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Role of Hydrogen Bond in the Solvation Behavior of the
Binary Mixtures Containing Fluorocarbon Alcohol
Molecules and Chloroform: An Experimental and

Theoretical Study

Biswajit Biswas®, Saptarsi Mondal®, and Prashant C. Singh*®

Fluorocarbon containing alcohol molecules are important due
to their unusual but important physicochemical properties. We
have investigated solvatochromic as well as hydrogen bond
behavior of weakly interacting binary mixtures of chloroform
(CHCL3) with the fluorocarbon containing alcohols namely, 2-
fluoroethanol (MFE) and 2,2,2-trifluoroethanol (TFE) as well as
compared them with ethanol (ETH)-CHCI; binary mixture. UV-
Vis study depicts that the particular composition (yer; ~0.6) of
the binary mixtures of CHCI; with ETH and MFE solvate probes
more efficiently as compared to the respective counterparts,
whereas, the probes are preferably solvated by the TFE as
compared to solvent mixtures in the case of TFE-CHCI; binary
mixture. NMR, IR as well as theoretical calculations establish

Introduction

Solvent mixtures are important systems which are being
regularly used in many chemical, physical, biochemical as well
as industrial processes such as chromatography, cell suspen-
sion, soil suspension and nano catalysis. The physical properties
of solvent mixtures are often different from their constituents
due to the presence of micro-heterogeneous environment in
the solvent mixtures. The behavior of solvent mixtures towards
any solute depends on the nature and extent of the solute-
solvent interaction originating in the immediate vicinity of the
solute molecules."™ The behavior of any solute molecule in
solvent mixtures depends on their interaction with its constitu-
ents either in a specific or non-specific way.*® The solute
molecule may be solvated predominantly by one of the solvent
of the mixture through specific or non-specific interaction,
known as preferential solvation®® In other cases, both
constituents of the solvent mixture can solvate a probe
molecule as a different entity which provides a completely
different solvation environment around the solute molecule
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that CHCI; forms the C—H...O hydrogen bonded clusters with
ETH and MFE whereas TFE-CHCI; binary mixture are connected
predominantly through C—H...F hydrogen bond. The dipole of
probe molecules perturbs the weaker C—H...F hydrogen bond
present in the TFE-CHCl; binary mixture resulting in the
preferential solvation by the TFE, whereas, the comparatively
stronger C—H...O hydrogen bonded species is preserved in the
binary mixtures of CHCI; with ETH and MFE which leads to the
favorable solvation by the binary mixtures of CHCI; with ETH
and MFE. Further, analytical solvent exchange models have
been used to substantiate the solvation behavior of the probe
molecules in the CHCI; binary mixtures with ETH and TFE.

causing to show a significant change of a particular property
(solvation in the present study) from its bulk counterparts and
this effect is known as synergetic effect."” The experimental
and theoretical tools have been used in a great deal to
understand the preferential solvation as well as synergetic
behavior of the solvent mixtures.>”#'?J Several different
spectroscopic techniques such as UV-Vis®™ NMR,?*?Y vibra-
tional spectroscopy,”*? solvation dynamics,”” two dimensional
infrared techniques®?" have been used to understand the
behavior of solvent mixtures as these techniques have the
capability to provide the quantitative information about the
solute-solvent interaction as well as hydrogen bond network
present in solvent mixtures. Molecular dynamics simulations
(MD) have further enlightened the understanding of the various
reasons responsible for the non-ideal behavior of the solvent
mixtures.®??

Solvent mixtures containing amphiphilic molecules such as
alcohols, dimethyl sulfoxide, acetone, and glycerol have drawn
huge attention as these molecules possess both hydrophilic
and hydrophobic groups.?®=” Hydrophilic group of amphiphilic
molecules may interact with the water molecules through
hydrogen bonds, whereas, the hydrophobic part can induce
ordering by the cooperative hydrophobic interaction. Solvent
mixtures containing amphiphilic molecules are found to show
non-ideal behavior for many different physical properties such
as viscosity, surface tension, volume as the hydrophilic and
hydrophobic effect perturbed the hydrogen bonding network
extensively in the solvent mixture. Alcohol containing solvent
mixtures is important systems owing to their implication in

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/slct.201600118

{; Cremeutsec
C6H
X
N (0) 0]
C153 CF3
X
N (&) o N

many biological and chemical processes. Aqueous ethanol
(ETH) solution is the most explored system through various
experimental as well as theoretical studies and has been found
to show non-ideal behavior. Partial molar volumes, dielectric,
differential scanning calorimetric, X-ray diffraction as well as
spectroscopic studies have shown that ETH-water mixture
shows non-monotonic behavior around the ~ 0.2 mole fraction
of ethanol (yery).?? Several MD simulations on the ETH-water
mixture have indicated the structural heterogeneity of solvent
mixture as a probable reason for their non-ideal behavior.**3"

