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The unique physicochemical nature of the fluorocarbon group makes fluorinated alcohols an interesting class of
molecules which have diverse applications from the field of biology to chemical industries. In this paper, we have
performed molecular dynamics (MD) simulation, atoms in molecule analysis (AIM) as well as IR study on the two
biologically important fluorinated alcohols, trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) as well as
compared them with ethanol (ETH) in order to understand the cluster formation as well as hydrogen bond net-
work in their respective bulk media. The cluster size calculation shows that HFIP prefer to form smaller clusters
than TFE and ETH. We have found the evidence of weak fluorous (F---F) interaction in TFE and HFIP by the radial
distribution function (rdf) calculations and the extent of interaction is more significant in the case of HFIP which
has also been confirmed by the AIM analysis. Significant amount of weak CH:--F as well as C—H:--O interactions
have been found to contribute in the cluster formation of the bulk HFIP, whereas, only CH---F interaction was ev-
ident in the case of bulk TFE. The rdf data shows that 0—H:---0 and O—H:---F hydrogen bonds are the main contrib-
utors in the hydrogen bond network of TFE and HFIP. However, the number as well as the strength of O—H:--O
hydrogen bond is significantly less for HFIP compared to TFE and the strength of O—H:-F hydrogen bond is
more for HFIP. Due to the presence of less as well as weak O—H:--O hydrogen bond in HFIP, its average hydrogen
bond strength is less as compared to TFE and ETH which is also reflected by the experimental IR data of HFIP
which is significantly blue shifted as compared to TFE. The MD simulation, AIM analysis and IR data clearly indi-
cate that the organic fluorine plays significant role in the cluster formation and hydrogen bond network of TFE
and HFIP through the formation of weak O—H---F hydrogen bond along with the fluorous interaction.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The presence of fluorocarbon group in fluorinated alcohols endues
them unusual but important chemical properties as compared to non-
fluorinated alcohols [1-5]. The electronegativity of fluorine is higher
as compared to hydrogen which makes the C—F group less polarizable
as compared to the C—H group. Moreover, the dipole moment of C—F
group is high and the direction is opposite to the C—H group [6,7].
Due to the high electronegativity and different dipole moment of the
C—F group, the fluorinated molecules are extremely hydrophobic,
inert as well as exhibit phase segregation properties. Indeed, fluorinated
alcohols are known as environmentally compassionate solvents due to
their low boiling as well as high melting point as compared to non-
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fluorinated analogues and hence, they have been extensively used for
the plastic as well as polymer industries [8].

Trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) are two
important fluorinated alcohols which have been extensively used in
the polymer industry, separation techniques, pharmaceuticals, organic
synthesis as well as biology [9-14]. Several unique organic reactions
have been reported which are selective as well as their yields are
more when they are performed in TFE and HFIP [6,7]. It has been
found that the secondary structure of proteins is more stable in fluori-
nated alcohols-water mixture as compared to the bulk water and non-
fluorinated alcohols-water mixtures [11,14]. Based on several experi-
mental and simulation studies, it has been suggested that fluorinated al-
cohols show the preferential aggregation with them through fluorous
interaction (F---F) around the protein by displacing water near the pro-
tein binding site which increases the probability of inter-protein hydro-
gen bonds [13,15]. Indeed, in another example, it has been found that
probe molecules containing the C—F group get stabilized in TFE by
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virtue of the fluorous interaction between the fluorine of probe and TFE
[16]. These studies clearly show that fluorous interaction plays a crucial
role in the stability of molecules in fluorinated alcohols.

