:

In the previous section, we have observed that the CST of a
phenol-water system is sensitive to added salt and found to
depend on the size/charge density of cation as well as
solubility. Since there is no report in literature, we felt
interested to explore this area by studying the effect of other
types of molecules such as the surfactants. The surfactant can
be ionic or nonionic. The ionic surfactant has hydrophobic and
hydrophilic part joined together. The sources of hydrophobes
are normally natural fats and oils, petroleum fractions, relatively
short synthetic polymers, or relatively high molecular weight
synthetic alcohols. However, the hydrophilic part gives the
primary classification to surfactants: whether cationic, anionic
or nonionic. While cationic hydrophiles are some form of an
amine, the anionic hydrophiles are usually carboxylates (e.g.,
soaps), sulphates, sulphonates or phosphates. On the other
hand, the nonionic hydrophiles are usually associated with
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polyethylene glycol chain. It is well-known that surfactant
molecule makes ‘micelle’ above a certain concentration that is
known as critical micellar concentration (CMC). The size and
shape of micelle depend on the nature of constituents. ESI
Figure S3 depicts pictorially several micelle types with their size
and shape as reported in the literature.®’*® While the hydro-
philic end of the surfactant is strongly attracted to the water
molecules, the force of attraction between the hydrophobe
helps it to attain such shape in which both hydrophilic and
hydrophobic regions coexist.

These surfactants, therefore give us the opportunity to
study the effect of both homogeneous solution (below CMC)
and heterogeneous solution (above CMC) on phase equilibria
of phenol-water. Effect of these surfactants above and below
their micellar concentration is studied here. Figure 6 depicts
the change in phenol-water phase diagrams on the addition of
various concentrations of different types of surfactants. While
there is no appreciable change in shape or CST values on the
addition of a cationic surfactant, CTAB solution (Figure 6-A) and
anionic SDS solution (Figure 6-B, there is a slight change can be
observed at conc. 100mM, but without any increase in
miscibility temperature in lower conc.), there is an interesting
shape change observed for TX-100 solution above CMC
(Figure 6-C). When the concentration of TX-100 is significantly
above CMC (such as 5 and 10 mM), the left side of the phenol-
water phase diagram (below 40 wt% of phenol in water)
deviates drastically. Instead of the normal decrease of misci-
bility temperature with an increase in water content, the
miscibility temperature rises sharply. Since, below the CMC of
TX-100, the shape and CST is the same, there is no effect of
homogeneous surfactant solution on the phase behaviour of
the phenol-water system. However, above CMC concentration,
the shape of the curve changes, indicating the significant role
of microheterogeneity of the micellar solution considering that
above CMC, TX-100 forms well-know micelle (as depicted in
Figure 6-C).

The micelles formed by CTAB and SDS above CMC are
spherical in shape with the radius of 22.5 A and 155 A
(Figure 6-A, B) respectively.®” In contrast, the nonionic TX-100
have an elliptical shape with the major axis of 280 A and the
minor axis of 104 A (Figure 6-C).*¥ TX-100 has a hydrophilic
polyethylene oxide chain (on average it has 9.5 ethylene oxide
units) and an aromatic hydrocarbon lipophilic or hydrophobic
group.”” The hydrocarbon group is a 4-(1,1,3,3-tetramethylbu-
tyl)-phenyl group. Undiluted TX-100 is a clear viscous fluid
owing to the hydrogen bonding of its hydrophilic polyethylene
oxide parts and has a viscosity of about 270 centipoise at 25 °C
which comes down to about 80 centipoise at 50 °C.%=¥ Since
TX-100 is quite different than CTAB and SDS, it is quite
interesting to note the unique effect rendered by TX-100.

e) Phenol-water system with low melting salts (lonic liquids)
as the third component:

In the previous section, we have observed that the CST of the
phenol-water system is sensitive to added salts, and micellar
solutions. However, for a micellar solution, it is found that it
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Figure 6. Phase diagram of phenol-water systems having different concen-
trations (above and below CMC) of surfactant molecules (A) CTAB and (B)
SDS and (C) TX-100.

depends on the shape of the micelle, the constituent of the
well-known micro heterogeneity. Since it is now well accepted
that ILs is a new class of designer materials that are having
micro-heterogeneity at the molecular level,”"*? we felt inter-
ested to investigate the several with ILs. The advantage of
choosing ILs is that one can alter the size of cation easily which
is known to affect the micro heterogeneity"® of ILs. Further,
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there are reports that ILs behaves like surfactants and form
micelles above a certain concentration (termed as CMC of
ILs)."®2% However, we find it difficult to consider the micro-
heterogeneity or aggregation simply same as that of micelles
by the surfactant. As of now, there are no convincing reports
which convey that ionic liquids in water form micelles which
are identical to the microheterogeneity possessed by ionic
liquids. If it was the same, the properties of ionic liquid
solutions should have been the same as that of a micellar
solution of surfactants, which is obviously not the case.
Therefore, it is necessary to investigate without being biased
and appreciate the uniqueness of ILs.

A series of dialkyl imidazolium cation based ILs have been
synthesised to study the effect of the ILs (vide Figure 1). Cation
size has been varied systematically. It is well accepted that ILs
like surfactants possess two distinct regions, a polar hydrophilic
and non-polar hydrophobic region and both of them are
affected by cation size.”? Therefore; the effect of the cation is
discussed based on the size of the cation:

lonic Liquid Cation size dependent study:

i) On the addition of C,mimCl: C,mimCl| or n-butylmethylimi-
dazolium chloride is one of the most popular ILs.”?*” When 1 %
solution of C;mimCl is used in the phenol-water system, the
resultant phase diagram shape is the same as that of the pure
phenol-water system but shifted on the right side. Figure 7
shows phenol-water phase diagrams having a different amount
of C,mimCl. As the concentration of the ILs in the solution is
increased from 1% to 2%, 3% and so on, the trend in the phase
behaviour is same up to 50 wt.% Composition. However, after
this composition, an unusual trend is noticed. Interestingly
similar kind of trend is also seen for TX-100 above CMC, as
discussed in the section. In addition to the shift of CST towards
higher phenol composition, the normal trend of decrease in
miscibility temperature on decreasing phenol wt. % composi-
tion disappears. The left side curvature of phenol-water almost
disappears when 6% C,mimCl is used as can be seen in
Figure 7. The change in shape of the phase diagram is very
systematic with the entire range of increase in wt. % of IL.
Figure 7 also shows the variation of viscosity of various
phenol-water compositions when 1-4 wt% C,mimCl IL are
used. At around 40 wt. % phenol in water, the viscosity of the
solution is found to be maximum up to 3% C,mimCl IL. At 4
wt.% IL, the viscosity drops drastically. This trend has a
meaningful similarity with the Figure 9 where miscibility
temperature is varied. We could not measure the viscosity of
the phenol-water solution at higher wt. % of IL due to a
practical problem with measurements. The movement of roll-
ing ball is found to be hindered even though the solution looks
quite homogeneous to the naked eye. These observations
clearly indicate that after a certain concentration of IL in the
phenol-water system, the system behaves very different. We
would like to name this particular concentration of IL as
“Critical lonic Liquid Aggregation Concentration” or CILAC. We
believe that above this CILAC, the constituent of IL come
together to form aggregates. It is likely that there exist weak
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Figure 7. Top: Phase diagram of the phenol-water system having the various
concentration of C,mimCl as the third component. Bottom: Shows the
viscosity of that composition at different wt. % composition of phenol in
water.

interactions among aggregates and thereby constituting the
overall micro- heterogeneity in IL.%?

