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ABSTRACT: The presence of the fluorocarbon group in
fluorinated alcohols makes them an important class of
molecules that have diverse applications in the field of
separation techniques, synthetic chemistry, polymer industry,
and biology. In this paper, we have performed the density
function theory calculation along with atom in molecule
analysis, molecular dynamics simulation, and IR measurements
of bulk monofluoroethanol (MFE) and compared them with
the data for bulk ethanol (ETH) to understand the effect of
the fluorocarbon group in the structure and the hydrogen
bond network of bulk MFE. It has been found that the
intramolecular O—H:--F hydrogen bond is almost absent in
bulk MFE. Molecular dynamics simulation and density
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function theory calculation along with atom in molecule analysis clearly depict that in the case of bulk MFE, a significant
amount of intermolecular O—H:--F and C—H:--F hydrogen bonds are present along with the intermolecular O—H:--O hydrogen
bond. The presence of intermolecular O—H---F and C—H:--F hydrogen bonds causes the difference in the IR spectrum of bulk
MFE as compared to bulk ETH. This study clearly depicts that the organic fluorine (fluorocarbon) of MFE acts as a hydrogen
bond acceptor and plays a significant role in the structure and hydrogen bond network of bulk MFE through the formation of
weak O—H:--F as well C—H:--F hydrogen bonds, which may be one of the important reasons behind the unique behavior of the

fluoroethanols.

1. INTRODUCTION

Fluorinated alcohols are important class of molecules which
have diverse applications in the field of biology and synthetic
chemistry."™* Fluorinated alcohols are environmental friendly
solvents due to their high melting point and low boiling point
in comparison to their nonfluorinated counterparts, which are
generally highly polar and solvate water easily. These properties
of the fluorinated alcohols make them ideal solvents for the
reaction medium, catalysis, and separation. It has been found
that the proteins are more stable in the fluorinated alcohol—
water mixture than in bulk water as well as being more stable in
nonfluorinated alcohol—water mixtures.”~” The higher stability
of the protein in the aqueous solution of fluorinated alcohols
has been assigned to the self-aggregating property of fluorinated
alcohols through the weak fluorous interaction.”'® Due to the
unique properties of the fluorinated alcohols, extensive research
attention has been devoted to understand the various physical,
chemical, and biological aspects of fluorinated alcohols.

The presence of a fluorocarbon group (C—F) is the main
difference between the fluorinated and nonfluorinated alcohols.
The C—F group is longer and less polarizable than the C—H
group due to the high electronegativity of the fluorine atom.
The direction of the dipole moment of the C—F group is
opposite to the C—H group and the strength of the C—F bond
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is higher by 14 kcal/mol, which makes the C—F group more
inert and extremely hydrophobic compared to the C—H
group.'"'* Due to the unique physicochemical properties of the
C—F group, it tends to self-aggregate, which may cause the
different bulk structure and hydrogen bond network of the
fluorinated alcohols as compared to the case of nonfluorinated
alcohols.

There are several experimental and theoretical studies in
which the structure, heterogeneity, and hydrogen bond network
of bulk nonfluorinated alcohols as well as their water mixtures
have been studied."*~>* However, the reports on the structure
and hydrogen bond network of bulk fluorinated alcohols are
sparse.”*™> The presence of the C—F group increases the
acidity of OH group of fluorinated alcohols, making them a
strong hydrogen bond donor and simultaneously, a C—F group
can also act as a hydrogen bond e1cceptor.30_34 Hence, it is
interesting to explore the structure and hydrogen bond network
of fluorinated alcohols in their bulk medium to understand the
involvement of C—F and OH groups. In this paper, we have
investigated the structure and hydrogen bond network of bulk
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Figure 1. Optimized structures of the ETH and MFE clusters in their respective bulk medium using the B3LYP/6-311++G(d,p) level of theory. The
solvent effect has been added using the PCM method. The carbon, hydrogen, oxygen, and fluorine atoms are depicted in ash, white, red and light
blue colors, respectively. The unit of intermolecular (black line) and intramolecular (blue line) distances are in A.