Several experimental and theoretical efforts have been devoted to
understand the different physical as well as thermodynamic properties
of the aqueous mixtures of fluorinated alcohols, mainly to the TFE [17-
24]. The composition-dependent compressibility, partial molar volume,
density, and excess free energy of aqueous mixture of TFE indicate max-
imum TFE aggregation at 0.15 mol fraction of TFE [21]. X-ray and NMR
studies have shown that the aggregation of TFE is more than methanol
and ETH in their aqueous mixtures [25]. Several molecular dynamics
(MD) simulations have been performed to understand the microhetero-
geneity as well as physical properties of the aqueous mixtures of TFE.
Chitra et al. performed the simulation study on the aqueous mixture
of TFE and reproduced all the experimental thermodynamic parameters
and attributed the aggregation properties of TFE for the deviation from
the ideal behavior [26]. Jalili et al. have shown that the addition of TFE
increases the water structure; however, the hydrogen bond between
TFE and water is broken when TFE is diluted with water [17]. HFIP-
water mixture has been explored less than the TFE-water mixture.
The structural fluctuations as well as aggregation of the aqueous HFIP
mixtures have been studied by the NMR, X-ray and mass spectroscopic
techniques [18,27]. These all studies agreed that fluorinated alcohols
prefer to aggregate in their aqueous mixtures. However, the nature of
different type of interactions as well as role of organic fluorine which
causes the structural heterogeneity as well as hydrogen bond network
of the pure TFE and HFIP in their respective bulk media have not been
explored much.

In this paper, we have studied the structure as well as hydrogen
bond network of the bulk TFE and HFIP as well as compared them
with ETH using the MD simulation, density functional theory (DFT),
atoms in molecule (AIM) analysis and IR study. The radial distribution
function, g(r) have been calculated among different interacting groups
to understand the reason behind the different type of cluster formation.
Further, we have characterized the different cluster structures obtained
from the MD simulation using the DFT with polarized continuum model
(PCM). The nature of interactions has been characterized by the AIM
study. It has been found that HFIP prefer to form smaller size of clusters
as compared to TFE and ETH. The results show that apart from the
0O—H:--0 and O—H:---F hydrogen bonds, fluorous interaction plays a piv-
otal role in the structure as well as microheterogeneity of TFE. Indeed,
we have found that the contribution of fluorous interaction is more sig-
nificant in the case of bulk HFIP than TFE. Apart from that, we have also
found the evidence of several weak C—H---O as well as C—H---F interac-
tions which contribute to the cluster formation as well as hydrogen
bond network of the bulk TFE and HFIP.

2. Methods

MD simulations of ETH, TFE and HFIP have been carried out using the
all atom simulation method incorporated in GROMACS molecular dy-
namics simulation package [28]. For ETH, all atom Amber99sb-ildn
force field parameters available in the GROMACS topology were used.
For TFE, we have used the Amber99sb-ildn force field parameters pro-
posed by the Fironi et al. and modified by Gerig et al. to include the
non-bonding effects of fluorine [12,20]. We have created the
Amber99sb-ildn force field parameters for HFIP using its GROMOS96
force field parameters of HFIP proposed by Fironi et al. The reliability
of the force field for HFIP was assured by attaining the correct density
of HFIP via tuning of its partial charges [29]. Each simulation box has
~2500 alcohol molecules. For each case, we have run 1000 steps of
steepest descent followed by 10,000 steps of conjugate gradient energy
minimization algorithm to exclude all unfavorable interactions from the
initial configuration. Each trajectory was further equilibrated in an NVT
ensemble at 800 K for 200 ps to remove the biased dependencies on the
initial configuration followed by an equilibration in NPT ensemble at

300 K temperature and 1 bar pressure for 500 ps. Subsequently, the
equilibrated configuration was subjected to a production run of another
5 ns in NPT ensemble at 300 K and 1 bar pressure. The temperature and
pressure were kept constant using the Berendsen thermostat [30] with
a time constant (T) of 0.1 ps~! and the Parinello-Rahman barostat [31]
with a T of 1.0 ps™!, respectively. Each simulation used a time step of
2 fs with periodic boundary condition. Neighbor list generation has
been performed with the help of non-bonded force calculation with a
grid and updated after every 5 steps. A cut-off radius of 1.2 nm was
used both for neighbor list and van der Waal's interaction. The cluster
analysis has been performed using the g_clustsize tool incorporated in
the GROMACS. Two alcohol molecules are considered as a cluster if
the distance between the oxygen atoms are less than the first minima
of the oxygen-oxygen radial distribution function of alcohols. The coor-
dination number (CN) for different interactions has been calculated
using the default program available in the GROMACS.

