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ABSTRACT: In this study, volumetric properties of an ionic liquid, 1-
ethyl-3-methylimidazolium ethylsulfate ([C,mim]C,H;SO,), propane-
1,2-diol, and their binary mixtures were studied by measurements of
density and viscosity. The excess molar volume (V%), dynamic viscosity
deviation (A7), and excess molar Gibbs free energy of activation for
viscous flow (AG*) were calculated and fitted with the Redlich—Kister
(RK) type polynomial equation. The results suggested that intermo-
lecular interactions are weaker in the mixture compared to the pure
components and the interactions decrease with increasing mole fraction
of [C,mim]C,HSO,. The thermodynamic activation parameters were
also calculated from the Eyring equation, and their variations with mole
fraction of [C,mim]C,H;SO, were correlated to the molecular-level
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interactions. The near-infrared (NIR) spectroscopic measurements were carried out in the temperature range from 293.1S to 333.15
K. The raw NIR data were analyzed further by two-dimensional correlation spectroscopy and principal component analysis. When
[C,mim]C,HSO, was introduced to the propane-1,2-diol system, the stronger intermolecular hydrogen bonds were destroyed.
Propane-1,2-diol and [C,mim]C,H;SO, produce some weaker hydrogen bonds, but the effect of breaking hydrogen bonds
predominates. On the basis of volumetric and NIR spectroscopic investigations, molecular-level interactions are predicted. The
interplay between intermolecular and intramolecular hydrogen bonding decides unique molecular-level interactions and dictates

enhanced thermodynamic properties of the binary mixtures to make them tunable for a multitude of applications.

B INTRODUCTION

Ionic liquids (ILs) are one of the most intriguing break-
throughs in solvent chemistry. The terminology “ILs” alludes
to solvent materials that are only composed of ions but are
liquids below 373.15 K. ILs received an upsurge of interest
because of their eco-friendly characteristics and superior
physicochemical properties which include relatively low
melting point, non-flammability, imperceptible vapor pressure,
wide electrochemical window, high electrical conductivity,
immense thermal stability, wide liquidous range, a great
capacity of dissolving a variety of inorganic and organic
substances, and even the flexibility of tailoring the structure of
cations and anions to get optimum physicochemical proper-
ties."”” These extraordinary properties have made ILs
pragmatic in industries as electrolytes in modern energy
devices, solvents in chemical reactions,>* extraction,”
separation,”® electrodeposition,” medium of nanomaterial
synthesis,' "' enzyme catalysis,'>'* and gas capture."*
Despite a number of superior features of ILs over
conventional organic solvents, their applications have become
dwindled because of their extravagant nature and erratic
properties like high viscosity, hygroscopic nature, etc.'’
However, the prospect of tuning the properties by tailoring
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the ions retained the hope of overcoming the problems.
Tokuda et al., through their systematic study of aprotic ILs,
established that their physicochemical properties depend on
their structural components and may be altered by
manipulating the constltuent catlon, anion, and sub-constitu-
ent alkyl chain proportions.'®™"® They utilized the effective ion
contribution and the amount of force balance between
multiple interacting forces to characterize the transformations
of physicochemical characteristics. Another way of adjustment
of physicochemical properties is the preparation of binary
mixtures of ILs with conventional molecular solvents. Pereiro
et al. calculated excess molar volumes, changes in refractive
indices upon mixing, and isentropic compressibility from
measurements of densities, sound velocities, and refractive
indices of binary mixtures of ethanol with 1,3-dimethylimida-
zolium methylsulfate, 1-butyl-3-methylimidazolium methylsul-
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Table 1. Densities and Dynamic Viscosities of [C,mim]C,H;SO, and Propane-1,2-diol and Their Comparison with Literature

Values at 298.15 K

9 )
compound experimental
[C,mim]C,HSO, 123617
propane-1,2-diol 1.03333

7 (mPa s)

literature experimental literature
1.23635% 96.024 96.21%
1.23763* 97.58%
1.23670% 97.2%
1.03262%¢ 42.131 45.440%°
1.03258%7 43.661%7
1.0331% 43.437"

fate, 1-butyl-3-methylimidazolium hexafluorophosphate, 1-
hexyl-3- methylimidazolium hexafluorophosphate, and 1-
methyl-3-octylimidazonium hexafluorophosphate at T =
293.15 to 303.15 K.'” AlTwaim et al. investigated the impact
of alkyl chain length on the physical characteristics of binary
mixtures of propane-1-ol, butane-1-ol, and pentane-1-ol with 1-
ethyl-3-methylimidazolium methylsulfate. They measured the
viscosities and surface tensions and calculated the correspond-
ing deviation properties and excess Gibbs free energy using the
experimental data.”’

