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Piperidinium cation-based room temperature ionic liquids (RTILs) constitute an important class of ILs
because of their unique electrochemical properties as well as non-aromatic nature of the cation.
However, detailed structural studies are yet to be done. In this paper, we discuss the molecular structure
and vibrational spectra of N-butyl-N-methylpiperidinium bis(trifluromethanesulfonyl) imide,
(PIP14NTf,; where, PIPy4 is N-butyl-N-methylpiperidinium and NTf, is bis(trifluromethanesulfonyl)
imide), obtained with a combined approach of infrared (IR) and Raman spectroscopies in the liquid state
and density functional theory (DFT) and Hartree-Fock (H-F) based theoretical calculations. DFT
calculations, which are found to produce the most stable geometry compared to other two methods (MP2
and H-F), reproduce the experimental IR and Raman spectra reasonably well. Our findings reveal
structural properties that profoundly influence intermolecular interactions and melting point. There
exists a large variation in the melting point of the ILs studied. While the bromide salt of the piperidinium
derivative (PIP14Br) is solid with very high melting point (241 °C), the corresponding NTf, salt is low
viscous liquid at room temperature (mp: —25°C). bmimBr (bmim = 1-butyl-1-methylimidazolium)
exhibits a substantially lower melting point of 79 °C than PIP4Br, suggesting that more number of strong
classical hydrogen bonding interactions in the latter is primarily responsible for the much higher melting
point. In addition, involvement of the alkyl group in PIPy4 in H-bonding interaction provides additional
rigidity in n-butyl chain which is otherwise absent in bmimBr. Interaction energy for PIP14Br is found to
be higher than PIP14NTf,, showing a positive correlation between interaction energy and melting point. A
blue shift in C—H stretching wavenumber as evident from IR and Raman spectra of PIP14Br IL is a clear
indication of the stronger hydrogen bonding as compared to PIP4NTf, IL. Furthermore, we
experimentally observe the existence of cisoid-transoid conformational equilibrium of NTf,~ anion in
the Raman spectrum of PIP14NTf; for the first time and determined that transoid NTf,  anion to be more
stable than the corresponding cisoid conformer by 1.04 kcal/mol using DFT. Examination of various
conformational possibilities of the cation shows that the butyl group preferentially exists in gauche
conformation.
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1. Introduction potential uses, such as environmentally friendly solvent for

chemical synthesis or biocatalysis. They are also used in

In recent years, ionic liquids (ILs) have become a rapidly
expanding topic of chemical research on account of their unique
properties that include a negligible vapor pressure, nonflamma-
bility and good ability to dissolve organic and inorganic
compounds, and even polymeric materials [1,2]. These unusual
properties mean that ILs are superior media for a broad range of
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electrochemical devices and processes, such as rechargeable
lithium batteries and electrochemical capacitors, etc. Rechargeable
lithium batteries are a ubiquitous energy device that is being
worldwide in many types of portable electronic equipment, such as
cellular phones, laptop computers, and digital cameras. Cyclic alkyl
quaternary ammonium (QA) based cations, N-alkyl-N-methyl-
piperidinium (PIP;,; where, n indicates the number of carbon
atoms in the linear alkyl chain) are a class of cations whose room
temperature ILs (RTILs) are very promising in the field of
electrochemical applications due to their high thermal and


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.vibspec.2014.10.006&domain=pdf
mailto:ssahabhu@yahoo.com
http://dx.doi.org/10.1016/j.vibspec.2014.10.006
http://dx.doi.org/10.1016/j.vibspec.2014.10.006
http://www.sciencedirect.com/science/journal/09242031
www.elsevier.com/locate/vibspec

108 M. Shukla et al./Vibrational Spectroscopy 75 (2014) 107-117

electrochemical stabilities [3-18]. As an example, PIP;,NTf;;
where, NTf, stands for bis(trifluoromethanesulfonyl) imide, is
recently proposed for high-voltage supercapacitors and lithium
batteries [10-13]. Electrochemical stability is one of the reasons for
recent growing interest in QA based ILs in addition to the low
cathodic potentials of the QA cations compared to 1,3-dialkylimi-
dazolium cations. Because of the wide electrochemical windows,
these ILs are used as solvent-free supporting electrolytes in
electrochemical devices and also increase their safety.