The different types of clusters of ETH, TFE and HFIP up to tetramer
size have been optimized in their bulk media using the B3LYP method
with 6-311++G(d, p) basis set. The solvent effect in the optimization
has been incorporated using the polarizable continuum model (PCM).
Frequency calculations have been performed for all the structures in
their bulk media in order to confirm the nature of optimized structures.
The frequencies were found to be real for all the structures assuring that
the particular structure is a minimum energy structure. In order to get
the reliable scaling factor for the OH stretch of alcohols, we have also
performed the anharmonic frequency calculation for the monomer
and dimer of the alcohols. The scaling factor of 0.96 has been used for
IR spectrum of the OH stretch of ETH, TFE and HFIP. Optimization has
been performed with standard convergence criteria and frozen core ap-
proximation. We have also calculated the weighted average IR spectra
for each size of clusters in which the weight for each cluster has been es-
timated from the Gibbs free energies of the respective cluster. All the
calculations have been performed using the G09 suites of program
[32]. Further, AIM calculations have been performed to characterize
the nature of interaction between different groups of alcohols [33].

Fourier transform infrared spectrometer (Nicolet iS10, Thermo Fish-
er) operating in the attenuated total reflection mode (ATR) has been
used to measure the IR spectra of alcohols. The resolution of IR measure-
ment was 2 cm~ . The ATR correction has been performed for all IR
spectra. N, gas was flown throughout the measurement to remove the
effect of atmospheric vapors. All the measurements have been per-
formed at room temperature (25 + 3 °C).

3. Results and discussion
3.1. Molecular dynamics simulation

Fig. 1 shows the snapshot of bulk ETH, TFE and HFIP within the 6 A.
Generally, the snapshot of only one microstate of a system does not pro-
vide serious information. However, in this case, it can be visualized that
the OH group of fluorinated-ETHs (TFE and HFIP) comes closer to OH as
well as C—F group of other molecules, whereas, oxygen end of ETH
comes closer to each other through the formation of O—H---O hydrogen
bond. Apart from that, the C—F group of TFE and HFIP comes closer to
the other C—F group of molecules. It is also apparent from the snapshots
that the number of fluorocarbon groups approaching towards the fluo-
rine terminal is higher for HFIP than TFE. The snapshots of fluorinated-
ETHs clearly indicate that apart from the OH group, fluorocarbon
group of fluorinated-ETHs also plays a significant role in their heteroge-
neous environments.

Fig. 2 shows the radial distribution function g(r) for the different
sites (OH, CH3/CF3 and CH,/CH terminals) of ETH, TFE and HFIP. The
g(r) between the oxygen and hydrogen of the OH of ETH (Fig. 2a, red
line) shows a first peak at 1.88 A depicting the intermolecular
O—H---0 hydrogen bond in the bulk ETH. This result is in well accor-
dance with earlier MD simulations [34,35]. The g(r) between the
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Fig. 1. Snapshots of the bulk ETH, TFE and HFIP within 6 A obtained from the MD simulation run.