Physicochemical properties of the binary mixtures of
[C,mim]C,HSO, with molecular organic solvents including
water, methane-1-ol, ethane-1-ol, propane-1-ol, propane-2-ol,
acetone, acetonitrile, propylene carbonate, dichloromethane,
and sugars are available in the literature. Miaja et al. reported
the density data of binary mixtures of [C,mim]C,H SO, with
water,” Gonza'lez et al. reported the densities, velocities of
sound, and refractive indices of binary mixtures of [C,mim]-
C,HSO, with methane-1-o0l, propane-1-ol, and propane-2-
ol”” Lehmann et al. reported the density data of binary
mixtures of [C,mim]C,H SO, with acetone, acetonitrile,
propylene carbonate, dichloromethane, methanol, ethanol,
and water.”’ Kiefer et al. investigated molecular-level
interaction between [C,mim]C,HSO, and acetone analyzing
peak shifting induced by acetone and the excess infrared (IR)
spectra of IL. They showed that rather than interacting with
ion pairs, acetone forms hydrogen bonds with the hydrogen of
the imidazolium ring.”* Reddy et al. predicted molecular-level
interactions of the binary mixtures of [C,mim]C,H;SO, and 2-
methoxyethanol using both thermodynamic and IR spectro-
scopic studies.”

Volumetric and viscometric studies of a series of dialkyl- and
trialkyl-substituted imidazolium-based ILs having [NTF,]
anion with a series of molecular solvents like ethylene glycol,
diethylene glycol dimethylether, triethylene glycol dimethy-
lether, etc.”*** and volumetric properties and spectroscopic
studies of binary mixtures of various ammonium- and
imidazolium-based ILs with a series of alcohols were used to
predict molecular-level interactions.”” '

Near-infrared (NIR) spectroscopy has been extensively used
to investigate molecule-level interactions in binary mixtures of
many ILs and molecular solvents. The binary mixtures of ILs
not only improve the properties of the medium for task-specific
applications but also reduce the expense. Alcohols with —OH
groups in the structure are susceptible to hydrogen bonding
and hence have immense prospects for tuning the
physicochemical properties. We intend to use NIR spectros-
copy to gain a qualitative and quantitative understanding of the
interactions between the numerous hydrogen-bonded species
present in binary mixtures of [C,mim]C,H;SO, with alcohols.
We have already reported the molecular-level interactions

between [C,mim]C,H;SO, and a monohydric alcohol,
propane-1-ol, and observed that when the IL is added to
propane-1-ol owing to the fewer hydrogen bonding sites the
intermolecular hydrogen bonds easily undergo disruption and
solvate the ions to yield negative values of excess
thermodynamic properties.”” It is a burgeoning question,
whether an alcohol with multiple —OH groups in the structure
exhibit similar behavior and influence physicochemical proper-
ties in an identical fashion. To gain a deep insight, it is,
therefore, crucial to understand molecular-level interactions of
the IL with a dihydric alcohol and compare and contrast with a
monohydric alcohol in terms of enhancement of thermody-
namic properties of the binary mixtures. In this study, we used
[C,mim]C,HSO,, propane-1,2-diol, and their binary mixtures
for a detailed analysis. The variations in excess molar volumes,
dynamic viscosity deviations, and excess molar Gibbs free
energy of activation for the viscous flow of binary mixtures
with composition have been explained using spectroscopic
observations to develop a fundamental knowledge-base on
interaction in the molecular-level and consequent enhance-
ment in thermodynamic properties for systems of this kind.

B EXPERIMENTAL SECTION

The IL, [C,mim]C,HSO, obtained from Merck at >95%
purity, was used after vacuum drying and the water content
was found 1.027 wt % in the ambient condition determined by
the Karl-Fischer titrator (Metrohm 860-KF). The propane-1,2-
diol at >99.55% purity was obtained from Merck and was used
without further purification. The gravimetric method was used
to prepare the binary mixtures with the following compositions
given in [C,mim]C,HSO, mole fraction: 0 (pure propane-
1,2-diol), 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1 (pure
[C,mim]C,HSO,).