Fluorocarbon substituted alcohols are important due to the
unusual but important physicochemical properties of the
fluorocarbon group and have shown importance in several
applications such as protein engineering, fire retardants,
anesthetics, and organic synthesis.®>>¥ 2,2,2-Trifluoroethanol
(TFE) is one of the most important fluorocarbon containing
alcohols due to its diverse application in the field of biology.
One of the most interesting observations related to the TFE is
that the aqueous solution of TFE enhances the stability of
proteins as compared to the bulk water and ETH-water.*>3¥
The C—F bond of TFE is the main reason responsible for the
difference in the behavior of TFE as compared to ETH. Indeed,
the C—F bond of fluorocarbons is longer as well as stronger
compared to C—H. C—F bond is less polarizable as compared to
C—H due to the high electronegativity of the fluorine. The
dipole moment of the C—F bond is directionally opposite to C—
H as well as a C—F bond is more stable as compared to the C—
H bond by 14 kcal/mol. The higher stability as well as dipole
moment of C—F bond make perfluorinated molecules extreme
hydrophobic, inert, and less polarizable which imparts them
with unusual phase segregating properties.

The solvent mixtures of alcohols with chloroform (CHCI,)
are important systems due to their manifold applications. CHCl,
forms azeotrope mixtures with alcohols where the aggregation
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Figure 1. Chemical structures of solva-
tochromic probes.

NO,

of the alcohols is perturbed weakly by the C—H group of
alcohols. The solvation properties of the probe in the solvent
mixtures of the CHCl; with ETH and methanol have been
studied. However, our knowledge about the solvation as well
as the hydrogen bond interaction between the constituents of
solvent mixtures containing fluorocarbon alcohol molecules is
sparse. As we have discussed earlier that C—F bond is extreme
hydrophobic, inert as compared to the C—H, hence, it will be
interesting to understand the role of C—F group in the solvation
as well as hydrogen bond properties of solvent mixtures of
fluorocarbon containing alcohols with the CHCI; In this paper,
we have studied the solvent mixtures of ETH, 2-fluoroethanol
(MFE) and TFE with CHCI; using several spectroscopic techni-
ques such as UV-Vis, NMR, and IR techniques along with density
function theory (DFT) calculations. We have found that binary
mixture of CHCl; with ETH and MFE shows synergetic effect,
whereas, the binary mixture of CHCl; with TFE shows the
preferential solvation. NMR, IR studies along with the DFT
calculations depict that ETH and MFE interact with CHCI; mainly
via the C—H...O hydrogen bond, whereas, TFE interacts with
CHCl; predominantly through weak C—H...F hydrogen bond.
The weak C—H...F hydrogen bond present in the binary
mixture of CHCl; with TFE gets perturbed by the dipole
moment of the solute causing to the preferential solvation
behavior.

Results and Discussion
UV-Vis Absorption

UV-Vis spectra of a series of solvatochromic dyes of different
nature (structures are given in Figure 1) were measured in the
binary mixtures of CHCl; with ETH, MFE and TFE respectively, in
order to characterize the properties of different chloroform-
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Figure 2. Normalized steady sate UV-Vis spectra of the C6H at different compositions of the binary mixtures of CHCI; with ETH (a), MFE (b) and TFE(c),
respectively. The variation of the absorption maxima (A, blue line) of the UV-Vis as well as the molar transition energy (E; red line) with respect to the mole
fraction of alcohols for the binary mixtures of CHCI; with ETH (d), MFE (e) and TFE(f), respectively. Black dotted line shows the ideal behavior of binary mixtures.

alcohol mixtures. The dye concentration was kept to 5 uM in
order to rule out the possibility of the interaction between the
solute molecules. Figure 2 shows the UV-Vis spectra of C6H in
different alcohols-chloroform binary mixtures (a-c) along with
the variation of the peak maxima of UV-vis spectrum (\,,) with
respect to the mole fraction of alcohols in alcohol-CHCl; binary
mixture (d-f, blue line). The A, of C6H in pure CHCl; ETH, MFE
and TFE were found to be 391.1, 391.8, 393.8 and 410.7 nm,
respectively. With increasing mole fraction of ETH, the A, of
C6H was found to be shifting towards longer wavelength and
after certain mole fraction of ETH, it decreases towards shorter
wavelength. The maximum value of \,,, of C6H has been found
for the gy of 0.57 (Figure 2d, blue line) in ETH-CHCI; binary
mixture. This clearly suggests that the ETH-CHCI; mixture could
solvate C6H more efficiently with respect to pure CHC; or ETH.
Similar observation was found for the MFE-CHCI, binary mixture
where the maximum value of A,,,, of C6H has been found for
the yure Of 0.62 (Figure 2e, blue line). The CHCl; mixture with
ETH and MFE solvate to the solute more as compared to the
pure mixtures suggesting that the CHCl; mixtures of ETH and
MFE interacts with solute in completely different manner as
compared to their pure solvents which has been defined as the
synergetic effect. However, the M., keeps on shifting towards
the higher wavelength with the increase of g (Figure 2f, blue
line) for the TFE-CHCI; binary mixture in contrast to the binary
mixtures of chloroform with ETH and MFE. C6H dye molecules
were found to be preferentially solvated by TFE as compared to
CHCl; as well as their binary mixture, in contrast to the behavior
of binary mixtures of CHCIl; with ETH and MFE
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We have calculated the molar transition energy (E;) for
different alcohol-CHCI; mixtures in order to correlate the
observed change in UV-Vis spectrum of C6H with a physical
quantity. The molar transition energy E; (kcal/mol) is calculated
by equation 1 which correlates the A, with E;.