oxygen and hydrogen of the OH of TFE (Fig. 2a, dark yellow line) shows
first peak at 1.87 A indicating that the intermolecular O—H:+-O hydro-
gen bond is marginally stronger in the bulk TFE. Interestingly, the g(r)
between the oxygen and hydrogen of the OH for HFIP (Fig. 2a, sky
blue line) shows first peak at 1.97 A, which is longer compared to the
case of ETH (1.88 A) and TFE (1.87 A) indicating that the strength of
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Fig. 2. (a) g(r) between oxygen and hydrogen of the OH group of ETH, TFE and HFIP as well as g(r) between hydrogen of OH and hydrogen of ETH along with fluorine of TFE and HFIP. (b)
g(r) between the CH; of ETH and CF; of TFE and HFIP. (c) g(r) between the hydrogen of CH,/CH and oxygen of the OH of ETH, TFE and HFIP. (d) g(r) between the hydrogen of CH,/CH and

fluorine of TFE and HFIP.
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alcohols by calculating the g(r) between these sites of fluorinated ETHs.
The g(r) for TFE (Fig. 2a, grey line) shows first peak at 2.78 A, whereas,
comparatively broad first peak at 2.62 A was observed for HFIP (Fig. 2a,
green line). We have also calculated the g(r) between the hydrogen of -
CHs and OH of ETH (blue line, Fig. 2a) and it shows sharp first peak
around the 2.6 A, however, its intensity is less compared to the g(r) of
TFE and HFIP for O—H---F contacts which shows that less number of -
CHs comes closer to the OH group of ETH than fluorine in the case of
TFE and HFIP. In bulk ETH, hydrogen of -CH; and OH is coming closer,
however, it is less probable that they are interacting with each other be-
cause of similar nature of charge on the hydrogen. The g(r) calculations
reveal that apart from the O—H:---O hydrogen bond, significant amount
of O—H:---F interaction exists for the bulk TFE and HFIP. It has been
found that the number as well as strength of the O—H:---O hydrogen
bond in HFIP is significantly less compared to TFE, whereas, the contri-
bution of the O—H--F interaction is comparatively higher for HFIP
than TFE which indicates that the role of fluorine is more significant in
the cluster formation of bulk HFIP than TFE.

The g(r) calculation for the -CH3 terminal of ETH does not show any
peak which indicates that the probability of specific CHs---CHs interac-
tion is very less. In contrast to ETH, first peak of g(r) of the CF5 terminal
of TFE (3.2 A) and HFIP (3.0 A) shows a sharp feature within 3.5 A indi-
cating the presence of the fluorous (F---F) interaction in the bulk TFE and
HFIP (Fig. 2b). The intensity of the first peak of g(r) between CF; termi-
nals for HFIP is higher and the distance is shorter compared to TFE indi-
cating that the strength as well as number of fluorous interaction is
higher for HFIP than TFE. The g(r) calculations between the CH, and ox-
ygen of ETH and TFE shows first peak beyond 3.5 A indicating that the
CH,---0 interaction is insignificant in their bulk media. However, a
sharp first peak appears around 2.4 A for the g(r) between the CH and
oxygen of HFIP indicating the possibility of weak CH:--O interaction in
the bulk HFIP (Fig. 2c). Similarly, g(r) calculations between the CHy/
CH and fluorine for TFE and HFIP shows first peak at 2.9 and 2.7 A re-
spectively, suggesting the presence of CH,/CH--F interaction in the
bulk TFE and HFIP (Fig. 2d). MD simulations clearly reveal the presence
of several weak interactions (O—H:-F, F--F, CH---F) apart from the
strong O—H:---O hydrogen bond which contributes to the cluster forma-
tion of the bulk TFE and HFIP.

Fig. 3 shows the probability of the cluster size distribution for ETH,
TFE and HFIP at their oxygen sites. It can be clearly seen that the cluster
size distribution decays exponentially from n = 1 for all alcohols. For
the simple liquid, it is intuitively apparent that single species probability
is significant and the probability will decrease rapidly with the increase
of cluster size [36]. Interestingly, the probability of single cluster for the
HFIP is higher as compared to the ETH and TFE. However, the probability
of bigger cluster for HFIP decreases sharply as compared to ETH and TFE.