The measurements of densities and dynamic viscosities were
carried out in an Anton Paar (DMA 4500 M) densimeter
having a standard deviation of +0.00001 g cm™ and an Anton
Paar (Lovis 2000 ME) microviscometer with a standard
deviation of +0.001 mPa s, respectively, automatically
thermostated within +0.01 K by a built-in Peltier device in
the temperature range from 293.15 to 333.15 K with § K
intervals. A Fourier transform spectrophotometer (FTIR/NIR,
PerkinElmer, USA) was used to record the NIR spectra in the
range 4000—10,000 cm™" at 2 cm™" resolution. Temperature-
dependent NIR spectra of materials were measured using a
highly sensitive liquid sampling cell with a pair of rectangular
CaF, windows with curved edges (Specac model no.
(GS20522). To keep the path length constant at 0.02 mm, a
rectangular polytetrafluoroethylene spacer was used. The
mathematical calculations and statistical analyses were done
in OriginPro 2019b. Before analysis, the raw NIR data were
baseline-corrected. All the mathematical and statistical treat-
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Figure 1. Variation of density with (a) mole fraction of [C,mim]C,HSO, and (b) temperature and variation of viscosity with (c) mole fraction
(lines are for visual aids only) and (d) temperature for binary mixtures of [C,mim]C,H;SO, and propane-1,2-diol. (Lines are predicted from the

VFT equation.)

ments were performed for the NIR data in the range from 6000
to 7150 em ™

B RESULTS AND DISCUSSION

The densities and dynamic viscosities of pure [C,mim]-
C,H;SO, and propane-1,2-diol were measured along with their
binary mixtures over the temperature range from 293.15 to
333.15 K at § K intervals. The comparison of the experimental
densities and viscosities is tabulated in Table 1.

Density increases with increasing the mole fraction of
[C,mim]C,H;SO, (Figure 1a). This behavior suggests greater
packing in mixtures compared to the pure components and the
possibility of the presence of ion—dipole interactions between
the unlike molecules. At a lower mole fraction of [C,mim]-
C,HS0O,, the system behaves like a very dilute ionic solution.
As the mole fraction of [C,mim]C,H SO, increases, the
system gradually becomes a concentrated ionic solution with
more or less conspicuous ion pairing.*”*’ The changes in
density with temperature for the binary mixtures are depicted
in Figure 1b. The density decreases with increasing temper-
ature. The molecular movements (translational, rotational, and
vibrational) of [C,mim]C,H;SO, and propane-1,2-diol mole-
cules increase as the temperature rises. As a result, the volumes
of binary mixtures and pure components increase the density
decreases.

The dynamic viscosity decreases with increasing mole
fraction of [C,mim]C,H SO, (Figure 1c) due to the
weakening of the coulombic force between the cations and
anions of [C,mim]C,H;SO,. When the amount of propane-
1,2-diol is higher, the intermolecular hydrogen bonding
becomes dominant in the system over the coulombic
interaction between ions of [C,mim]C,HSO,.** However,
when mole fraction of [C,mim]C,H;SO, is higher than 0.9,
viscosity increases again due to the strong interionic
interaction between the cations and anions of [C,mim]-

C,H;SO,. The change in viscosity with temperature is depicted
in Figure 1d. The dynamic viscosity reduces as the temperature
rises for each binary system, indicating a slow descent
structural relaxation. The temperature dependency of viscosity
is more pronounced at lower temperatures. The temperature
dependencies of binary mixtures were described by standard
models. The two-parameter Arrhenius model, the most widely
used model, and of the three-parameter models, the Vogel—
Fulcher—Tammann (VFT)*~* and modified VFT (mVFT)**
models were also applied to fit the temperature dependence of
dynamic viscosity of the binary mixtures and their pure
components. The temperature dependence of dynamic
viscosity follows all the three models. The fitting parameters
calculated from each equation are tabulated in Table S1 along
with their correlation coefficient values (R?).

The excess molar volumes for the binary mixtures are
calculated from the following (eq 1):

v o Zad M,

Prmix i= P (1)

The excess molar volumes of the binary mixtures are positive
over the whole composition range (Figure 2a). The largest
value of the excess molar volume is found at 0.9 [C,mim]-
C,H SO, mole fraction. When [C,mim]C,HSO, is added to
propane-1,2-diol the intermolecular hydrogen bonds between
propane-1,2-diol molecules are broken down thus free volume
in the solution increases. Hence, molar volume increases. With
temperature, the breaking process of hydrogen bonding is
favored hence at higher temperatures, values of excess molar
volume become more positive. The data points of excess molar
volumes for a binary mixture of [C,mim]C,H;SO, and
propane-1,2-diol were fitted with the RK type polynomial
expression (eq 2):"
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as a function of mole fraction of [C,mim]C,HSO, at various temperatures.

n
YE = xlxzz Ai(xy = x,)
i=0 (2)

where Y* is the excess properties, 1 is the polynomial order,
and x; and x, are the mole fractions of [ C,mim]C,HSO, and
propane-1,2-diol, respectively. A;—A, are coeflicients of the RK
equation calculated by the least-squares type algorithm, which
are tabulated in Table S2.