1251 DOI: 10.1021/acs.jpca.6b12770
J. Phys. Chem. A 2017, 121, 1250—1260


http://dx.doi.org/10.1021/acs.jpca.6b12770

The Journal of Physical Chemistry A

monofluoroethanol (MFE) and compared them with those of
bulk ethanol (ETH) using the molecular dynamics (MD)
simulation, density function theory calculation, atoms in
molecule (AIM) analysis, and experimental IR studies. MFE
was chosen as we are interested in understanding the role of a
single fluorine in the structure and hydrogen bond network of
alcohols in their bulk medium. This study clearly depicts that
C—F group of MFE acts as a hydrogen bond acceptor and plays
a significant role in the structure and hydrogen bond network
of bulk MFE through the formation of weak intermolecular O—
H---F and C—H--F hydrogen bonds.

2. METHODS

The infrared spectra of alcohols have been measured by the
Fourier transform infrared spectrometer (Nicolet iS10, Thermo
fisher) operating in the attenuated total reflection mode
(ATR). The FTIR spectrometer is equipped with a deuterated
triglycine sulfate (DTGS) detector. The ATR crystal (PIKE,
GladiATR) is made of a monolithic diamond crystal with an
incident angle of 45°. The resolution of the IR measurement
was 2 cm™!, The ATR correction has been performed for the
measured IR spectra. N, gas was flowed throughout the
measurement to remove the effect of atmospheric vapors. The
IR spectra of different samples have been measured in the water
bending region to make sure that samples have no
contamination of water or moisture as shown in the Supporting
Information (Figure S1). All the measurements have been
performed at room temperature (25 + 3 °C).

The different types of clusters of ETH and MFE up to
pentamer size have been optimized in their bulk medium using
the B3LYP method with the 6-311++G(d,p) basis set. The
optimization has been performed using the polarizable
continuum model (PCM) to incorporate the effect of solvents.
Frequency calculation has been performed for all the structures
in their bulk medium to confirm the nature of optimized
structures. We have performed the anharmonic calculation in
their bulk medium to get the reliable scaling factors for the
different mode of alcohols. The frequencies were found to be
real for all the structures, confirming that the particular
structure is a minimum energy structure. All the calculations
have been performed with frozen core approximation, and
optimization has been done with standard convergence criteria.
Further, stabilization (AE,,) and incremental association (AE;,)
energies have been calculated to understand the energetics of
different size of the clusters of alcohols. The energy difference
between the complex and monomer provides the stabilization
energy whereas the incremental association energy depicts the
energy difference between the two consecutive sizes of clusters.
The energies have been corrected for the basis set super-
position error (BSSE) using the counterpoise method. We have
also calculated the weighted average energies and IR spectrum.
The weight for each cluster has been obtained from the relative
population calculation, which has been estimated from the
Gibbs free energies of the respective clusters. All the
calculations have been performed by using the GO9 suites of
program.” The nature of bonding between different alcohol
molecules has been investigated by AIM calculation.*

MD simulations of ETH and MFE were carried out using the
all-atom simulation method incorporated in GROMACS
molecular dynamics simulation package.”” The all-atom
(OPLS-AA) parameters for ETH were used as available in
GROMACS topology whereas the topology of MFE was
constructed using automated topology builder software
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(ATB)* by attaining the correct density of MFE via tuning
of its partial charges. Each simulation box has ~2500 alcohol
molecules. Each trajectory was first equilibrated in a NVT
ensemble for 500 ps at 800 K to remove the biased structural
dependence followed by the NPT ensemble for 1 ns at 300 K
and 1 bar pressure after steepest descent energy minimization
of 5000 steps. Subsequently, the equilibrated configuration was
subjected to a production run of another S ns in the NPT
ensemble at 300 K and 1 bar pressure. The temperature was
kept constant using the Berendsen thermostat™ with a time
constant (7) of 0.5 ps™', and the pressure of the system was
kept constant by using the Parinello—Rahman barostat™’ with a
7 of 1.0 ps™'. Each simulation used a time-step of 2 fs with
periodic boundary conditions. Nonbonded force calculation
with a grid was employed for neighbor searching. Neighbor list
generation was performed after every 10 steps. A cutoff radius
of 1.2 nm was used for both neighbor list and van der Waal’s
interaction.