—m— ETH

i —8—TFE

0.1 3 HFIP

= 0.01 \"-l
=] 3
o i
= [
S 0.001}
= E
1E-4
4 8 12 16 20

Cluster size

Fig. 3. Oxygen site cluster probability of ETH, TFE and HFIP calculated using the g _cluster
size option present in the MD simulation.

The tendency of HFIP to form small clusters is probably due to the steric
factor as the OH of HFIP is between two bulky CF; groups whereas the
OH group of ETH and TFE are present at the terminal. We have found
that these observations are robust irrespective of the choice of cut off
distances used for the cluster size calculation.

Further, we have calculated CN for the different mode of interactions
of alcohols and their values are shown in Table 1. It can be seen that the
CN for the O—H:---O hydrogen bond is maximum for ETH and it de-
creases with the increase of fluorination. The CN for the O—H:--F inter-
action is higher for the HFIP as compared to the TFE. Similarly, the CN for
the F---F interaction is more for HFIP than TFE. For CH---O/F interactions,
the value of CN for HFIP is less than TFE which is because of the steric
hindrance as the CH group of HFIP is between two CF3 groups. The
trend in the CN for the different interactions are in the well agreement
with the results obtained from g(r) calculations.

3.2. Density functional theory and AIM calculations

The g(r) and cluster data obtained from the MD simulations clearly
establish the interaction responsible for the heterogeneity of ETH, TFE
and HFIP. However, g(r) calculations only tell about the possibility of
different interactions and it does not provide any insight information
about the nature of interactions. Hence, to understand the nature of in-
teractions, it is desirable to obtain the information about the structure as
well as different interactions at the cluster level. Fig. 4 shows the opti-
mized structures of alcohols up to four molecules along with the impor-
tant intermolecular distances obtained at the B3LYP/6-311+4+4G(d, p)
level of theory coupled with the PCM model. The relative energy and
population of the different clusters of alcohols are shown in Table S1.
ETH monomer exists in gauche and trans forms in the bulk medium
with almost equal energy. The ETH dimers form linear intermolecular
0—H:---0 hydrogen bonded structure. The most stable structure of tri-
mer of ETH is linear O0—H---O hydrogen bonded complex, whereas, the
most stable and populated structure for the tetramer and pentamer
clusters of ETH have cyclic O—H:---O hydrogen bond in their bulk medi-
um. Indeed, in earlier theoretical studies, it has been predicted that the
small size of ETH clusters are linear and big size of clusters form ring in
the bulk medium [37].

TFE monomer exists in gauche and trans form and the relative ener-
gy of the gauche form is slightly higher (0.5 kcal/mol) compared to the
trans conformer in its bulk media. The relative population of the gauche
form (67%) is higher compared to the trans (33%). Earlier, diffraction
studies on the bulk TFE have established the presence of ~40% trans
conformer which is in close agreement with the present calculation
[38]. The most stable dimer structure of TFE is linear O—H:--O hydrogen
bonded complex, similar to ETH, however, the O—H:-O distance is less
than ETH. The other structures of the TFE dimer have the intermolecular
O—H--F contact, however, the populations of these structures are less
than the O—H:---O hydrogen bonded clusters. Indeed, it has been report-
ed by the jet cooled study of the TFE clusters that the O—H:---O hydrogen
bond is the main driving force for the dimer formation of TFE along with
secondary O—H:---F contacts [39]. The trimer and tetramer clusters of
the TFE are cyclic structures having the O—H:---O hydrogen bond and
O—H:--F contacts. The HFIP exists in antiperiplanar (AP) and synclinal
(S) conformation in their bulk medium in which the stability and

Table 1
Coordination number (CN) for the different interaction of ETH, MFE and TFE calculated by
the MD simulation.

