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—I
The variation of solvatochromic polarity parameters as a function of mole fraction data may not represent the realistic environment of the |
solvatochromic probe molecule. This is because of the fact that the solvation environment of the solvatochromic probe molecules is not |
only determined by the number of individual solvent molecules around it but also by the size of those individual solvent molecules. In this
regard we wish to understand the variation of Ef polarity parameter of binary liquid mixtures as a fuction of volume fractions. Representation |
of the EY parameter as a function of volume fraction data leads to a completely different dataset for binary liquid mixtures where water is |
used as one of the solvents. These mixtures usually display negative deviations from linearity for the Ef values, when Ef values are plotted |
as a function of mole fraction values of the solvents. On the other hand, if the Ef values are plotted as a function of volume fraction values |
of the solvents in binary liquid mixtures containing water, these deviations are minimized to a large extent and even reversed to the
positive deviations in some of these mixtures. This study gives an insight into a long lasting problem of understanding the negative |
deviations of the Ef values from linearity observed in binary liquid mixtures of water, as these deviations are either minimized or reversed |
into positive deviations when EX values are plotted versus volume fraction of solvents. This study opens up a whole new discussion about |
the solvatochromic data of the solvent mixtures, whether this data must be represented as a function of mole fraction values or as a |
function of volume fraction of the solvents. The representation of the solvatochromic data as a function of volume fraction of solvents
might lead to new insights in studying the solute-solvent interactions in binary solvent mixtures. I
|
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INTRODUCTION

Solvation plays a vital role in various chemical reactions
taking place in the liquid phase and therefore studying the
solvation process is essential for understanding the solvent
effects on chemical processes [1]. Various biological processes
including metabolism, signaling and transportation are also
controlled by the solvation phenomenon [2,3]. Solvation refer
to the interactions of solvent with dissolved solute molecules
both ionized as well as uncharged. The nature of the inter-
actions of solvent with solute molecules influences a large
number of properties of the solute such as their colour, reactivity,
solubility, efc. Similarily these interactions also influence the
solvent properties such as the viscosity, polarity, density, efc.

The solvent effects on a chemical process can broadly be
defined as the summation of solvent-solute interactions, solvent-
solvent interactions and solute-solute interactions. One of the
generic methods used to measure these intermolecular inter-

actions is the solvent polarity [4,5]. Polarity is an important
solvent property for explaining the solvent effects on various
chemical processes. Based on the polarity, solvents are generally
classified into two categories i.e. polar and non-polar. Usually
the polar solute molecules are dissolved best in polar solvents
and non-polar solute molecules are dissolved best in non-polar
solvents “like dissolves like”. Parameters like refractive index
and dielectric constant are used to representing a variety of
solvent properties. However, solvent polarity is a complex issue
which largely arises due to the solvation of reactants, products
as well as activated complex as a consequence of different
specific and non-specific inter molecular interactions between
the solute and solvent molecules [6].

It was pointed out by Reichardt & Welton [7] that the
macroscopic measurement of dielectric constants only does
not fully reflect the polarity of the solvent. So, in order to account
for the various types of intermolecular interactions provided
by the solvent molecules a number of solvent polarity scales
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have been developed, based on the specific and non-specific
interactions provided by the solvent molecules [7,8-18]. Most
of these scales are based on the use of single spectroscopic
data set for a probe molecule. The most commonly used solvato-
chromic polarity parameter is the Ef parameter which uses
2,6-diphenyl-4-(2,4,6-triphenyl-pyridin-1-ium)-1 phenolate or
Reichardts Er (30) dye as solvatochromic indicator. Values of
the ET polarity parameter have been calculated for a large
number of pure solvents as well as for binary liquid mixtures
including ionic liquids [5,8,17,19-40]. Ionic liquids have
received a great deal of attention in recent times because of
their unique physico-chemical properties, for example high
electrochemical and thermal stability, negligible volatility, high
conductivity efc., which allow their appilcation as green substi-
tuents for volatile organic solvents [41-45]. More importantly,
the required properties for a particular application can be
achieved with the ionic liquids simply by changing the cation
or anion and therefore ionic liquids are often termed as designer
solvents. Extensive studies have been carried out to attain the
fundamental understanding of the physico-chemical, photo-
chemical and electrochemical properties of ionic liquids over
the past few years [46-48] and as a result, now they are being
used in organic synthesis, catalysis, electrochemical studies,
fabrication of inorganic materials and many other technological
applications [49-53].