E; (kcal/mol) = hcNy/ Ay (NmM) = 28591.5/ Aoy (NM) (1)

Erigea (kcal/mol) = XiErq) + XzEr) (2)

Where h, c and N, are Planck’s constant, the velocity of light
and Avogadro’s number, respectively. The change in the values
of E; as a function of mole fraction of alcohols is presented in
Figure 2(d-f, red line) for the C6H dye. For an ideal case, for all
proportion of binary mixtures, E; value of the solvent mixtures
will follow equation 2. Ey; represent values of molar transition
energy of a dye or indicator solute in pure solvent 1 and 2, and
X; are the mole fractions of solvent 1 and 2. Hence, for the ideal
mixtures, E; will be linear in the entire mole fraction range of
binary solvent mixture as shown by the dotted black line in
Figure 2 (d-f). The variation of E; for all the mixtures is not linear
(Figure 2d—f, red line) depicting that the binary mixtures of
CHCl; with different alcohols are non-ideal systems.

In general, the variation from the ideal behavior could be
either due to solute-solvent or solvent-solvent interactions.
The CHCl; mixture with ETH and MFE shows the synergetic
behavior, whereas, the TFE-CHCl; depicts the preferential
solvation for the C6H dyes. The different behavior of the TFE-
CHCI; binary mixture as compared to the binary mixtures of
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CHCI; with ETH and MFE could be either due to the probe
molecule or the difference in the hydrogen bond between the
constituents present in the binary mixtures. Further, we have
studied different kinds of probe molecules such as coumarin
480 (C480), coumarin 153 (C153), coumarin 343(C343) and N, N
Dimethyl-p-nitroaniline (DpNA) in different alcohol-CHCl; binary
mixtures in order to differentiate the role of probe and solvent
hydrogen bond for the different behavior of the binary
mixtures of alcohols with CHCl;. Amongst these dyes, C480 and
C153 dyes are hydrophobic, C343 is hydrophilic and DpNA is
hydrogen bond acceptor molecule, respectively. The variation
of Ay @s well as E; for all the dyes in different alcohol-CHCl,
binary mixtures is shown in the Figure S1. The trend of A,
values of all dyes in ETH-CHCl; and MFE-CHCI; binary mixtures
are higher as compared to the pure solvent indicating that the
synergetic effect is prominent in these cases. However, A,
values of all the dyes for the TFE-CHCl; mixture are high for the
pure TFE as compared to their binary mixture suggesting the
preferential solvation of the dye by the respective solvent. This
study clearly shows that the hydrogen bond in TFE-CHCl,
solvent mixture is distinctly different from solvent mixtures of
CHCI; with ETH and MFE due to which synergetic behavior was
found for the CHCI; binary mixtures with ETH and MFE,
whereas, the TFE-CHCI; solvent mixture shows the preferential
solvation.

NMR and IR studies

In binary mixtures, solvent molecules interact with each other
generally through hydrogen bonding and hence, as the
proportion of either of the counterparts is changed, the local
electronic cloud around the hydrogen bonded atoms of each
solvent changes which can be directly realized by the change
in chemical shifts (8) of that particular group obtained from
NMR spectra. Proton magnetic resonance ("H-NMR) measure-
ments for CH group of CHCI; as well as OH of the alcohols have
been performed using 500 MHZNMR spectrometer in order to
ensure the nature of hydrogen bond between the solvent
constituents of alcohols-CHCl; binary mixtures (Figure S2). Fig-
ure 3 shows the variation of 0 values of CH proton of CHCl; (a)
as well as OH protons of alcohols (b) for the different
composition of the binary mixtures of CHCl; with alcohols. In
case of ETH-CHCI, binary mixture, the § value of the proton of
CHCl; shifts towards upfield with increasing ycuc; and at the
same time, the d value of the OH proton of ETH shifts towards
downfield with increasing ¥y (black line in Figures 3a and 3b
respectively). This observation is consistent with the earlier
NMR study for the CHCl; binary mixture with methanol."” The
trend of the d values of CHCI; proton and alcoholic OH proton
for the MFE-CHCl; binary mixture is similar to ETH-CHCI; except
that the change in the 0 value of CHCl; proton is less in the
case of MFE-CHCL."" The observed NMR data for the CHCl,
mixture with ETH and MFE indicates that self aggregation of
the ETH/MFE molecules minimized with the increase of the
CHCl; and the hydrogen bonding interaction initiates between
the CHCI; and ETH/MFE. Surprisingly, for the case of TFE-CHCl,
binary mixture, the change in the d value of the CHCI; proton is
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very less as compared to MFE and ETH, whereas, change in the
0 value of OH proton of TFE is qualitatively similar to the MFE
and ETH. The trend of & values for TFE-CHCl; mixture depicts
that CHCl; interacts with TFE in a markedly different way as
compared to MFE and ETH.