Interaction CN Interaction CN Interaction CN

ETH TFE HFIP

Oon*Hon 0.94 Oon-*Hon 0.80 Oon-*Hon 0.36

How - Hen, 233 Hon - Fer, 239 HonFe,f, 4.88

Oon+Hen, 345 Oon-Hen, 249 Oon"Hen 0.34

Hen,*Hen, 242 Fep, - Fer, 3.83 Fe,r, Fer, 4.60
Hew, Fer, 2.38 HenFeyr, 1.90
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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) distances is in A.

population of AP form is higher than S. Earlier bulk as well as matrix iso-
lation studies also predicted that the AP form of the HFIP is more stable
as compared to the S form [40,41]. Similar to TFE clusters, HFIP clusters
are stabilized by the O0—H:---O hydrogen bonds as well as O—H:--F inter-
actions. For TFE and HFIP, apart from the O—H:--O hydrogen bond and
O—H:--F interaction, there are significant amount of C—H---F and F---F
interactions present within the distance of 3 A (Fig. S1) which is in

accordance with the results obtained from the MD simulation of
fluorinated-ETHs.

Further, AIM analysis on the different size of clusters of alcohols in
their bulk media has been performed in order to ensure the nature of
several interactions observed in their optimized structures. Figs. 5 and
S2 show the molecular graph of the electron density for the structures
of different size of clusters of alcohols. The values of the electron density
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Fig. 5. Molecular graph of the topology of the electron density for the most stable structures of ETH, TFE and HFIP clusters in their respective bulk media calculated at the B3LYP/6-

3114++G(d, p) level of theory.

(p), Laplacian (V?), total electronic energy density (H) as well as
its components, local electronic kinetic energy (G) and potential
energy (V) densities at bond critical points (BCP) are shown in Table
S2. A (3, —1) BCP with a positive Laplacian indicates the presence of
noncovalent interaction, whereas, the presence of a (3, +1) ring critical
point (RCP) along with a BCP 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 non-covalent interaction
[42-46]. The linear structures of ETH have the (3, —1) BCP, whereas,
the close structures show the (3, +1) RCP along with the (3, —1) BCP
ensuring their cyclic nature. Earlier, the g(r) calculations between
hydrogen of CHz and OH indicates that they come closer to each other,

however, we could not find any BCP between these two atoms
indicating that there is no interaction exist between them.

We could not find any BCP for the intramolecular O—H:--F hydrogen
bonds indicating that intramolecular O—H---F hydrogen bond is absent
in bulk TFE. The linear hydrogen bonded clusters of TFE shows (3, — 1)
BCP for the O—H:---O and O—H:--F contacts indicating that these con-
tacts are hydrogen bonded. The values of topological parameters for
the O—H:---O interaction are higher than O—H:---F contacts indicating
that the strength of the O—H--F interaction is less compared to the
O—H:--O interaction. Most interesting observation is the presence of
the (3, — 1) BCP for the intermolecular F---F as well as CH,--F interac-
tions and the topological parameters are well in the range of non-
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covalent interaction. For example, the structure G (Fig. S2) of TFE dimer
shows two F---F interactions along with the O—H:--F interaction and be-
cause of the F---F interactions, AIM analysis shows two (3, +1) ring BCP
which make this structure cyclic. For the higher order clusters, number
of CH:-F interaction as well as F---F interactions increases which is evi-
dent from the presence of (3, +3) cage critical points in the tetramer
clusters of TFE which is in accordance with the MD simulation results
discussed earlier.