As mentioned earlier the Ef parameter has been measured
for a variety of pure and mixed solvents. However, the inter-
pretation of the Ef values in pure or in mixed solvents is
different. The EY' value measures the polarity of the solvation
microsphere surrounding the solvatochromic indicator. In a
pure solvent, the composition of this microsphere is the same
as in the bulk solvent, but this is not necessarily true for the
mixed solvents. Generally, the polarity behaviour of binary
liquid mixtures is discussed as a function of the mole fraction
of solvent molecules. However, the mole fraction values of
the solvent mixtures may not reflect the realistic picture of the
solvation environment of the solvatochromic probe molecules.
This is because of the different sizes of different solvent mole-
cules. In the process of solvation, solute molecules are surro-
unded by a concentric shell of solvent molecules where solvent
and solute molecules reorganize into the solvation complex.
Solvation involves the bond formation via electrostatic inter-
actions, hydrogen bonding and van der Waals forces. The solvent
molecules having bigger size cover a larger surface area around
the probe molecule and thus constitute relatively more portion
of the solvation shell as compared to the solvent having smaller
molecules (Fig. 1).

It may be understood from the above discussion that the
solvation environment of the solvatochromic probe molecule
can be represented more realistically in terms of surface area
covered by the two solvents. Surface area covered by the solvent
molecules around the probe molecule can be estimated by the
volume fraction, higher the molar volume of solvent, bigger
the surface area they cover around probe molecules. In order to
understand the variation of EF polarity parameter as a function
of volume fraction of solvents, we have studied the binary
liquid mixture of water with three types of solvents, (a) polar

Fig. 1. Representation of the solvation environment of solvatochromic probe
molecule. Bigger solvent molecules cover larger surface area of the
solvation sphere

protic solvents; methanol and ethanol, (b) polar aprotic solvents,
e.g. acetone and dimethylsulphixide (DMSO) and (c) ionic
liquid e.g. 1-butyl-3-methylimidazolium bromide ([Bmim]Br)
and 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF.]).
Representation of the EY parameter as a function of volume
fraction data leads to a completely different results for binary
liquid mixtures of water.

EXPERIMENTAL

1-Methylimidazole (99%) and n-butyl bromide (99%)
used for the synthesis of ionic liquid were purchased from M/s
Sigma-Aldrich and were distilled before use. The solvato-
chromnic probe; 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-
1-yl)phenolate dye (90%), was purchased from M/s Sigma-
Aldrich and used as obtained. Sodium tetrafluoroborate salt
(98%) was procured from Merck and used as such. High-purity
methanol (99.7%), ethanol (99%), acetone (99.5%), acetonitrile
(99.8%) and DMSO (99.9%) were obtained from Merck and
used as obtained. Milli Q water with a conductivity < 80 uS/
cm was used as the solvent throughout the experiments.

Synthesis of ionic liquids: Synthesis of the ionic liquids
was done in accordance with the reported procedures [54,55].
First, 1-butyl-3-methylimidazolium bromide ([Bmim]Br) ionic
liquid was synthesized by the reaction of 1-methylimidazole
with n-butyl bromide (1.0:1.2 ratio) under reflux condenser at
60 °C for 12 h. After the completion of the reaction, excess of
n-butyl bromide was removed by the multiple extractions using
ethyl acetate as solvent. Leftover impurities were removed by
putting the ionic liquid under ultrahigh vacuum at 60 °C for
10 h. Pure [Bmim]Br ionic liquid was obtained as a crystalline
white coloured solid. For the synthesis of [Bmim][BF,] ionic
liquid, the reaction of [Bmim]Br ionic liquid was carried out
with sodium tetrafluoroborate salt (in 1.0:1.2 ratio) using
dichloromethane as solvent at room temperature for 24 h.
Sodium bromide salt formed as the side product and excess of
sodium tetrafluoroborate salt were removed by filtration through
celite powder. Dichloromethane as solvent was removed by
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rota-vapour. Leftover impurities were removed by using ultra-
high vacuum at 60 °C for 6 h. The characterization of the ionic
liquids was done by 'H NMR spectroscopy. Halide contents
of [Bmim][BF,] ionic liquid was found to be less than 50 ppm
as obtained by Volhard titration method using a chloride-selective
electrode [56]. Water content of both ionic liquids was meas-
ured with a Karl Fischer coulometer before making solutions
and found to be less than 70 ppm.