As the properties of any material depend on the structure of
molecules in different phases, it is very important to understand
the structural features of ILs in depth. The ubiquitous properties of
ILs are governed by the type and strength of interaction between
their constituents [19-21]. Recently, the possibilities of existence
of ordered local structure, i.e., microheterogeneity in ionic liquids
have got considerable attentions [22-25]. In general, liquids are
much less understood than gases and crystals. Structure in the gas
phase can be accurately determined by electron diffraction or high-
resolution rotationally-resolved spectroscopy, and solid/crystal
structure can be determined by X-ray and/or neutron diffraction. In
contrast, the diffraction techniques have limited applicability to
elucidate liquid structure. Understanding the microscopic inter-
actions at the molecular level is indeed a challenge in particular for
ILs. While vast amount of studies have been made on imidazolium
based ILs, very few literatures are available related to structural
and vibrational studies on these useful PIP;,-based ILs. Here we
report a detailed structural study of PIP 4-based ILs using density
functional theory (DFT) calculations and vibrational spectroscopy
(both IR and Raman). Theoretical calculations, in particular DFT, are
of very much importance in predicting the structure of different
RTILs [26,27]. DFT calculation also helps us to understand the
interaction present among cation and anion in the molecule as well
as the type of bonding present in the molecule. The DFT calculated
vibrational spectra gives us a strong base to analyze the
experimental spectra (both IR and Raman) including the effect
of interaction causing shifting in Raman/IR bands [28].

Among various physical properties, melting point is the most
important for ILs. This property is determined by the strength of its
crystal lattice packing, which is in turn controlled by three main
factors: (i) molecular symmetry, (ii) intermolecular interactions,
and (iii) conformational degrees of freedom of the molecule.
According to Fumino and Ludwig [29], although ILs consists solely
of cations and anions and Coulomb forces are the dominating
interaction, a local and directional interaction such as hydrogen
bonding has significant influence on the structure and properties
of ionic liquids. It has also been explained by Kempter et al. [30]
that in ILs, hydrogen bonding is the major interaction which
control the physical properties of ILs. Strength of H-bonding can be
well studied by the vibrational spectroscopy [26,29]. As the
interaction strength increases between cation and anion, vibra-
tional frequencies shift to higher wavenumber due to increasing
force constants indicating stronger interaction between the ion
species [29]. A shift in the wavenumber of intermolecular
vibrational bands can be correlated to the change in force
constants or reduced masses of anion. Larger and heavier anions
interact weakly with the cation, whereas, smaller and lighter
anions provide strong interaction potential due to their higher
surface charge density. Thus, both parameters; the reduced mass
as well as the force constant, lead to shift into the same direction,
namely to lower or higher frequencies, respectively. This statement
has been well justified by our previous publication [26].

In this paper we choose two sets of ionic salts: (1) PIP14Brand 1-
butyl-3-methylimidazolium bromide (bmimBr) (anion same) and
(2) PIP14Br and PIP14NTf, (cation same) with an aim to pinpoint the
major interaction which determines the physical state of a salt.
Except the very recent publication by Siqueira et al. [31] where

they have studied N,N-butyl-methylpiperidinium, in combination
with 1-ethyl-3-methylimidazolium, 1-butyl-3-methylimidazolium
and 1-butyl-2,3-dimethylimidazolium cations based ILs and
evaluated the effects of chain length, ability of developing
hydrogen bond, electronic delocalization of their positively
charged region, no other vibrational studies can be found on
piperidinium ionic liquid despite their significant importance.
They have made the structural studies of all these cations through
XRD and DFT studies as well as vibrational studies using Raman
spectroscopy. Also they have investigated that very similar local
environment is experienced by all these organic cations in the
interlayer space and in ionic liquids with NTf, anion [31]. This
study reveals that it is indeed the H-bonding interaction along with
conformational variety of constituents that largely controls the
physical state of the salt. We establish that PIP4Br is a colorless
solid and more than one interaction is present between cation and
anion. This fact contrasts with bmimBr, where only one interaction
is present between cation and anion and is found to exist as low
melting solid (mp: ~79 °C). Further, Raman and DFT studies show
that NTf, ™ anion found to exist in cisoid-transoid conformational
equilibrium in PIP14NTf; IL analogous to n-butyl chain in
imidazolium cation. We also present studies of non-ionic species
of corresponding ionic constituents to understand the stabilization
due to formation of ionic liquids. To our best of knowledge, this is
the first report on the vibrational-theoretical studies of inter-
actions for piperidinium cationic ionic liquids.