3. RESULTS AND DISCUSSION

a. Structure and Energetics. Water molecules can form an
extended hydrogen-bonded network by using two lone pairs of
oxygen as well as two hydrogen atoms. However, unlike water,
alcohols have only two lone pair and one hydrogen atom due to
which they prefer to aggregates in the form of clusters of
different size. Hence, to get insight into the structural
information about the ETH and MFE in their respective bulk
mediums, we have optimized the structures of different type of
ETH and MFE clusters containing the maximum of five
molecules using the PCM method at B3LYP/6-311++G(d,p)
level of theory. The optimization has been done up to the five
alcohol molecules as the earlier MD simulations suggests that
the biggest cyclic structure of bulk ETH contains five
molecules.”® Figure 1 depicts the optimized structures of the
different size of ETH and MFE clusters along with their inter-
and intramolecular hydrogen bond distances. The relative
population and energetics of different clusters of ETH and
MFE have been depicted in Table S1. The monomer of ETH in
bulk ETH solution exists in two different conformations gauche
and anti as shown in Figure lab. The dimer of ETH forms
donor (D)—acceptor (A) type hydrogen-bonded species
(Figure 1c,d). The most populated and most stable structure
of the ETH trimer is DDA type of linear chain structure
(Figure le) as compared to the closed ring structure (Figure
lg) whereas closed-ring structure is the most stable and
populated structure for the tetramer and pentamer clusters
(Figure 1h[). This is in accordance with the earlier MD
simulations in which it has been found that the small size of
ETH clusters preferred to form the linear chain structure.'**’

Five different conformers of MFE having gauche (Figure
1A—C) or trans (Figure 1D,E) forms with respect to the F—C—
C—O moiety have been found to be stable in their bulk
medium. The gauche conformer of MFE is the most stable with
the total relative population of 95% in bulk MFE. The most
stable structure of the gauche form (A) has the O—H group
directed toward the fluorine atom of the MFE at a distance of
2.6 A, indicating the possibility of intramolecular O—H:-F
interaction and enforcing the enhanced gauche effect. The
other two gauche forms (B, C) have a lower probability of the
intramolecular O—H--F hydrogen bond, resulting in the lower
population. The trans form of the MFE has a very low
population (D and E, ~0.05%). The most populated structure
for the dimer of MFE (F, ~50%) has the D—A kind of
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(a) Most stable structures of ETH clusters

Figure 2. Molecular graph of topology of the electron density for the most stable structures of ETH and MFE clusters in their respective bulk

medium calculated at the B3LYP/6-311++G(d,p) level of theory.

intermolecular O—H:--O hydrogen bond structure, similar to
the structure of the dimer of ETH. G and H are other two most
populated structures for the dimer of MFE in which G has O—
H--O and O—H--F interactions and H has O—H--F
interaction between interacting MFEs. The relative population
of the closed-ring type of DADA structure (J) of the MFE
dimer is extremely lower than the population of the D—A type
of linear hydrogen-bonded complexes (F, G, H). The most
populated structure of MFE trimer (K, 75% population) has the
O—H--O type of DDA linear hydrogen-bonded structure.
Other structures of MFE trimer contain mainly the O—H:--F
interaction, and their population is relatively small. The most
populated tetramer and pentamer clusters of MFE is the closed-
ring type of structure consisting of the O—H:-O hydrogen
bond (Q and V, population is 98%). Interestingly, the
population ofthe O—H---F hydrogen-bonded structure for a
higher order of clusters containing more than three MFE is very
low. One interesting observation is that the intramolecular O—
H---F distance within a MFE increases with the increases of the
number of MFE molecules in the cluster, indicating that the
intermolecular O—H:-O and O—H:F interactions weakens
the intramolecular O—H--F interaction. The main structural
difference between ETH and MFE appears primarily for the
small size of clusters of MFE where the population of O—H:--F
interacting clusters is significant; hence, the total population of
the O—H---O hydrogen-bonded clusters for MFE is lower than
that for ETH.