The AP and S conformers of HFIP shows a BCP for the F---F interaction
and the values of topological parameters for this interaction in AP is
slightly higher than S indicating that the weak F---F interaction plays
an important role in the higher stability of AP form of HFIP in its bulk
medium. Similar to the TFE, there is no BCP between the O—H and
the fluorine within a HFIP molecule indicating that intramolecular
O—H:-F interaction is absent in the bulk HFIP. The higher order of
HFIP clusters show BCPs for the O—H---O and O—H:--F hydrogen bond
along with the F---F as well as CH---F interactions. The number of F---F in-
teraction in any particular size of clusters for HFIP is higher compared to
TFE due to which HFIP shows more number of (3, +1) ring BCP than
TFE. It is also noticeable that the values of topological parameters for
the F---F interaction are higher for HFIP than TFE which demonstrates
that the fluorous interaction is more significant in the stabilization of
the HFIP which is in accordance with the results of MD simulations
discussed above. In summary, bulk ETH clusters are stabilized by the
O—H---O hydrogen bond, whereas, O0—H:--O and O—H---F hydrogen
bonds along with the weak fluorous interaction which are dispersive
in the nature stabilize the bulk TFE and HFIP clusters and the extent of
fluorous interaction is more significant for the bulk HFIP.

3.3. IR studies

The OH stretching frequency of alcohols is extremely sensitive to the
local environment; hence, it can be employed to understand the hydro-
gen bond network of alcohols. Fig. 6 shows the IR spectra of ETH, TFE
and HFIP in their OH stretching region. The peak position of the OH
stretch of the ETH, TFE and HFIP appears at the 3308, 3335,
3418 cm™ !, respectively. The IR spectra of fluorinated-ETHs get succes-
sively blue shifted compared to ETH indicating that the average hydro-
gen bond strength of fluorinated-ETHs is less than ETH. The amount of
blue shift for HFIP (110 cm™!) is significantly high compared to TFE
(27 cm™!) indicating that the weakening of hydrogen bond is more in-
cisive in HFIP than TFE. Apart from the blue shift, TFE shows additional

Intensity (Normalized)

3200 3400

Wave number (cm )

3600 3800

Fig. 6. IR spectra of the OH stretch of ETH (red), TFE (green) and HFIP (blue).

peak at the 3632 cm™~! whereas HFIP shows two additional peaks at
3592,3632 cm™ L. It is important to mention here that earlier IR studies
of the bulk TFE and HFIP show an additional peak at 3680 cm™ ! which is
absent in our case [21,47,48]. The peak appearing at 3680 cm ™' in the
earlier IR studies is due to the contamination of water in fluorinated-
ETHs. The appearance of peaks in the high frequency region of the OH
stretch of fluorinated ETHs suggest the presence of extremely weak hy-
drogen bonded species in TFE and HFIP, which is absent in the case of
ETH. MD simulations as well as AIM calculations clearly show that the
TFE and HFIP can form weak O—H:---F hydrogen bond along with strong
0—H--0 hydrogen bond. Hence, the peak observed in the high frequen-
cy region of the OH stretch of TFE and HFIP can be tentatively assigned
to the weak O—H:--F hydrogen bonded species.