Measurement of E{' polarity parameter: For the meas-
urement of EY polarity parameter, first the stock solutions of
the dye were prepared in all the solvents (except water). The
methanolic solution of the dye was added to the ionic liquid
dropwise and the contents were mixed throughly. Methanol
was removed by placing the solution under ultrahigh vacuum
at 50 °C for 6 h. These stock solutions of the solvatochromic
probe were mixed in the proper volume fraction ratios under
the inert atmosphere of nitrogen gas for the measurement of
the EX polarity parameter. These mixtures were transferred to
the quartz cuvette and the spectra were recorded using Cary-
50 UV-vis spectrophotometer. The temperature of the sample
cell was kept constant at 25 + 0.1 °C during the experiments.
Once the frequency of absorption maximum (Vi) is obtained,
the value of Er (30) polarity parameter was calculated using
eqn. 1 [5]:

Er (30) = heVimadNa = 2.859 X Vi keal mol™! (1)

here h is Plank’s constant, c is the velocity of light and Ny is
Avogadro’s number. Once the value of Er (30) polarity para-
meter is known, the value of Ef polarity parameter can be
calculated using eqn. 2 [5]:

x _ B (30) e —30.7

Fr 324 @

[Bmim]Br ionic liquid is solid at room temperature, so the EY

value for this ionic liquid in pure state was calculated at higher

temperature and the estimation of the EY values at 25 °C was
done by interpolation (Fig. 2).
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Fig. 2. Plot obtained for the prediction of EY value of [Bmim]Br ionic
liquid at 25 °C

RESULTS AND DISCUSSION

Generally, the polarity parameters such as Ef polarity
parameter of binary solvent mixtures were calculated in the
terms of mole-fractions of the solvents but as we have discussed
earlier, the solvation environment of the solvatochromic probe
molecules cannot be represented correctly by the mole-fraction
values of these mixtures. This is because of the fact that the size
of solvent molecules are different as represented in Fig. 1. It
can be understood that most of the surface area of the surroun-
ding environment of solvatochromic probe molecule in solvation
sphere is occupied by larger solvent and very small surface area
is available for the smaller solvent molecules. It can be inferred
from this discussion that the mole-fraction value does not preci-
sely represent the surrounding environment of the solvato-
chromic probe molecule. So the variation of the solvatochromic
properties with the volume fraction values represents a more
realistic picture of the solvation sphere of the dye molecules.
The behaviour of the Ef values in binary liquid mixtures are
determined in the form of the deviations from the linear behav-
iour, To understand the nature of deviations in these liquid
mixtures, we have calculated the deviations of the EX values
from the ideal behaviour, the AEY values. The AEY values for
both the mole fraction as well as volume fraction data can be
measured as the difference between the experimentally
observed EX value and the EX value expected from the ideal
binary liquid mixture (ENidea) using eqns. 3 and 4, respectively.

AEI’}{MF = ETN - ETNideal MF (3)
AEI’I\I,VF = ETN - ETNideal MF (4)

here EYis.a can be measured for both the mole fraction and
volume fraction data sets via eqns. 5 and 6, respectively.

E%ideal MF = E{‘\I(l)xl + E'}\I(Z)Xz (5)
EI’Eideal VE = E{‘\I(l)VFl + E'Ir\I(Z)VFz (6)

here x; and X, represents the mole fractions of solvent (1) and
solvent (2), respectively and VF, and VF, represents the volume
fractions of solvent (1) and solvent (2), respectively. ET(1)
and ET(2) represents the Ef' values of the pure solvents (1)
and (2), respectively. Values of the Ef polarity parameter of
the solvents used in this study, in pure state are provided in
Table-1.