Further, we have performed the AIM analysis on all the
structures of ETH and MFE to get insight in to the different
kind of interaction of ETH and MFE clusters in their bulk
mediums. Figures 2a,b and S2 show the molecular graph of the
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electron density for the structures of different size of ETH and
MEFE clusters. The values of topological parameters such as
electron density (p), Laplacian (V?), total electronic energy
density (H), and its component local electronic kinetic energy
density (G), local potential energy density (V) at BCP are
shown in the Table S2. A (3, —1) bond critical point (BCP)
with a positive Laplacian (V?) indicates the presence of
noncovalent interaction, whereas, the presence of a (3, + 1)
ring critical point (RCP) shows that the corresponding
structure is cyclic in nature. The values of topological
parameters shown in Table S2 are in the range of acceptable
values for the noncovalent interaction.”' ~** It can be clearly
seen that the linear structures of alcohols have the (3, —1) BCP
between the O—H:--O intermolecular hydrogen bond whereas
(3, +1) RCP is present along with (3, —1) BCP for the closed
structure assert their cyclic nature. The hydrogen-bonded
complexes of MFE shows the presence of (3, —1) BCP for the
intermolecular O—H:--O and O—H---F interactions confirming
the presence of these hydrogen bonds in the linear MFE
complexes. The values of topological parameters for the
intermolecular O—H---F hydrogen bond are lower than those
of the O—H:--O hydrogen bond, indicating that the strength of
intermolecular O—H:--F hydrogen bond is weaker than that of
O—H---O in bulk MFE. Other noticeable observation for trimer
and higher size of MFE clusters is the presence of a (3, —1)
BCP for the C—H-F contact between the C—H group of
CH,F of one MFE with the F—(CH,) of another MFE
indicating the existence of weak intermolecular C—H:--F
hydrogen bond interaction in bulk MFE. One most interesting
observation is the absence of (3, —1) BCP for the
intramolecular O—H---F hydrogen bond in MFE monomer as
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well as their clusters, indicating the extremely weak or the
almost absence of intramolecular O—H:-F hydrogen bond in
their bulk medium. Indeed, the lack of intramolecular O—H---F
hydrogen bond for the MFE monomer has been pointed out in
the earlier studies of MFE in the gas phase as well as nonpolar
medium.””** The AIM study on the MFE clusters clearly depict
that the intermolecular O—H:---O, O—H---F along with weak
C—H-F hydrogen bond stabilizes bulk MFE and the role of
intramolecular O—H:--F hydrogen bond is not significant.
Table 1 shows the stabilization energy (AE,) and
incremental association energy (AE;,) along with their

Table 1. Stabilization (E,) and Incremental Association
(AE,,) Energy (kJ/mol) for the Most Stable Structures of the
ETH and MFE in Their Respective Bulk Mediums
Calculated at the B3LYP/6-311++G(d,p) Level of Theory”

structure AE AE, . AE,, AE,
ETH

dimer 4.3 (3.0) 42 (33) 4.3 (3.0) 4.3 (3.0)

trimer 9.2 (6.9) 9.2 (6.8) 4.9 (3.7) 4.9 (3.7)

tetramer 18.6 (14.4) 18.1 (14.0) 9.3 (7.5) 8.9 (7.1)

pentamer 25.1 (19.7) 23.5 (18.3) 6.5 (5.3) 4.8 (3.8)
MFE

dimer 2.6 (1.6) 3.0 (2.0) 2.6 (1.6) 3.0 (2.0)

trimer 9.7 (7.4) 8.9 (6.8) 4.9 (3.9) 42 (3.3)

tetramer 18.4 (14.6) 18.3 (14.5) 8.8(7.2) 8.6 (7.1)

pentamer 24.8 (20.0) 24.7 (19.9) 64 (54) 63 (5.4)

“The BSSE corrected energies are provided in parentheses. Weighted
average energies (kJ/mol) for each size of clusters are also calculated.

weighted average values (AE,, AE,;,) for the different size
of the clusters of ETH and MFE. The stabilization energy for
the ETH and MFE increases with the increase of their cluster
size. The incremental association energies for the tetramer and
pentamer clusters of ETH and MFE are higher than that of the
trimer structure, which could be due to the fact that the
tetramer and pentamer clusters of ETH and MFE are forming
closed cyclic structures whereas the most stable structure of the
trimer is a linear structure. BSSE correction of the energetics
for the different size of clusters for ETH and MFE does not
change the order of the energetics except that it decreases the
absolute values.