Further, we have modeled the proton chemical shift of C—H
group of CHCl; as well as OH of alcohols to know the
interaction between CHCl; and different alcohols in their
respective solvent mixtures. The observed proton chemical shift
data (9,) for the OH group of alcohols can be represented as a
linear combination of the chemical shift of the self associated
alcohol molecules (8,,) and the chemical shift of OH proton of
alcohols hydrogen bonded to the CHCI; (8,0).

Xaa

Xac
Oops = == X Opp X ==X 3
Ob: XA AA XA AC ( )

Where yaa, Xac and y, are the mole fraction of the alcohols
in the self aggregated form, mole fraction of alcohol bound to
CHCl; and total mole fraction of the alcohol in the mixtures
(Xa— Xaat Xac) respectively. Experimentally observed & value
for the pure alcohol represents the chemical shift for self
aggregated (d,,) alcohol molecules. However, the chemical
shift for d,c can not be obtained directly. In order to obtained
the 0,¢, equation 3 has been rewritten as,

Oops = Opc + );LAA X (0an — O4c) (4)

Xaa Can be obtained by fitting the observed proton
chemical shift of OH group of alcohols with respect to y, by
the normalized function as shown in equation (5). Once we
obtained the Y Xac can be obtained by using the relation,

%A= Xaat Xac

Yan Yo +a, X e(*XA/tw) +a, X e(*XA/tz) (5)
X_A - Yo +a; X e(=1/t) 4 a, X e(=1/t)

Similarly, the mole fraction of the CHCl; bound to the
alcohols (xca) in their mixtures can be obtained by equations
(6) and (7)

Oops = Hee XOcc + ter X Oca (6)
Xc Xc
_ Xcc
Oops = Ocp X K X (8¢cc — Oca) (7)

Where 8. Ocy represents the mole fraction of self
aggregated CHCl; and CHCl; hydrogen bonded to alcohols in
their respective mixtures. y.c and yc are the mole fraction of
the CHCl; in the self aggregated form and total mole fraction of
the CHCl; in the respective mixtures (¥c— Ycc+ ¥Xca) respec-
tively. We have fit the experimentally observed proton chemical
shift data for OH group of alcohols as well as CH group of
chloroform to obtain the value of y,c and yx,c in their respective
mixtures. The fitting of NMR data for ETOH- CHCl; mixture has
been shown in the Figure 4 where as the fitting for the CHCl,
mixtures with MFE and TFE are depicted in the supporting
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Figure 3. The change in chemical shift () for the C—H group of CHCI; (a) as well as O—H group of alcohols in the different compositions of the binary mixtures
of CHCI; with ETH (black line), MFE (red line) and TFE (blue line), respectively. The change in & for the C—F group of MFE (c, red line) as well as TFE(c, blue line)
for the different compositions of the binary mixtures of CHCl; with MFE and TFE, respectively. The change in the C—H stretching frequency (d) of CHCI; in the
different compositions of the binary mixtures of CHCI; with ETH (black line), MFE (red line) and TFE (blue line), respectively.
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Figure 4. Plot of mole fraction of CHCI; bonded to ETH (xc,) (a) as well as ETH bonded to CHCI; (xxc) (b) against ey in the case of CHCI;-ETH binary mixture.
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information (Figure S3). The fitted data in Figure 4 shows that
the maximum fraction of ETH bonded to CHCI; appears at %y
of ~0.25 whereas maximum for the CHCl; bonded to ETH
comes at ¥gry of ~0.50 which indicates that probably two CHCl,
molecules interact with one ETH in the mixture. We have found
similar trend in the case of CHCl; mixtures with MFE and TFE
suggesting that the CHCI; binds with all alcohols in the same
stoichiometric ratio. However, the trend of chemical shift of the
proton NMR of C—H group of CHCI, indicates that the mode of
interactions of CHCl; with TFE is different as compared to ETH
and MFE.

To understand the role of fluorine in the hydrogen bonding
of the CHCI; with MFE and TFE, we have measured the ’FNMR
spectra for these two binary mixtures and the change in the §
values with respect to the increase of alcohol concentration of
the mixtures has been depicted in Figure 3c. For TFE-CHCl;
binary mixture, the 8 value shifted towards the up-field with
increasing Y Whereas, the d value for MFE-CHCl; mixture
moves towards the downfield with the increase of the MFE up
to the ywe~0.52 and then becomes almost constant. The
change in the 0 values for the MFE is smaller as compared to
the TFE which shows that interaction of fluorine in the case of
MFE is weaker as compared to TFE. Overall change in the &
values for the "FNMR spectra indicates that the interaction of
fluorine of TFE with CHCI; is different from MFE.