Aggregation behaviour of ILs in various solutions has been
reported in some literature.'”*” Qverall, it appeases that for ILs,
similar to surfactants, above a particular concentration, there is
a change in solution properties, which closely resembles
aggregations. The question follows: what is the size and shape
of the aggregates? Though there are some recent reports® on
the size of the aggregates or nanostructure domain, we have
not come across any report on shape. Our studies indicate the
most possible shape of the aggregates would be elliptical, i.e.,
similar to the shape of TX-100 micelle.

ii) On addition of CxmimCl (x=6,7 and 10): Since the
experiment with ILs C;mimCl has provided new and interesting
results, we have extended the work with other ILs having the
same anion, mainly to validate our observation with C,mimCl.
Figure 8 shows the phase diagrams of phenol-water having
different concentrations of ILs of various chain lengths. The

ChemistrySelect 2019, 4, 49-58 Wiley Online Library
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chain length of the cation is varied from C¢ to C,, (Figure 8). In
all cases, we can observe that the shape of the phase diagram
is lost within an addition of 1% IL. However, when shorter chain
length IL, i.e., e.g.,, C;,mimCl, the shape is preserved with 1% IL
addition.

The loss of complete curvature is seen to appear faster (i.e.,
at a lower concentration) with a higher chain length of ILs. This
indicates clearly that there is a correlation with the size of the
ILs with the drastic change in phase behaviour. Viscosity
measurements are found to be difficult with the phenol-water
system with these higher chain lengths ILs. However, whatever
viscosity data we could obtain indicate that there is a system-
atic change. The studies with various ILs also help us to
understand that their two factors that affect the CILAC. One is
obviously the concentration, and another one is the chain
length or size of the ILs. Moving from C, to C,, we observed
that if the chain length is smaller (as in case of C,mimCl), the
change in phase diagram does not appear at 1% solution (in a
very similar manner as TX-100 do not alter the phase diagram
below its CMC concentration). However, when the concen-
tration of IL is increased to 2% the trend in phase diagram
depicts similar behaviour as in the case of TX-100 above its
CMC.

On the other hand, CTAB and SDS do not show any such
change whether at below or above CMC. Thus this shows
aggregation or nanostructure behaviour of IL is better corre-
lated with TX-100. On further increase in the size of chain
length (e.g., CemimCl) the similar trend in phase diagram as TX-
100 is observed at 1% solution itself and on further increase in
concentration to 2-5 % solution the trend is more prominent.
Similarly, on increasing the chain length to C,mimCl to
C,omimCl the same trend in the phase diagram of the phenol-
water binary system is observed

In all the phase diagrams having added ILs, we can visualize
the phase diagram composed of two regions, one within the
~ 40 wt% phenol in water and another above. The separation is
very clear in pure phenol-water phase diagram (Figure 3) and is
found to be at 34.8 wt.% (known as critical composition).
However, with TX-100 or ILs added, after a certain concen-
tration, this critical composition point starts disappearing. This
disappearance is found to be correlated with the chain length
of ILs. Figure 9 nicely depicts the effect of the size of the
cations (at different concentrations), anion being unchanged.
This figure also demonstrates that the loss of curvature appears
faster with the higher chain length of ILs (e.g., while there is no
loss of shape or curvature with 1 wt.% C,mimCl, the clear and
sharp rise is seen for C,;mimCl at the region of low phenol
concentration with 1 wt.% itself). The details with numerical
data of variation of CST with a change in mole fraction of
water, phenol and added salts are given in ESI Table S4. The fit
parameters of polynomial equation y=ax’+bx*>+cx+d used
for various phase diagrams (where a, b, ¢ are the coefficient
and d is the intercept) are also included in the table. It is quite
interesting to note that the moles of molecules, which are
interacting at CST, are almost the same in all the cases.