We have performed the MD simulation of bulk ETH and
MFE (Figure 3a,) to ensure the results about the hydrogen
bond network of ETH and MFE obtained from the density
function calculations. The snapshots of the MD simulation of
bulk ETH show (Figure 3a) the presence of an intermolecular
O—H:-O hydrogen bond in their hydrogen bond network
whereas for the case of MFE (Figure 3b), a significant amount
of O—H--F, C—H--F, and C—H---O interactions are present
along with intermolecular O—H---O hydrogen bond. Figure 3¢
shows the radial distribution g(r) for the H oy and O g of
ETH (black line) and shows a sharp peak at the 2.0 A depicting
the intermolecular O—H:--O hydrogen bond between the ETH
molecules. The observed peak position of the §(r) for ETH is in
the line with the earlier simulation results."*"”**~>%% The first
peak of the g(r) for the Hoy) and Oop) of MFE (Figure 3c,
red line) is slightly shifted (1.8 A), and the intensity of the peak
is lower than that of ETH. The g(r) for the MFE shows that the
number of intermolecular O—H-+-O hydrogen bonds in MFE is
lower than that in ETH although the distance for the
intermolecular O—H---O hydrogen bond is smaller in MFE.
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The g(r) for the H(qy) and F ¢y r) of MFE shows a broad peak

centered at 2.5 A (Figure 3c, blue line), which shows that the
O—H--F interaction exists in the MFE. MD simulation clearly
depicts that weak intermolecular O—H--F hydrogen bond
along with the strong intermolecular O—H---O hydrogen bond
exists in the case of MFE, which is in the line with the results
from the DFT calculation as well as AIM analysis discussed
earlier. Further, we have also calculated the g(r) around the
terminal CH group of ETH (CH;) and MFE (CH,F) to
understand the hydrogen bond network around the terminal
CH group of ETH as well as MFE and the results are shown in
Figure 3d. For the ETH case, the intensity of the peak for the
g(r) between the CH; and O of ETH within 3.0 A is extremely
weak, indicating that the statistical probability of the
intermolecular interaction between the terminals CH; and
oxygen of ETH in their bulk medium is sparse. However, the
g(r) between the CHcyy r) and O(opy) as well as Fcy ry of MFE

shows a comparatively intense shoulder ~2.7 A, which shows
that weak intermolecular C—H:--O and C—H---F interactions
exist in bulk MFE. Interestingly, the intensity of the first peak of
the g(r) for the CH---F interaction is higher than that for the
C—H---O interaction, indicating that the probability of C—H--
F interaction is higher than that for the C—H---O in bulk MFE.
Indeed, the AIM calculation also shows the existence of the
CH---F interaction in MFE, which is in line with the MD
simulation results. In summary, the MD simulation and AIM
along with the density function theory calculations clearly show
that the C—F group of MFE plays an important role in the
hydrogen bond network of the MFE through the weak O—H:--
F, CH:--F, and CH--O interactions.

b. Vibrational Frequency. Infrared spectroscopy is a
sensitive tool to understand the hydrogen bond network of the
bulk medium. Hence, to get the insight feature of the hydrogen
bond network of bulk ETH and MFE, we have measured the IR
spectra of bulk ETH and MFE in the OH and C—H stretching
regions covering the range 2800—3800 cm ™. Figure 4a shows
the normalized IR spectra of the ETH (black line) and MFE
(red line) in the OH stretching region. It is clearly evident that
the IR spectrum of MFE is slightly broad and blue-shifted
compared to the ETH spectrum. Apart from that, the IR
spectrum of MFE shows additional broad feature in the region
3550—3650 cm™! with the peak at the 3580 cm™. The blue
shift feature and the additional peak feature of the IR spectrum
of MFE is clearly evident in the difference spectrum shown in
the inset of the Figure 4a. The relatively blue-shifted IR
spectrum of MFE shows that the average hydrogen bond
strength of MFE is weaker than that of ETH whereas the broad
spectrum of MFE shows that hydrogen bond environment of
MFE is more inhomogeneous than that of ETH. The presence
of additional peak in the high-frequency region of the OH
stretching of MFE indicates the presence of a weak hydrogen
bond environment. The normalized IR spectrum of ETH
(Figure 4b, black line) in the C—H stretching region shows four
bands at 2880, 2898, 2926, and 2972 cm™'. The vibrational
feature for bulk MFE (Figure 4b, red line) in the C—H
stretching region is also different from the ETH. The peak
feature in the region 2850—2900 cm™" for MFE is clearly well
resolved compared to the broad feature for ETH in the same
region. Moreover, the peak around the 2950 cm™ is broad and
shows the double-peak feature centered at the 2960 and 2985
cm™'. The different IR data for ETH and MFE clearly indicate
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Figure 3. Snapshot of the structure and the hydrogen bond network of ETH (a) and MEE (b) in their respective bulk mediums obtained from the
MD simulation. g(r) between the H o) and O oy) of ETH (c, black) and of MFE (c, red) along with g(r) between the H o) and F ¢y ) of MFE(,

blue). g(r) between the CH; and oxygen of ETH (d, black) and between the CH,F and oxygen (d, red) as well as fluorine (d, blue) of MFE,

respectively.

that the C—F group of MFE plays a significant role in the
restructuring of the hydrogen-bonding network.