Further, to obtain deeper insights into the nature of
interaction of CHCI; mixtures with alcohols, we have measured
the IR spectra of the C—H stretching frequency of the CHCl; as
the donor stretching frequency is very sensitive to hydrogen
bonding environment®" and the results are depicted in
Figures 3d and S4. The C—H stretching of CHCI; decreases with
the increase in the amount of alcohol in ETH and MFE mixtures
of CHCl; whereas; the change of C—H stretching of CHCI; in
TFE-CHCI; mixture is opposite and increases with the increase
in the amount of alcohol. It is well known that the donor
stretching frequency in the hydrogen bonded complexes
generally shifts towards the red end. The IR as well as NMR
data for the CHCl; binary mixtures with ETH and MFE
combinedly infer that the C—H group of CHCl; act as donor and
form hydrogen bond with ETH and MFE. ETH has only oxygen
atom as hydrogen bonding acceptor site, hence, C-
Hche)---Oerny type of hydrogen bonding is taking place with
the increase of ETH mole fraction. The different trend of C—H
stretching frequency as well as the chemical shift of the C—H
group of the CHCI; in TFE suggests that the C—H of CHCI; is not
interacting with the oxygen of the TFE and probably interacting
with the fluorine of TFE through C-Hycs)...Fary hydrogen
bond. Indeed, several experimental and theoretical studies
have shown that donor stretching frequency gets blue shifted
when it interacts with the fluorine group of the acceptor
molecules.®® Both, fluorine and oxygen of MFE can act as
acceptors and interact with the C—H group of CHCl;; however,
the amount of red shift in the C—H stretching as well as change
in the chemical shift of the C—H group of the CHCl; in the MFE-
CHCl; binary mixture is similar but less as compared to ETH-
CHClI; binary mixture indicating the possibility of the formation
of both C-Hycs)...Omrp as well as C-Hipeps). . .Fwrgy type of
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hydrogen bonding for the MFE-CHCI; binary mixture, of which
C-Hcraiz)- - -Oirgy interaction is the most prominent.

Theoretical calculation:

To obtain further insights about the intermolecular interaction
between the alcohols and CHCI; in their respective mixtures,
we have performed the optimization and frequency calculation
for their microhydrated clusters using the polarization continu-
um model incorporated in the Gaussian 09 suit of program. We
have optimized the dimer of alcohols and chloroform in the
alcohol and chloroform solvent respectively as the representa-
tive structure of pure alcohol and chloroform solution assuming
that alcohols will form high order of clusters in pure alcohol
and same is true for chloroform in pure chloroform solution.
Alcohol-CHCl; as well as (alcohol),-CHCI; have been optimized
in the alcohol medium representing the structure of mixture of
alcohol-CHCI; in alcohol region, whereas, alcohol-CHCl; as well
as alcohol-(CHCI;), have been optimized in chloroform repre-
senting the structure of mixture of alcohol-CHCI; in chloroform
region.

Figure 5 shows the optimized structures of ETH, MFE and
TFE complexes with CHCI; in the respective alcohol medium at
the B3LYP/6-31G (d) level of theory. It can be seen that CHCI;
interacts with ETH via C—H...O hydrogen bonding, whereas,
CHClI; interacts with MFE and TFE through C—H...O as well as
C—H...F hydrogen bonds. All alcohols associate within them-
selves via O—H...O hydrogen bond. The stabilization energy
(AE) of the different structures of alcohol-CHCl; complexes
depict that AE values for the C—H....O hydrogen bonded
complexes of TFE with CHCI; is slightly less as compared to
that of ETH and MFE complexes with CHCI,. In the case of MFE
and TFE, the O—H...O interaction in the dimer has similar
stabilization energy, while the structures with C—H...O, O—
H...O and C—H...F, O—H...O interactions have different stabili-
zation energies which is probably due to the induction effect of
the fluorine which reduces the electron density on the oxygen
atom of MFE and TFE. The stabilization energy of the C—H...F
hydrogen bonded complexes of MFE and TFE with CHCI; is
very close to their C—H...O hydrogen bonded structures
indicating the possibility of C—H...F hydrogen bonded com-
plexes along with the C—H...O hydrogen bonded complexes
for MFE and TFE.