In order to ensure the assignments of the observed IR peaks, we have
performed the IR calculation for each size of clusters of ETH, TFE and
HFIP in their bulk media (Table S3) as well as calculated their weighted
average IR spectra as shown in the Fig. 7. The weighted average IR spec-
trum of the monomer of ETH shows a peak at 3630 cm™ !, however, the
experimental IR spectrum of the OH stretch of ETH does not show any
feature in that region which suggest that ETH does not exist in the
monomer form in their bulk media. It can be seen that the vibrational
band positions of the 0—H:---O hydrogen bonded clusters of alcohols
get more red shifted with the increase of the cluster size as compared
to their free OH stretching frequency. Indeed, earlier supersonic jet
study on the different size of clusters for the ETH and TFE shows that
the OH frequency gets shifted to lower frequency with the increase of
the cluster size due to increased cooperativity of the O—H---O hydrogen
bond [49]. It is noticeable that the monomer of TFE and HFIP shows the
OH stretch around ~3640 cm™ ! which is close to the observed experi-
mental feature at ~3620 cm™ ' of TFE and HFIP. However, the observed
experimental band shape is comparatively broad unlike the sharp IR
feature of isolated monomer as observed in the gas phase experiments.
Moreover, we could not find any isolated monomer of TFE and HFIP in
our simulations. Hence, the peak observed around 3600 cm~' in the
TFE and HFIP cannot be assigned to their isolated monomer. The
weighted average IR spectra of dimer and trimer of TFE shows a vibra-
tional feature at high frequency around ~3620 cm™ ! which is close to
the observed experimental feature at 3632 cm™ ! and has been assigned
to the weak O—H--F hydrogen bond. Similarly, due to the weak
O—H---F hydrogen bond, the IR spectra of dimer and trimer of HFIP
also show double peak feature around 3598 and 3616 cm™ ! which is
close to observed experimental features at 3592, 3632 cm™ . Infact, ear-
lier study on the dimer and trimer of the TFE in the supersonic jet con-
dition also shows a peak ~3630 cm ™! which has been assigned to the
O—H:--F interaction between the TFE clusters [39,49]. Hence, the weak
feature appearing in the 3600 cm™ ! region for HFIP and TFE has been
tentatively assigned to the weak intermolecular O—H--F hydrogen
bonds mainly arising from the dimer and trimer of fluorinated-ETHs,
whereas, the strong broad band appearing below 3580 cm™! has been
assigned to the O—H:---O hydrogen bonded clusters of alcohols in their
bulk media. From the MD simulation and IR measurements, it is clear
that the number as well as strength of O0—H---O hydrogen bond in TFE
is almost same to the ETH; however, a small population of weak
O—H:--F hydrogen bond exists in the TFE which makes the overall
strength of hydrogen bond slightly weaker as compared to the ETH. In
the case of HFIP, number as well as strength of O—H--O hydrogen
bonds decrease to almost half and strength of O—H:--F hydrogen bond
is increased as compared to the TFE which drastically decreases the
average strength of hydrogen bond for HFIP hence, the IR spectrum
shows a significant blue shift as compared to ETH and TFE.

4. Conclusion
We have performed MD simulation, DFT calculation coupled with

AIM analysis and IR measurements to investigate the cluster formation
as well as hydrogen bond network of biologically important bulk TFE
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experimental IR data of the respective alcohols in the OH stretching region.

and HFIP. Further, we have compared the results with bulk ETH to un-
derstand the role of fluorocarbon in the structure as well as hydrogen
bond network of the TFE and HFIP. Cluster size distribution analysis
clearly shows that the HFIP prefers to form small clusters, whereas,
TFE and ETH forms comparatively bigger clusters. The g(r) between
the oxygen and hydrogen of the OH of all alcohols indicate that the
strength as well as number of O—H:--O hydrogen bond in ETH and
TFE are very similar; however, the strength and number of O0—H:--O hy-
drogen bond in HFIP are significantly less as compared to ETH and TFE.
The g(r) between the hydrogen of OH and the fluorine of CF; for TFE and
HFIP shows first peak within 3 A depicting the presence of weak
O—H--F interaction in TFE and HFIP. The AIM analysis confirms the
presence of O—H--F and O—H:---O hydrogen bonds in TFE and HFIP.
Presence of the less number of O—H:--O as well as O—H:--F hydrogen
bonds decreases the average hydrogen bond strength of HFIP compared
to TFE and ETH which is also verified by the experimental IR data of the
OH stretch of HFIP which shows a significant blue shift compared to ETH
and TFE. Further, g(r) and AIM analysis confirm the presence of fluorous
interaction in the bulk HFIP as well as TFE. It has been found that the role
of fluorous interaction is more prominent in the case of HFIP compared
to TFE. We have also found the evidence of the presence of weak CH---O
as well as CH---F interactions in the bulk HFIP, whereas, only CH---F inter-
action has been found for the bulk TFE. The IR results along with the MD
simulation and AIM analysis establish that the organic fluorine plays a
crucial role in the cluster formation of TFE, HFIP through the formation
of weak O—H:--'F hydrogen bond along with the dispersive fluorous
interaction.
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