The dynamic viscosity deviations are calculated from the
following (eq 3):

An = rlexperimental - Z x; 3)

The dynamic viscosity deviations (An) for the binary
mixture of [C,mim]C,H;SO, and propane-1,2-diol are positive
up to 0.3 mole fraction of [C,mim]C,H;SO, and negative with
increasing mole fraction of [C,mim]C,H SO, (Figure 2b).
When the amount of [C,mim]C,HSO, in the mixture is
smaller, the intermolecular hydrogen bonds between propane-
1,2-diol molecules are more prominent than the intermolecular
interaction with unlike molecules. When the temperature is
increased, the An becomes more positive.

At a mole fraction of [C,mim]C,H;SO, higher than 0.3, the
intermolecular ions of [C,mim]C,H;SO, become solvated
resulting from the simultaneous breaking of homomolecular
hydrogen bonds between propane-1,2-diol molecules and the

formation of less strong heteromolecular interaction between
[C,mim]C,H;SO, and propane-1,2-diol. Hence, the value of
An decreases. The An becomes more negative with increasing
temperature. Because when temperature increases, the
intermolecular attraction decreases; hence, Ay also decreases.
The data points of A are fitted in eq 1. The coeflicients of the
RK-type expression are tabulated in Table S2.

The excess molar Gibbs free energy for the viscous flow
(AG*%) of the binary mixtures are calculated from the
following (eq 4):

vV V
AG*® = RT[In S0 x;In na ]

’72‘/2 ;72‘/2 (4)

The AG*® of the binary mixture of [C,mim]C,HSO, and
propane-1,2-diol are unsymmetrical and all negative over the
whole composition range (Figure 2c). The values of the AG*F
are more negative at higher [C,mim]C,HSO, content
because of the smaller number of hydrogen bonds present in
the system.’’">* The data points of AG*F are fitted in eq 1.
The coefficients of the RK-type expression are tabulated in
Table S2. Activation enthalpy (AH*) and entropy (AS*) for
viscous flow were calculated from the Eyring theory using the
following (eq S):
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Figure 3. NIR spectra of (a) pure propane-1,2-diol and (b) [C,mim]C,H SO, at temperatures from 293.15 to 313.15 K at 5 K intervals.

_ hN, e(AH*/RT— AS"/R)

%4 (5)

From the values of AH* and AS*, the activation Gibbs free
energy was calculated from the following (eq 6):

(6)

The values of activation parameters for the binary mixture of
[C,mim]C,H SO, and propane-1,2-diol are summarized in
Table S3, respectively, along with R? values.

The values of AG* are all positive over the whole
composition range (Figure 2d). The positive values of AG*
indicate that activation processes for viscous flow are non-
spontaneous and molecules absorb energy to perform useful
work. The value of AG* increases slightly with increasing mole
fraction of [C,mim]C,H SO, up to 0.85 and the change of
AG* is very small at a lower mole fraction of [C,mim]-
C,H SO, up to 0.85 and then increases abruptly in the pure
component. As discussed earlier, the AG* controls fluid flow,
which is governed by the ability of the molecules and/or ions
to move into a structural hole and the capability to create
another hole. The increase in the AG* value indicates an
increasing amount of intermolecular attraction forces between
the unlike molecules. The values of AS* are all negative over
the whole composition range (Figure 2e). At a lower mole
fraction of [C,mim]C,HSO,, the entropy decreases indicating
that the addition of [C,mim]C,H SO, in liquid propane-1,2-
diol makes the system more ordered. However, at higher mole
fractions, the entropy change fluctuates indicating the breaking
of the hydrogen bond between propane-1,2-diol and the
reformation of the solvation cage depending on the number of
ions present in propane-1,2-diol. The binary mixtures with
mole fractions 0.4, 0.7, and 0.9 have the lowest values that
indicate structures of these mixtures are the most ordered
structures. The positive values of AH* over the whole
composition range at each temperature (Figure 2f) indicate
that the mixing of [C,mim]C,H;SO, in propane-1,2-diol is an
endothermic process. The values of AH* decrease up to a 0.4
mole fraction of [C,mim]C,HSO,, and fluctuation of AH*
occurs with more amount of [C,mim]C,HSO, The reason
for decreasing the value of AH* is that the propane-1,2-diol
structure is highly interconnected with the number of
intermolecular and intramolecular bonds. However, when
[C,mim]C,HSO, is added to it, some of the bonds are broken
down creating a substantial amount of energy, which lowers
the value of AH¥*.