To understand the role of C—F in the restructuring of the
hydrogen bond network of MFE, we have calculated the IR
spectra of each size of clusters of ETH and MFE (Figure S3)
along with their weighed average IR spectra in the O—H and
CH stretching regions (Figure 5). The calculated IR spectra for
the monomers of ETH in their OH stretching region shows a
feature around ~3630 cm™'; however, the experimental IR
spectrum of the ETH does not have any feature around ~3630
cm™" depicting that ETH does not exist in the monomer form
in their bulk medium. In fact, several simulation studies have
shown that ETH does not exist in monomer form in their bulk
medium and form the higher order of clusters."***** With the
increase of the cluster size, the vibrational band positions of the
hydrogen-bonded OH of ETH clusters are red-shifted
compared to the bands of the free OH of ETH. On comparison
of the experimental IR data of ETH with the weighted average
IR spectra of the different size of ETH clusters, it appears that
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the population of the pentamer size of clusters is lower than
that of the dimer, trimer, and tetramer in their bulk medium,
which is in line with the prediction of the earlier simulation
studies.'**

From the AIM analysis and MD simulation, it is apparent
that MFE forms O—H:-O and O—H---F hydrogen bonds in
their bulk medium as compared to the presence of only the O—
H---O hydrogen bond in bulk ETH. MFE in their bulk medium
mainly exists in the gauche form (~95% population) and the
calculated OH stretching of MFE appears ~3620 cm™". The
vibrational frequency of the gauche monomer is slightly lower
than the frequencey of the trans structure, which could be due
to the extremely weak intramolecular O—H--F hydrogen bond.
The calculated vibrational feature for the O—H---O hydrogen-
bonded dimer of MFE appears ~3400 cm™' (structure F,
Figure S3) whereas the O—H-F hydrogen bond appears in the
high-frequency region around ~3590 cm™" (structure G, Figure
S3). The calculated weighted average IR spectrum of the dimer
of the MFE also shows the peak at the high-frequency region
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Figure 4. Normalized IR spectra of ETH and MFE in the OH (a) and C—H (b) stretching regions. The difference spectrum between ETH and MFE
in the OH stretching regions are shown in the inset of (a).

around ~3590 cm™' (O—H-+F hydrogen bond) apart from the presence of only a strong intermolecular O—H:--O hydrogen
peak at 3400 cm™' (O—H:--O hydrogen bond). Similarly, the bond in the case of ETH. Hence, the average hydrogen bond
calculated weighted average spectra of the trimer and tetramer strength in the case of MFE is weaker than that for ETH. The
clusters of MFE in the bulk medium shows the intense peak in presence of a different type of hydrogen bond environment in
the low-frequency regions (3250—3400 cm™') along with a the case of MFE (O—H:--O and O—H:---F) makes the spectral
weak intense peak in the high-frequency regions (3560—3580 width broader than that for ETH.

cm™"). For the pentamer clusters of MFE, there is almost no The calculated weighted average IR spectra of the different
intensity in the high-frequency region of weighted average IR size of clusters show the spectral features ~2860, 2875, 2920,
spectrum as the main contributor is the structure V (98%), and 2950 cm™! in the C—H stretching region. The calculated
which is the cyclic structure having only a O—H:--O hydrogen IR spectra of ETH in the C—H stretching region (Figure Sc)
bond. It is important to note that the vibrational feature for the are slightly red-shifted compared to the experimental data,
intermolecular O—H---F hydrogen-bonded (~3550—3610 which show that the scaling factor used for the different modes
cm™') system appears to be slightly red-shifted compared to of C—H stretching frequency is not sufficient. We have also