Based on our results, we would like to propose that before
a certain concentration of IL in the system, IL behaves more
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Figure 8. Phase diagrams of phenol-water systems having various concentrations of higher chain length containing ILs; (A) CgmimCl, (B) C;mimCl and (C)
C,,mimCl.Variations of viscosities with compositions are also shown for systems containing C;mimCl and C,mimCl.

like normal salts. However, above that concentration, ILs
behaves quite differently. That particular concentration is
termed as CILAC. The value of CILAC depends on the size of
the cation. Above this CILAC, IL behaves more like TX-100
micelle. Since above CMC, TX-100 is known to produce elliptical
shape micelles; we propose that these dialkylimidazolium ILs
above the CILAC produces microheterogeneity which is more
like composed of elliptically shaped aggerates each having an
approximate size of 300 A. This possible scenario is presented
pictorially in Figure 10.

We wish to mention here categorically that this estimation
is purely based on the correlation with the well-established

ChemistrySelect 2019, 4, 49-58 Wiley Online Library

micelle formation surfactants as discussed. Since there are
some practical problems like corrosiveness of the system and
necessity of constant stirring of the mixture, we could not
employ other size determining techniques like SAXS, SANS to
verify the size but do hope that experts in these fields (SAXS
and SANS) will investigate in the near future.

Conclusion

A series of experiments involving the construction of phase
diagram of phenol-water partially miscible binary system at
different conditions are reported here. In particular, the effect
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Figure 10. Schematic diagram showing the change in IL species influencing
the phase diagram of the phenol-water system. Change of concentration of
IL to form CILAC after a particular concentration.

of various salts (including ILs) on the shape and CST of phase
diagram have been studied. While the normal high melting
salts (such as KCl and CsCl) show a trend of simple increase of
CST without any gross change of size or shape, the low melting
salts (i.e., ionic liquids) above a certain concentration exert

ChemistrySelect 2019, 4, 49-58 Wiley Online Library

drastic change in phase-diagram itself. Therefore, our exper-
imental results show that there is a unique concentration
barrier above, which IL behaves quite differently. This concen-
tration is termed here as “Critical lonic Liquid Concentration” or
“CILAC". This CILAC interestingly varies with the size of the IL.
Considering that binary solvent mixtures (of ILs and normal
molecular solvents) often used in organic reactions, this
information of CILAC might help a lot for deciding the
concentration of IL as a catalyst in a reaction. Above this CILAC,
IL can influence the reaction path uniquely yielding product,
which is otherwise not possible. There are many reports in
literature where ILs (used as solvent or catalyst) are seen to
produce unexpected product or product with very high yield.
Our conclusion may be helpful to explain those observations.
Further, it is observed that the bigger the size of the cation, the
effect is more prominent even at a lower concentration. Since
the size of the cation is also projected to alter the size of the
microheterogeneity or nanostructures of ILs, we proposed that
this drastic change in the phase diagram of the phenol-water
system above the CILAC concentration of ILs are due to the
existence of microheterogeneity of ILs. The size and shape of
the aggregation are determined here by comparing with TX-
100 micelle results due to its unprecedented similarities. Since
TX-100 micelle is well known to form elliptical shape micelle
having a dimension of 300 A in length, our studies indicate
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that imidazolium chloride based ILs possibly form elliptical
shape aggregates of similar size. There is a good number of
literature published in recent times where experimental
evidences of micro-heterogeneity in ILs or formations of
aggregations by ILs are reported as discussed in introduction.
However, to the best of our knowledge, this is the first report
indicating the possible shape along with approximate size of
the micro-heterogeneity or aggregate of n-alkylimidazolium
chloride ILs is reported as determined from the comparative
studies of the effect salts, surfactants and popular ILs on the
phase diagram of phenol-water systems.

Supporting information summary

The materials, experimental sections, synthesis, instrumenta-
tion, quantum chemical calculation and tabulated experimental
data along with the phase diagrams of phenol-water systems
containing various other surfactants, salts, pictorial representa-
tions of size and shape of CTAB, SDS and TX-100 surfactants are
also given in the supporting information.
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