Hence, by considering the above thermodynamic activation
parameters, at a lower mole fraction of [C,mim]C,H;SO, up
to 0.4, the intermolecular interactions between the like

AG *=AH*-TAS*

propane-1,2-diol molecules decrease via intermolecular and
intramolecular hydrogen bond breaking along with solvation of
[C,mim]C,HSO, by propane-1,2-diol molecules. Further, the
addition of [C,mim]C,H;SO, creates the shortage of propane-
1,2-diol in the system for solvation to occur, and then there is a
competition between intermolecular forces between like
molecules of [C,mim]C,HSO, and propane-1,2-diol. It is in
sharp contrast to [C,mim]C,H;SO,/propane-1-ol binary
system, where due to the less number of hydrogen bonding
sites the intermolecular hydrogen bonds easily break down and
solvate the ions when [C,mim]C,HSO, is added to propane-
1-ol, hence excess thermodynamic properties are negative,
but in case of the [C,mim]C,H;SO,/propane-1,2-diol system,
the excess thermodynamic parameters are positive due to the
stronger intermolecular association of propane-1,2-diol mole-
cules by forming more hydrogen bonding network.

The NIR spectroscopic measurements were carried out for
pure propane-1,2-diol and [C,mim]C,H SO, at the temper-
ature range from 293.15 to 333.15 K at a 5 K intervals. The
NIR spectra are depicted in Figure 3. In NIR spectra of
propane-1,2-diol, numbers of peaks are present in the range
between 6000 and 7150 cm™'. The peaks in this region are
assigned as peaks of the first overtone band of —OH stretching
vibration for —OH bonds in different electronic environ-
ments.”**

The peak at 7016 cm™" is assigned to the —OH group, which
is hydrogen bond acceptors only and the peak at 7100 cm™" is
for non-hydrogen-bonded free —OH groups.””> As the
temperature increases, the intensity of absorbance for the
band at 7050 cm™! increases, and at a higher temperature, it
becomes sharp suggesting that with increasing temperature
number of intermolecular hydrogen bonds decreases. Besides,
the intensity of peak at 7050 cm™' also increases with
temperature, indicating that at higher temperatures, some of
the intermolecular hydrogen bonds break down to form free
propane-1,2-diol.

The peaks at 6300 and 6800 cm™' are for cooperative
intermolecular and intramolecular and non-cooperative inter-
molecular and intramolecular hydrogen-bonded —OH groups,
respectively.** The decrease in intensity of these bands also
suggests the presence of a higher number of hydrogen-bonded
—OH groups in the different molecular environments. There
exists an isosbestic point at 6720 cm™". In the NIR spectra of
[C,mim]C,H;SO,, there is only one broad peak at 6200 cm™
that remains unchanged with temperature. This peak comes
from the second overtone of —CH stretching.

The temperature-perturbed 2D correlation spectral analysis
of propane-1,2-diol in the temperature range 293.15 to 333.15
K from 6000 to 7150 cm™" was performed for the raw spectral
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Figure 4. (a) Synchronous and (b) asynchronous 2D NIR correlation spectra and loadings and scores (c) PC1 and (d) PC2 calculated from the
temperature-dependent spectral changes (293.15 to 313.15 K) of pure propane-1,2-diol.

data. Figure 4 shows the synchronous and asynchronous
spectra of the 2D correlation analysis of propane-1,2-diol in the
region of 6000—7150 cm™".

The synchronous 2D NIR correlation spectrum shows two
major diagonal auto peaks. The auto peak at 6300 cm™" is for
the hydrogen-bonded O-H bond. However, the auto peak at
7016 cm™! has high correlation intensity (more than 10 times
that of the peak at 6300 cm™"). This suggests that in propane-
1,2-diol, the intermolecular hydrogen bonds are present but
most of the O-H bonds are hydrogen bond acceptors, and also
a smaller number of the free hydroxyl groups are present in the
propane-1,2-diol system.

The negative cross-peaks between these auto peaks suggest
that spectral changes at these positions are negatively
correlated to each other. In addition, since the cross-peak of
6300 and 7016 cm™" in the asynchronous map is negative, the
variance at 6300 cm™" occurs at higher temperatures compared
to that at 7016 cm™'. According to the principle of 2D
correlation spectra, as the temperature rises, the vibration at
6300 cm™' transforms into the vibration at 7016 cm™'. To
verify and quantify the results of 2D correlation spectra,
principal component analysis (PCA) was done for propane-
1,2-diol in the same temperature and wavenumber range of the
2D correlation. The PCA of propane-1,2-diol gives nine
principal components, then the first two components
dominated over 99.94173% of the total system. The other
seven components have very little contribution to the total
spectra. The eigenvalues and percentage of variance for the
principal components of propane-1,2-diol are given in Table 2.