the position of the free OH of MFE (~3650 cm™) or calculated the CH; and CH, bending modes of the different
intramolecular O—H:--F hydrogen-bonded clusters (~3630 size of clusters of ETH (Table S3) and the distribution of the
cm™"). On the basis of the calculation, we assign the vibrational stretching and bending mode of the CH; and CH, are shown in
band of MFE in the region 3000—3580 cm™" to the O—H--O Figure 6a,b. The calculated frequency distribution data in the
hydrogen-bonded part of MFE clusters. The broad spectral C—H region of ETH (Figure 6ab) show that the CH,

feature in the high-frequency region ~3550—3610 cm™' has symmetric stretching of the different size of ETH clusters has
been assigned to the weak intermolecular O—H:--F hydrogen- the overlapping region with the CH, symmetric stretching in
bonded part of MFE, which is mainly coming from the dimer or the ~2860 cm™' region, which is close to the observed
trimer size of clusters of bulk MFE. experimental feature at 2880 and 2898 cm™'. Frequency
Interestingly, the fluorine substitution makes the OH group distribution data also show that the center of the CHj,
of MFE more acidic than the OH of ETH; hence, it should asymmetric stretching (~2945 cm™") overlaps with the center
form a stronger hydrogen bond. However, the experimental IR position of the two quanta of the CH, bend (~1470 cm™).
data show that the average strength of the OH hydrogen bond Similarly, the center of the CH, asymmetric stretching (~2900
of MFE is weaker than that for the bond in ETH. In the case of cm™") has a weak overlap with the two quanta of the CH, bend
MFE, a significant amount of weak intermolecular O—H---F (~1436 cm™). The calculated frequency data show that there
hydrogen bonding is taking place at the cost of strong may be a possibility of Fermi resonance between the CHj
intermolecular O—H---O hydrogen bonding as compared to the asymmetric stretching with the CH, bend and CH, asymmetric
1256 DOI: 10.1021/acs.jpca.6b12770
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Figure S. Calculated weighted average IR spectra of the different size of clusters of ETH and MFE in the OH (a, b) and CH (¢, d) stretching regions,
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calculation has been performed at the B3LYP/6-311++G(d,p) level of theory. PCM model has been used to incorporate the effect of solvent.

stretching with the CH; bend. Hence, the peak observed at
2926 cm™' may have the contribution from the CH,
asymmetric stretching as well as the Fermi resonance
contribution from CH; bending and the peak observed at the
2972 cm™! is probably due to the CH; asymmetric stretching
along with the Fermi resonance contribution from CH, bend.
Indeed, the vibrational feature of the ETH in the C—H
stretching region has been studied by various different
experimental methods. On the basis of earlier experimental
studies, the band features at 2880 and 2898 cm ™ were assigned
to the overlapping symmetric stretching modes, the band
feature at 2926 cm™ was assigned to the CH; Fermi resonance
modes and the antisymmetric modes, and the band at the 2972
cm™" was assigned to the CHj antisymmetric stretching and
CH, Fermi resonance modes.'” The theoretically calculated IR
data for the C—H stretching of ETH in this study are in
qualitatively good agreement with the earlier assignments
obtained from the polarized Raman experiments.'**°