In order to have an in depth understanding of the
structures of alcohol-CHCI; mixture responsible for the exper-
imental NMR and IR data, we have calculated the chemical shift
of the proton of C—H group of CHCl; and O—H group of
alcohols along with the C—H stretching frequency of CHCI; for
the different structures at the B3LYP/6-31G (d) level of theory. It
can be seen that the calculated proton NMR shift of the OH
group of alcohols decreases with the addition of the CHCl;
irrespective of the nature of the interaction, similar to the
experimental data. The calculated chemical shift of the proton
of the C—H group of CHCI; increases with the addition of
alcohols as compared to the pure CHCI; which is in line to the
experimental observation. The experimental value for the
proton chemical shift of the C—H group of CHCI; increases
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maximally for the ETH-CHCl; complexes (from 7.15 ppm to
7.9 ppm) whereas, in the case of TFE, it increases marginally
(from 7.15 ppm to 7.32 ppm). It can be seen that the calculated
proton chemical shift of the C—H group of CHCl; for the C—
H...O hydrogen bonded complexes are higher (~8.4 ppm) as
compared to chloroform monomer (~7.40 ppm) whereas, the
chemical shift for the C—H....F hydrogen bonded complexes (~
7.45 ppm) are similar to the chloroform monomer (~7.40 ppm)
.The vibrational frequency of the C—H stretching of the CHCl,
for the different structures of alcohol-CHCl; complexes shows
that the C—H...O hydrogen bonded complexes show the red
shift, whereas, a blue shift in the C—H stretching frequency of
CHCI; has been obtained for the C—H...F hydrogen bonded
complexes as compared to the CHCl; monomer. It is true that
the absolute value of the change in frequency as well as the
chemical shift obtained from the theoretical calculation does
not perfectly match with the experimental data as it has been
calculated on the model system to have qualitative information
about the nature of interaction present in the different
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Figure 5. The optimized structures of
the CHCI; complexes with ETH (ETH
solvent medium), MFE (MFE solvent
medium) and TFE (TFE solvent me-
dium), respectively at the B3LYP/6-
31 g (d) level of calculation using the
polarized continuum model. The dis-
tances (A) are shown in the black line.
Oxygen, carbon, hydrogen, chlorine,
and fluorine are shown in the red,
grey, white, green and light blue
colors, respectively.

alcohols-CHCl; mixtures. The trend of experimental and theo-
retical data of the proton chemical shift of the C—H group of
CHCl; along with the vibrational frequency data clearly elicits
that CHCI; interacts with ETH via C—H...O hydrogen bonds,
whereas, CHCl; interact with the TFE through C—H...F hydro-
gen bonded species. TFE have CF; group which is lipophilic
and prefer to interact with the CF; group of other TFE
molecules. MD simulations have shown that the bulk TFE forms
micelle like structures in which CF; groups of TFE are outside
interacting with each other, whereas, the OH groups are inside
forming O—-H...O hydrogen bond with each other® On
addition of CHCl;, the lipophilic character of CF; group
probably does not allow them to go inside and hence,
maximum of C—H group interacts with the fluorine of TFE
through C—H....F hydrogen bond. Indeed, it has been shown
through MD simulations that the oxygen atom of TFE has only
three water molecules in comparison to twenty water mole-
cules near the CF; group of TFE indicating that water forms
cage like structure near the CF; group of TFE.*” The case of
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Table 1. The stabilization energy (AE, kcal/mol), change in the stretching frequency of the C—H group of CHCl; (cm™") and the chemical shift of the OH of the
alcohols and C—H of the CHCl; in the complexes of CHCl; with ETH, MFE and TFE calculated at the B3LYP/6-31G (d) level of theory. Polarization continuum
model has been used in order to incorporate the effect of different solvents in the calculation.

System Interaction type Name(solvent) AE AV i OH (O-Hyale O (CH)chl
ETH

ETH A(ETH) 4.27

(ETH), O—H...0 B(ETH) -6.6 8.41, 491

(ETH),-CHCl, C—H...0,0-H...0 C(ETH) -11.4 -147 7.91,4.84 9.09
ETH-CHCI; C—H...0 D(ETH) -4.4 -105 4.78 8.80
ETH-CHCl; C-H...0 D (CHCly) -4.1 -89 4.62 8.77
ETH-(CHCl,), C-H...0 E (CHCly) -7.2 -60, —68 5.24 8.58, 8.59
(CHCL,), CHCl, -0.3 4 7.43,7.44
CHCl, CHdl, 7.40

MFE

MFE F(MFE) 5.42

(MFE), O—H...0 G(MFE) -7.9 8.95, 6.02

(MFE),-CHCl, C—H...0,0-H...0 H(MFE) -12.7 -114 8.72,5.75 8.75
(MFE),-CHCl, C-H...F, 0-H...0 I(MFE) -10.2 -2 8.38,5.94 7.62
MFE-CHCl4 C—H...0 J(MFE) -3.9 -87 5.90 8.70
MFE-CHCl, C—H...F K(MFE) -3.2 +5 5.51 7.72
MFE-CHCl; C—H...O0 J(CHCIy) -4.3 -73 5.83 7.68
MFE-CHCl, C—H...F K(CHCl,) -3.5 +13 543 8.73
MFE-(CHCl5), C-H...0 L(CHCI,) -7.3 -48, —57 5.28 8.42,847
MFE-(CHCl5), C—H...F,C-H...O0 M(CHCI,) -5.5 +11, =71 5.86 7.67,8.61
TFE