The loading of the PC1 shows a broad peak at 6300 cm™,
with a significant shoulder at 6600 cm™" (Figure 4c), signifies
the presence of a hydrogen-bonded cluster dominated by this

Table 2. Eigenvalues and Percentage of Variance for the
Principal Components of Propane-1,2-diol

principal percentage of cumulative
components eigen values variance percentage
1 1.71285 x 107* 99.57482 99.57482
2 6.31134 X 1077 0.3669 99.94173
3 471752 x 1078 0.02742 99.96915
4 2.38761 x 1078 0.01388 99.98303
5 1.33195 x 1078 0.00774 99.99077
6 7.45778 X 1070 0.00434 99.99511
7 539172 X 107° 0.00313 99.99824
8 3.01935 x 107° 0.00176 100
9 1.16175 X 1073*  6.75368 x 107% 100

principal component. In addition, there is a negative peak at
7016 cm™" which corresponds to the auto peak and cross-peaks
of 2D correlation spectra, respectively. The scores of this
principal component decrease with increasing temperature. In
the case of PC2 in the hydrogen-bonded region, there is no
significant peak rather stronger peaks at 7100 cm™" and higher
wavenumbers (Figure 4d). This signifies PC2 is predominantly
non-hydrogen-bonded propane-1,2-diol. The scores of PC2
decrease first and then increase with increasing temperature. As
the temperature rises, hydrogen-bonded clusters of propane-
1,2-diol begin to break down to form non-hydrogen-bonded
free propane-1,2-diol molecules.

The NIR spectra of the prepared binary mixtures were
recorded over a temperature range from 293.15 to 333.15 K at
a § K intervals. For pure propane-1,2-diol, the presence of two
broad peaks in the region between 6200 to 7000 cm™" suggests
the presence of different types of clusters in the pure propane-
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1,2-diol system.'® However, when [C,mim]C,H;SO, is added
to it, some of the structural modification occurs that reflects in
the shifting of the bands and change in their intensities. At 0.1
[C,mim]C,HSO, mole fraction, the broad peak at 6200 cm™"
undergoes a blueshift suggesting the weakening of the strength
of hydrogen bonds between the molecules. As the peak at 6200
cm™ is for the doubly hydrogen-bonded species, it can be
predicted that one of the two hydrogen bonds weakened due
to the effect of [C,mim]C,H SO, The redshift of the peak in
the region of 6932 cm™' suggests the strengthening of the
intramolecular hydrogen bonding in the propane-1,2-diol
molecule. This is due to the fact that when one of the two
hydrogen bonds becomes weaker, the other one becomes
stronger. As the intermolecular hydrogen bonds become
weaker due to the addition of [C,mim]C,H SO, the
intramolecular bonds become stronger. Another new peak
observed in the region of 6800 cm™' suggests the inclusion of a
new type of species containing weak hydrogen bonding
interaction. Surprisingly, the peak at 7080 and 7016 cm™ is
absent for the 0.1 [C,mim]C,H SO, mole fraction binary
system suggesting that the free —OH groups are engaged with
any of the hydrogen bonding interaction.

The 2D synchronous contour map shows a strong auto peak
at 7016 cm™! and broader and weaker auto peaks at 6332 and
6594 cm™, respectively (Figure S1). These auto peaks suggest
a strong correlation between the peaks. The off-diagonal
negative cross-peaks between 7016 and 6594 cm™' and
between 7016 and 6332 cm™' suggest that these peaks are
negatively correlated with one another. The asynchronous
contour map also shows a strong negative correlation between
the peak at 7016 cm™" and the peaks at 6332 and 6594 cm™!
(Figure S1). It is evident that the broad peak at 6932 cm™ is
composed of at least two peaks at 6594 and 7016 cm™.

For further quantitative analysis, PCA is done for this
spectral data (Table S4). The first principal component PC1
contributes to 66.29023% of the total spectral variance and has
loadings that are dominated by broad negative peaks between
6200 and 6900 cm™" and a positive peak at 7016 cm ™", which
indicates the presence of negatively correlated peaks in this
species (Figure S2). The scores are increasing with increasing
temperature. At lower temperature, clusters of PC1 contains
more doubly hydrogen-bonded species, and at increasing
temperature, this species is partially broken down to form a
single hydrogen-bonding-accepting species. The loadings of
the second principal component, PC2, which have a
31.69037% contribution to the total spectral variance, show
the presence of a single positive peak centering at 7000 cm ™,
and the positive scores are found at temperatures 293.15,
303.15, 318.15, and 333.15 K. In other temperatures, the
scores are negative. This fluctuation indicates the existence of
several temperatures that change the spectral features. The
shape of the peak at 7000 cm™" indicates the presence of two
or more peaks inside this. The two shoulders at the left and
right side of this peak indicate that there exists some free
—OH.