TABLE-1
VALUES OF THE Ef POLARITY PARAMETER

OF THE PURE SOLVENTS USED IN THE STUDY

Solvent E} value
Water 1.000
Ethanol 0.675
Methanol 0.766
Acetone 0.379
DMSO 0.450
[Bmim]Br 0.628
[Bmim][BF,] 0.689

In this study, the variation of EX values has been studied
with volume fraction of the solvents in binary liquid mixtures
of water with three different types of solvents, viz. polar protic
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solvents, polar aprotic solvents and ionic liquids. We have also
compared the behaviour of the EY values as a function of volume
fraction data to that of mole fraction data.

Polar protic solvents: In order to understand the variation
of Ef values as a function of volume fraction of the solvents
in the binary liquid mixtures of polar protic solvents, we have
taken two types of solvent mixtures, viz. water-methanol and
water-ethanol mixtures. Variation of the EY values as a function
of volume fraction (VF,) and mole fraction and (x,) of water
in the binary liquid mixtures of water with polar protic solvents
is provided in Fig. 3.

1.00} 1.0
(a) (b)
0.95F
0.9
Z - 0.90t1 Z -
9 9
0.8
0.851
0.80F 0.7

0 02 04 06 08 10
VF, or x,,

0 02 04 06 08 1.0
VF, orx,

Fig. 3. EX values as a function of VF,, (black) and x, (red) in the binary
liquid mixtures of H,O with (a) methanol and (b) ethanol

It can be observed from Fig. 4 that the Ef values display
less deviation from the ideal behaviour when plotted against
VF,, in comparison to when plotted against x,,.. Moreover, the
highest value of deviation for water-methanol mixtures, when
plotted against the mole fraction values (the highest AET yr) is
about -0.081. On the contrary, the highest AEX v, was found
to be only about -0.038. Similarily, the highest AE;"vr (-0.068)
was found to be significantly less than the highest AEY wr value
(-0.163) for water-ethanol mixtures.

0.1 0.1
(a) (b)
0 0
Z = Z -
1] ]
< <
-0.1 -0.1
02 -0.2
0 02 04 06 08 1.0 0 02 04 06 08 1.0
VF, or X, VF, orx,

Fig. 4. AEX values as a function of VF,, (black) and x,, (red) in the binary
liquid mixtures of H,O with (a) methanol and (b) ethanol

It thus can be concluded from this data that the negative
deviations of the E} values generally obtained in the binary
liquid mixtures of water are minimized to a large extent when
plotted against the volume fraction values of the solvents. Under-
standing the negative deviations of the Ef' values from ideal

behaviour in the binary liquid mixtures where water is used as
one of the components has been an unsolved problem to the
researchers. However as we have seen in the water-methanol
and water-ethanol mixtures, the negative deviations gets mini-
mized when plotted the EF values as a function of volume
fraction values.

It thus can be inferred from this discussion that one of the
prime reasons for the large negative deviations observed in
the ET values of the binary liquid mixtures of water might be,
the way of depiction of the EY values as a function of mole
fraction values, which might not represent the true picture of
the solvation environment of the solvatochromic probe. Alter-
nately, if we plot the ET values as a function of volume fraction
values of the solvents, which also represents the realistic volume
occupied by different solvents in the solvation shell, these
negative deviations are minimized to a great extent. Thus the
depiction of the Ef values as a function of volume fraction
values might be the more appropriate way for studying the
polarity behaviour of the binary liquid mixtures.

Polar aprotic solvents: To understand the behaviour of
EX values in the mixtures of water with polar aprotic solvents,
we have plotted the EF values as a function of VF,, and x,, for
water-acetone and water-DMSO mixtures (Fig. 5).

1.0 1.0
(a) (b)
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< <
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0.6
0.4
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VF, orx,

0 02 04 06 08 1.0
VF, orx,

Fig. 5. EX values as a function of VF, (black) and x,, (red) in the binary
liquid mixtures of H,O with (a) acetone and (b) DMSO

It can be inferred from Fig. 5 that the EY values when
plotted against Xy, display both the positive and negative devia-
tions from the ideal behaviour in different mole fraction regions
for water-acetone mixtures, whereas they exhibit only negative
deviations for water-DMSO mixtures. On the other hand, EY
values display the positive deviations from the linear behaviour
when plotted as a function of VF,, in both water-acetone and
water-DMSO mixtures. Nature of the deviations of Ef' values
(AEY values) both as function of VF, and x,, in these mixtures
is represented in Fig. 6.