TFE N(TFE) 5.18

(TFE), O-H...O O (TFE) -7.6 8.56, 8.47

(TFE),-CHCl,4 C-H...0, O—H...O P (TFE) -5.0 -54 5.92,5.87 8.38
(TFE),-CHCl,4 C—H...FF, O-H...O Q (TFE) -8.0 +21 8.02,5.78 7.49
TFE-CHCl; C—H...0 R(TFE) -3.2 -56 5.61 8.42
TFE-CHCl, C-H...F S (TFE) -2.1 20 5.30 745
TFE-CHCl, C-H...O R (CHCL,) -34 -46 5.48 8.37
TFE-CHCl; C—H...F S (CHCLy) -2.2 26 5.16 7.40
TFE-(CHC,), C-H...0 T (CHCly) -43 -10, —28 5.84 8.05,8.24
TFE-(CHCl,), C-H...F U (CHCy) 6.7 26, 25 526 741,745

MFE-CHCI; mixture is in between ETH and TFE where the CHCl,
may interact with MFE via both C—H...O and C—H...F hydrogen
bonds, however, the experimental data suggests that the major
contribution is coming from the C—H...O hydrogen bonded
species.

The behavior of any probe molecule in the solvent depends
on the strength of the hydrogen bond of the solvent mixture
as well as the dipole of the probe molecule. The presence and
absence of the synergetic effect in ETH-CHCl; and TFE-CHCl,
mixtures is due to the difference in the hydrogen bond of
CHCl; with ETH as compared to the TFE. The addition of CHCl;
in ETH disturbs the O—H...O hydrogen bond between the ETH
molecule and the formation of C-H ). .. Oy hydrogen bond
takes place which is maximum at the ygp, of 0.57. The hydrogen
bonding pattern in the MFE-CHCl; is similar to ETH except that
some of the CHCl; also forms C-Hcycp). . .F-Cyweey hydrogen bond
with MFE. In case of TFE-CHCl; mixture, TFE arranges itself to
maximize the lipophilic interaction; hence, O—H...O interaction
between TFE takes place in such a way that the CF; group of
TFE comes closer to each other. On addition of CHCl; the
maximum of CF; group of TFE interacts with CHCI; through C-
Hchas)---Fs-Ceg group. The binding energy of the C-H...O
hydrogen bonded complexes of ETH and MFE mixture with
CHCl; is higher compared to the C—H...F hydrogen bonded
complexes of TFE-CHCl; mixture. Hence, the dipole of the
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probe molecule is not capable to perturb the C—H...O hydro-
gen bond present in CHCl; mixtures with ETH and MFE causing
the synergetic effect of different probes in these respective
mixtures. This argument is also corroborated by as the
synergetic effect being less pronounced in the case of C343 as
compared to C6H, C480 and C153 due to the fact that the
dipole moment of C343 (9.9D) is higher as compared to the
C6H (4.4 D), C480 (6.3 D) and C153 (6.6 D).*"* In the case of
TFE-CHCI; binary mixture, the dipole of the probe probably
disturb the weak C—H...F hydrogen bond between the TFE and
CHCI; and get solvated more by the TFE causing preferential
solvation.

Solvent Exchange Model

Solvation model developed by the Skwierczynski and Connors
has been successfully applied to understand the solvation
properties of many binary as well as ternary mixtures.”” The
solvation properties (in this case, E;) rely on solute-solvent and
solvent-solvent interactions. Selective solvent enhancement in
the solvation shell of the solute takes place in the case of
preferential solvation whereas, in the synergetic case, the
mixed solvents adopt a different structure as compared to the
each constituent due to the extensive intermolecular inter-
action. We have used the model developed by the Skwierczyn-
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Table 2. The preferential solvation index (PSI) of alcohol over CHCl; (94 /c), alcohol-CHCl; complex over CHCl; ( dca/c) OF (9c,a/c), alcohol-CHCl; complex over
alcohol (Oca/a) OF (0c,a/a), the Er value of the intermediate species (Erc,») o (Erca) in keal/mole, and R? value showing the reliability of the fitting for the CHCl,
mixtures with ETH, MFE and TFE, respectively.

ski and Connors as well as another modified model™ to
understand the solvation behavior of the CHCI; mixtures with
alcohols in the solvation shell of C6H dye.

Model 1

In this model, it is assumed that CHCI; (C) and alcohol (A)
interact to form a common structure CA. The solute is denoted
by D. For the simplicity, it is assumed that the mixed structure
of the solvent (CA) contains the solvents (C and A) in 1:1 ratio.
The number of solvent molecules in the microsphere of the
solvation of the solute molecule affecting its transition energy
is shown by m. The solvent exchange processes are described
in the egn. (8) and (9) as follow

D(Q)y, + m(A) = D(A), + m(C) (8)
D(C)n + 3 (A) = D(CA) + 3 (C) (9)

E; value of the binary mixture can be written by eqn. (10).
(x2), (x;) represents the mole fraction of CHCl; and alcohol in
the microsphere of the solvation of solute whereas E;. and
E;x denote the transition energies of the solute in the pure
CHCl; and alcohols, respectively.

(e X Erc) + (%a X Ema)

E. —
! e + %)

(10)

The preferential solvation index (PSI) of alcohol over CHCI;
(0asc) and solvent mixture (CA) over CHCl; (¢ca/c) are given by
eqn. (11) and (12). Here, %% and 2 denote the mole fraction of
alcohol and CHCl; in their bulk solutions.