At 0.2 [C,mim]C,HSO, mole fraction, the peak at 6184
cm™' due to the second overtone of the C—H stretching
vibration for C—H of the imidazolium ring becomes more
intense and separable, but the intensity of the peaks for
strongly hydrogen-bonded O—H vibrations becomes less
intense. A broad peak at 7000 cm™' is also found similar to
that of 0.1 [C,mim]C,H;SO, mole fraction. The 2D
correlation synchronous contour map of this binary mixture

gives strong auto peaks at 7016 and 6320 cm™' (Figure S3).
The negative cross-peaks between these two peaks suggest that
these two peaks are negatively correlated to each other. The
peak at 6320 cm™' is divergent to the off-diagonal position
suggesting the presence of more bonds inside this region.
These more bonds are for different types of hydrogen bonds
present in this system. The difference between the spectrum of
0.1 and 0.2 [C,mim]C,H SO, mole fraction is in the
broadness of the auto peaks. The broader auto peak for the
latter system suggests more peak shifting. The PC1 has a
variance value of 62.98869% and contains two positive peaks at
6184 and 6520 cm™ (Table S5). The scores show an almost
constant value near zero from temperature 298.15 to 328.15 K,
but, at 333.15 K, the scores become negative indicating a sharp
spectral variation of PC1 at this temperature (Figure S4). The
PC2 for this is the same as PC2 of 0.1[C,mim]C,H;SO, mole
fraction in the mixture. The only difference is in the scores.
Whereas the scores for the former mixture were fluctuating, the
scores for the latter one increase linearly with temperature. The
loadings of PC3 give a negative peak at 6184 cm™" and a broad
positive peak at 6750 cm™'. The scores at 303.15 K
temperature show a sharp decrease in the score value. The
most interesting feature of all the principal components for this
particular binary system is that at 303.15 K there is a sharp
change in score.

For [C,mim]C,HSO, mole fraction of 0.3 in the mixture,
the peak at 6184 cm™ becomes more resolved and the peak at
6332 cm™! becomes vanished. This is because when [C,mim]-
C,HSO, is added to propane-1,2-diol, the intermolecular
stronger hydrogen bonds are broken down and new weaker
hydrogen bonds are formed between unlike molecules. The
blueshift of the peaks at 6900 cm™ gives further evidence of
this occurrence. The synchronous 2D correlation contour plot
of this binary system has three major auto peaks at 6672 and
7016 cm™' (Figure SS). Besides these major peaks, there is a
minor auto peak at 6184 cm™'. The negative correlations
between the peaks at 6672 and 7016 cm™, 6194, and 6672
cm™' are confirmed by the presence of negative cross-peaks.
The positive cross-peaks between 6184 and 7016 cm™' show
that there is a positive correlation between these peaks. Hence,
at 0.3 [C,mim]C,H SO, mole fraction, as the temperature
increases the hydrogen bonds break down and form weaker
hydrogen-bonded species. Positive correlation between the
peaks for 6184 and 7016 cm™' shows that the inclusion of
[C,mim]C,H SO, in propane-1,2-diol increases the proba-
bility of finding clusters with the weakly hydrogen-bonded
—OH group. Loadings of PC1 that have a 73.86322%
contribution to the total spectral variation give weak positive
peaks at 6184 and 7016 cm™' and negative peaks at 6332 and
6672 cm™" (Table S6). The scores of PC1 give a sharp increase
at 308.15 K and then become mostly unchanged up to 328.15
K (Figure S6). This observation shows that the contribution of
PC1 in spectral variation has some significant variation at
308.15 K. The loadings of peaks suggest that PC1 is mainly
imidazolium cations solvated with propane-1,2-diol via weak
hydrogen bonds and some of the —OH groups are intra-
molecularly hydrogen-bonded also. The loadings of PC2 have
a sharp peak at 6998 cm™'. There are some noises in the
hydrogen bonding overtone region. Therefore, the PC2 is
mainly the component where majorly propane-1,2-diol are
found of which a very small number of weak hydrogen bonds
are found.
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Scheme 1. Schematic Diagram of Molecular-Level Interaction of (a) Pure Propane-1,2-diol, (b) Pure [C,mim]C,HSO,, (c)
Binary Mixture of [C,mim]C,HSO, and Propane-1,2-diol When Mole Fraction of Propane-1,2-diol is Greater, and (d) Binary
Mixture of [C,mim]C,H;SO, and Propane-1,2-diol When Mole Fraction of [C,mim]C,HSO, is Greater
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The NIR spectra of 0.4 [C,mim]C,H;SO, mole fraction
mixture is almost similar to that of 0.3 [C,mim]C,H;SO, mole
fraction. All the peak positions are the same as the former one
except small blueshift of the peak at 6900 cm™'. The
synchronous 2D correlation contour plot shows nothing
below 7000 cm™'. This is because the spectral features are
not changed much with temperature. The other features are
similar to the former one. The PCA shows that PCl is
responsible for 92.08753% of the total spectral variation. The
position of the peaks in the loading of PC1 is similar to that of
0.3 but scores linearly increase here. The PC2 is also similar to
the former one.