Since the positive deviations of the EY values from the
linear mixtures can be understood very easily with the help of
preferential solvation of the dye molecules by more polar
solvent [35], the behaviour of EY values in the water-acetone
and water-DMSO mixtures can be understood easily, just by
plotting the Ef values against the volume fraction values of
the solvents in place of mole fraction values. This suggests
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Fig. 6. AEX values as a function of VF,, (black) and x, (red) in the binary
liquid mixtures of H,O with (a) acetone and (b) DMSO

that it is more appropriate to study the Ef' values as a function
of volume fraction values for the binary liquid mixtures.

Tonic liquids: Variation of the EY values as a function of
both the volume fraction and mole fraction values of the solvents
is provided in Fig. 7 for water-[Bmim]Br and water-[Bmim]-
[BF.] mixtures.

101

(@)

AEY
AE}

0 02 04 06 08 1.0 0
VF, orx,,

02 04 06 08 1.0
VF, orx,

Fig. 7. EX values as a function of VF, (black) and x,, (red) in the binary liquid
mixtures of H,O with (a) [Bmim]Br and (b) [Bmim][BF.]

As can be seen from Fig. 7 that the BT values display large
negative deviations when plotted against the mole fraction values
of the solvents, however these deviations are much less pronon-
ouced when EF values are plotted against the volume fraction
of solvents. To cleary understand the nature of deviations in
these mixtures, we have calculated the AEY values both as
function of VF,, and x,,. It is clear from Fig. 8 that the negative
deviations of EY values for mole fraction data in water-[Bmim]-
[BF.] mixtures convert into the positive deviations for most of
the mole fraction range for volume fraction data. In water-
[Bmim]Br mixtures though the deviations are primarily negative,
they are much less pronounced for the volume fraction data in
comparision to that of mole fraction data.

Following from this discussion, it is found that by studying
the variation of Ef values as a function of volume fraction in
the binary solvent mixtures rather than mole fraction could yield
quite different results. Such results need to be analyzed from a
completely different perpective since the nature of deviations
in the values of Ef parameter has completely reversed for
several binary liquid mixtures.

0.1 0.1
(a) (b)

0 0
ZubJ— Zuj_
< <

0.1 0.1

0.2 -0.2

0 02 04 06 08 1.0 0 02 04 06 08 1.0
VF, or x, VF, or x,

Fig. 8. AEY values as a function of VF,, (black) and x, (red) in the binary
liquid mixtures of H,O with (a) [Bmim]Br and (b) [Bmim][BF,]

Conclusion

The purpose of this study indicates that the mole fraction
values of the binary mixtures do not represent the realistic picture
of the solvation environment of the solvatochromic probe mole-
cules, rather the volume fraction values represent more realistic
picture. The discussion from this study allows us to conclude
that the variation of EY values as a function of volume fraction
data in binary solvent mixtures having water as one of the com-
ponents, can have completely different trends in data when
compared to that of mole fraction data. So the Ef values of
binary liquid mixtures need to be analyzed from a completely
different perspective. Large negative deviations observed in
the Ef' values when plotted against the mole fraction values of
solvents in the binary liquid mixtures of water are minimized
to a large extent when plotted against the volume fraction values.
In some of the mixtures such as water-acetone, water-DMSO
and water-[Bmim][BF.], these negative deviations gets even
reversed to the positive deviation. Since the researchers has
not been able explain the negative deviations of the EY values
in the binary liquid mixtures satisfactorily, this study might
provide an important insight to understand such unique beha-
viour. Possibly the Ef values must be represented as a function
of volume fraction values and not as mole fraction values beca-
use the actual surrounding environment of the dye molecules
is represented better by the volume fraction values of solvent.
This study thus opens up a whole new discussion about the
proper representation of the solvatochromic data whether, the
solvatochromic data should be plotted against mole fraction
values or the volume fraction values of the solvent.
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