I CAWIAN
e = (xé)/<xﬁ) an
S B m/2
e (1) )

After putting PSIs in the eqn. (10) and
subsequently we get

rearranging

ChemistrySelect 2016, 1, 56075617  Wiley Online Library

5615

¢A/c ¢c2A/c ¢CZA/’A ETCZA R?

Model 1

CHCI;-ETH 0.10 1.37 13.70 71.60 0.97
CHCl;-MFE 0.09 1.06 11.77 71.45 0.97
CHCI,-TFE 3.01 2.23 0.74 70.00 0.97
Model 2

CHCI;-ETH 0.44 1.34 3.04 71.33 0.99
CHCl;-MFE 0.38 1.05 2.76 71.25 0.98
CHCI,-TFE 18.08 12.83 0.71 71.00 0.99

. & X ()" + 6 x [(1—x3) x xa™
T = Era +

(T =2)™ + dac X (XR)™ + deae x [(1 —%a) X %4

(13)
G = Oasc X (Era — Exc)

G = Ocajc X (Eac — Erc)

Model 2

In this model we have considered that alcohol and CHCl,
molecules are interacting in 1:2 ratio as evident from the NMR
studies and form C,A type hydrogen bonded aggregates in the
microsphere of the solvation of the solute (D). The possible
solvent exchange processes are described in the eqgn. (14) and
(15).01

D(C)sm + m(A) S D(GA), +m(C) (15)

The PSI of alcohol over CHCl; (¢5,c) and C,A complex over
CHCls (0c,a/c) are given by eqgn. (16) and (17).

Y/ K
[0) = 16
M= T8 ey (16)
Xg A/XZ
depic = 75w (17)
N (B A/ 2E)

If we put eqn. (16) and (17) in the eqn. (10) and rearrange
them accordingly we will get eqn. (18)

a X (Xi)m + (ETczA - ETC) X Gc,ac X (X/B\)m x (11— Xi)zm

Er = Erc + m m m m
' T (1—xR)"+ ¢A/C*<XE\)3 X Oc,a/c X GR)™ x (1 —x2)?

(18)

o = (Era — ETC)*(bA/C

(Figure 6) It can be seen that the both models provide
satisfactory fit to the experimental data. Both models show that
PSI of complex over CHCI; or alcohol is higher as compared to
the PSI of alcohol over CHCI; for the CHCI; mixtures of MFE and
ETH whereas, for the CHCl; mixtures of TFE, the PSI of alcohol
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Figure 6. The fitting of E; (kcal/mole) (experimental data in red) versus mole fraction of alcohol as well as their fitting using model 1 (black line), model 2
(green line) at different compositions of alcohols for the binary mixtures of CHCI; with ETH, MFE and TFE, respectively.

over CHCl; is higher as compared to the PSI of complex over
CHCl; or alcohol. This clearly indicates that the C6H is more
solvated by the complex for the CHCl; mixtures of MFE and
ETH, hence, shows the synergistic effects whereas, in the case
of CHCI; mixture of TFE, C6H is preferentially solvate by the TFE
as the ¢, c value is greater than one.

Conclusion

We have studied the behavior of binary mixtures of CHCl; with
ETH, MFE and TFE using UV-Vis, NMR, IR and computational
tools. The UV-Vis studies with different types of solvatochromic
probes depict that molar transition energy for the binary
mixtures of CHCl; with ETH and MFE are higher as compared to
the bulk, whereas, for the TFE-CHCIl; mixtures, it is the reverse,
i.e. molar transition energy of the bulk is higher as compared
to the mixture. This depicts that the CHCl; mixtures with ETH
and MFE shows synergetic effect, whereas, the TFE-CHCl;
mixture shows preferential solvation. NMR, IR as well as
theoretical calculation establishes that the CHCl; forms the C—
H...O hydrogen bonded clusters with ETH and MFE, whereas,
TFE-CHCI; binary mixture are connected mainly through C—
H...F hydrogen bond. The comparatively stronger C—H...O
hydrogen bond in the CHCI; binary mixtures with ETH and MFE
do not get perturbed by the dipole of the probe molecules,
hence, showing the synergetic effect in these two binary
mixtures. In contrast to the CHCI; mixtures with ETH and MFE,
the binary mixture of TFE with CHCI; are connected mainly
through C—H...F hydrogen bond which is weak as compared
to the C—H...O hydrogen bond and gets easily perturbed by
the dipole of probe molecules causing to the preferential
solvation behavior for TFE-CHCl; mixture. These studies clearly
illustrate that subtle change in the hydrogen bonding environ-
ment causes drastic change in the properties of solvent
mixtures.

Supporting Information

The UV-Vis spectra for all the dyes, NMR spectra for the C—H of
CHCl; and O—H of alcohols as well as the fluorine NMR, C—H
stretching frequency of CHCI; for the different binary mixtures
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of CHCl; with alcohols, fitting of the model used for the NMR
data along. Detailed information about the experimental
section is provided in the supporting information.
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