As the mole fraction of [C,mim]C,HSO, increases, the
peak at 6184 cm ™" becomes more intense and the peak at 6300
cm™! diminishes. The reason for the increase in the intensity of
the peak at 6184 cm™' is the increasing number of this
particular bond, and the vanishing of the peak at 6300 cm™
suggests the breaking of the strong multiple hydrogen bonds to
form weaker bonds. Another interesting feature of this binary

mixture is that as the mole fraction of [C,mim]C,HSO, is
increased, the position of the auto peak at 7000 cm™'
undergoes blueshift providing evidence of weakening on the
intermolecular and intramolecular hydrogen bonds by the
addition of [C,mim]C,HSO,. The 2D synchronous and
asynchronous contour plots, and the loadings and scores of the
first four components are given in Figures S1—S18, and the
eigenvalues and percentage of variance from the PCA are
tabulated in Tables S4—S12.

The NIR spectral analysis of the pure propane-1,2-diol
shows that in pure propane-1,2-diol intramolecular hydrogen
bonding is dominating. Hence, the intermolecular hydrogen
bonds are weaker here. However, the number of hydrogen
bonds is higher. As the temperature increases, the intermo-
lecular bonds weaken, and the hydrogen bonding structure is
disrupted. When [C,mim]C,H;SO, is added to propane-1,2-
diol, the structure of the propane-1,2-diol is broken down.
However, due to the domination of intramolecular hydrogen
bonds, the molecular voids cannot be filled, increasing in
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excess molar volume as discussed earlier. At lower content of
[C,mim]C,HSO,, the bonding is stronger resulting in the
positive viscosity deviation. The smaller number of bonds
between unlike molecules are also predicted in the excess
molar Gibbs free energy plot, supported by the NIR spectra.
The entropy also decreases with an increasing amount of
[C,mim]C,HSO,. At higher content of [C,mim]C,H;SO,,
the intermolecular bonds between propane-1,2-diol molecules
become insignificant and the expected amount of hydrogen
bonding interaction is not formed due to the intervention from
intramolecular bonds as observed from NIR analysis. At higher
content of [C,mim]C,HSO,, the excess molar volume
becomes more positive, viscosity deviation becomes more
negative, the excess molar Gibbs free energy is more negative,
and activation entropy increases slightly due to the same
reason. A visualization of the molecular-level interaction binary
mixtures of [C,mim]C,H;SO, and propane-1,2-diol and their
pure components are given in Scheme 1.

B CONCLUSIONS

In comparison to the pure components, the physicochemical
properties of binary mixtures of [C,mim]C,H;SO, and
propane-1,2-diol differ significantly. The densities increase
but viscosities decrease as the content of [C,mim]C,H SO, is
increased in the mixture. The temperature dependence of
viscosity follows non-Arrhenius behavior and is fitted well in
VFT and mVFT equations. Excess molar volumes are positive
but the other excess thermodynamic parameters are found to
be negative for higher [C,mim]C,H SO, content. The values
of Gibbs free energy of activation for viscous flow are all
positive over the whole composition range indicating the non-
spontaneity of the viscous flow and are increasing as the mole
fraction of [C,mim]C,H SO, increases. The entropies are
negative indicating the more ordered structure after flowing
the liquid. The trends of enthalpy change are the same as those
of entropy. The NIR spectral analysis shows that as the mole
fraction of [C,mim]C,HSO, increases the intermolecular
bonds between propane-1,2-diol molecules are broken down,
some of the -OH groups form the solvated [C,mim]C,H;SO,
cations and anions, and some of the -OH groups become free
from intermolecular hydrogen bonds and form intramolecular
hydrogen bonds. It is thus the interplay between intermo-
lecular and intramolecular hydrogen bonding that dictates the
physicochemical properties of the IL with an alcohol.
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