The calculated weighted average spectra and frequency
distribution data for the different size of MFE clusters show
that the symmetric CH stretch of the CH, group is around
~2875 cm™" whereas the center position of the symmetric CH
stretch of the FCH, is around ~2910 cm™" (Figure 6¢,d). The
calculation data show that the peak position symmetric CH
stretch of the FCH, and CH, groups of MFE is more separated
than the symmetric CH stretch of the CH; and CH, groups of
ETH. Hence, the peak position observed at the 2874 and 2896
cm™" in the experimental data has been assigned to the CH
stretch of the CH, group and FCH, of MFE, respectively. The
experimentally observed peak position at the 2928 cm™
matches with the asymmetric stretching of the CH, group of
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MFE (~2930 cm™"). The two quanta of the bending mode of
the FCH, group of MFE (~1460 cm™') matches with the
asymmetric stretching of the CH, group of MFE; hence, there
is the possibility of Fermi resonance. We tentatively assign the
experimentally observed band at 2928 cm™ to the asymmetric
stretching of the CH, group of MFE as well as to the Fermi
resonance arising from the bending mode of the FCH, group of
MFE. The experimentally observed broad and double-peak
feature centered at 2960 and 2985 cm™ could be either due to
the Fermi resonance caused by the CH, bending mode or due
to the asymmetric C—H stretching mode of the FCH, group of
MFE, which is involved in a different kind of hydrogen bond
environments. The calculated frequency distribution data for
the CH, bending mode are centered around ~1430 cm™'
whereas the asymmetric stretching mode of FCH, group of
MEFE is centered around ~297S cm™. Hence, the two quanta
of the CH, bending mode cannot be involved in the Fermi
resonance with the asymmetric stretching mode of the FCH,
group as observed in the case of ETH. On the basis of the
calculation data, we assign the double-peak feature centered at
2960 and 2985 cm™" to the asymmetric C—H stretching mode
of the FCH, group of MFE, which is involved in different kinds
of hydrogen-bonding environments. Indeed, the C—H group of
the FCH, of MFE is more acidic than the CH group of CH; of
ETH due to the electron with drawing nature of the fluorine
molecule. Due to the increased acidity of the C—H group of the
FCH,, it can form intermolecular hydrogen bonds with the
fluorine and oxygen atom of another MFE via C—H--F and C—
H--O interactions. Earlier AIM and molecular dynamics
simulation have shown the presence of C—H---F and C—H:-
O hydrogen bonds in bulk MFE. From the frequency
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Figure 6. Calculated frequency distribution data for symmetric, asymmetric C—H stretching and bending modes of the different size of clusters of
ETH (a, b) and MFE (c, d) in their bulk medium calculated at the B3LYP/6-311++G(d,p) level of calculation. The PCM model has been used to

incorporate the effect of solvent.

calculation data, we have observed that the asymmetric C—H
stretching mode of the CH,F group of different sizes of clusters
of MFE gets slightly blue-shifted when it has the C—H:-F
interaction (structure K, N, O, U, V) as compared to the case of
other free C—H groups of the same clusters. In the literature
also it has been shown that C—H stretching gets blue-shifted
when it forms the C—H:--F hydrogen bond whereas C—H---O
hydrogen-bonded systems are red-shifted.””*® On the basis of
this observation, we assign the band observed at 2960 cm™ to
the asymmetric C—H stretching mode of CH,F group which is
free or C—H:--O hydrogen bonded whereas the shoulder at the
2985 cm™' has been assigned to the asymmetric C—H
stretching mode of the CH,F group that forms the weak C—
H---F interaction with another MFE molecule in their bulk
medium.

4. CONCLUSION

IR measurements along with the DFT, AIM, and MD
simulations have been performed on bulk ETH and MFE to
understand the role of the fluorocarbon group in the structure
and the hydrogen bond network of bulk MFE. The IR
spectrum of MFE in the OH stretching region is blue-shifted
and broad with an additional feature in the high-frequency
region of the OH stretching as compared to case for ETH. The
presence of the peak in the high-frequency region of the OH of
MFE indicates the presence of weakly hydrogen-bonded
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species in MFE as compared to the case for ETH. MD
simulation, density function calculations, and the AIM analysis
indicate that a significant amount of weak intermolecular O—
H--F hydrogen bond is present along with the O—H:-O
hydrogen bond in bulk MFE. In the case of MFE, a significant
amount of weak intermolecular O—H:--F hydrogen bond forms
at the cost of a strong intermolecular O—H---O hydrogen bond
as compared to the presence of only a strong intermolecular
O—H--O hydrogen bond in the case of ETH. Hence, the
average hydrogen bond strength in the case of bulk MFE is
weaker than that of ETH. The presence of different types of
hydrogen bond environments in the case of bulk MFE (O—H---
O and O—H---F) makes the spectral width broader than that of
bulk ETH. The IR spectrum of bulk MFE in the C—H
stretching region is different from that of ETH and shows a
double-peak feature in the CH stretching region 2950—3000
cm™! in comparison to the single peak in the case of ETH. The
double-peak feature in the C—H stretching region of MFE has
been assigned to those CH,F groups of MFE that form the C—
H--O and C—H-F hydrogen bonds in their bulk medium. In
the literature it has been described that the hydrogen bond
accepting capability of the organic fluorine is very poor;
however, it is clearly evident from this study that the
fluorocarbon group of MFE is not inert and acts as a hydrogen
bond acceptor through the formation of the weak O—H---F and
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C—H:--F hydrogen bonds, which may be one of the important
reasons behind the unique behavior of the fluoro-ETHs.
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