2. Methodology
2.1. Reagents and instrumentation

N-Methylpiperidine (Sigma-Aldrich, redistilled, >99%), bromo-
butane (Merck, Germany), bis(trifluoromethanesulfonyl) imide
(Sigma-Aldrich, redistilled, >99%) were used as received for the
synthesis. Acetonitrile (HPLC grade), ethyl acetate (EtOAc, HPLC
grade) were procured from Merck, Germany and were used after
purification following standard procedures. IR spectra of PIP14Br
and PIP14NTf, were measured with Varian FTIR 3100 in the region
400-3500cm ! using neat samples. 300 MHz NMR (JEOL) was
used to measure the "H NMR. Raman spectra were measured with a
home-made Raman microspectrometer setup with CW 633 nm
(He-Ne) excitation. Details of the experimental setup were
described elsewhere [32]. Raman spectra were obtained with
low laser power (~1.2 mW) with 10 s exposure. The Raman spectra
presented here are after background correction.

2.2. Synthesis of N-methyl-N-butylpiperidinium bromide (PIP14Br)

A general synthesis procedure for synthesizing PIP4Br was
reported in literature [6,14]. A modified form of the reported
procedure was followed: instead of using high temperature, lower
temperature was used with a longer time of stirring. This excludes
major possibilities of inclusion of impurities in resultant ILs. The
scheme for the synthesis of PIP14Br is shown in Fig. 1. 20 mL of ethyl
acetate was taken in 100 mL round bottom (RB) flask. N-Methyl
piperidine (8.0 g, 82 mmol) was added to it with stirring and then
bromobutane (12.0 g, 90 mmol) was added slowly with continuous
stirring at 20°C in nitrogen atmosphere. The mixture was stirred
for 16 h at 30°C followed by stirring at 50 °C for 3 h. The reaction
mixture was then washed with 150 mL dry distilled EtOAc. The
solvent was then evaporated on a rotavapour under reduced
pressure to get white solid powder, which was further kept under
high vacuum at 50 °C for 3 h (yield: 90%). Melting point (mp) of the
salt was found to be 241 °C and therefore is not an IL according to
standard definition. The product was confirmed by 'H NMR (8,
ppm, 1.01 (t, 3H), 1.47 (q, 2H), 1.72 (8H), 3.63 (s, 3H), 3.66 (4H), 3.81
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Fig. 1. Scheme for the synthesis of N-methyl-N-butylpiperidinium bromide, (PIP14Br).

(2H)); and by IR (569, 673, 904, 940, 1030, 1227, 1369, 1464, 2874,
2959cm™ ).

2.3. Synthesis of N-methyl-N-butylpiperidinium bis
(trifluoromethanesulfonyl) imide (PIP14NTf>)

PIP14Br was taken as a precursor for the synthesis of PIP14NTf,.
The scheme for preparation of PIP14NTf; is shown in Fig. 2. PIP14Br
(4.5 g, 20 mmol) was taken in a RB flask containing 10 mL of triple
distilled (TD) water. LiNTf; (6.0 g, 21 mmol) dissolved in 10 mL TD
water was added to it at 35°C and stirring was continued for 4 h.
150 mL dichloromethane (DCM) was used to extract the product,
which was repeatedly washed with cold TD water to remove any
ionic impurity. DCM was then evaporated on a vacuum rotavapour
and kept under high vacuum for 2 h at 50°C. Light yellow liquid
was obtained (yield: 88%). Relatively higher temperature (~80 °C)
provides more yield [6,14] but was found to produce darker yellow
colored liquid. The light yellow colored liquid was further dissolved
in 10 mL of pure acetonitrile (ACN) to treat with activated charcoal
for decolorization. The mixture was stirred for 4h followed by
filtration through a sintered column packed with fresh charcoal
and activated alumina. The resultant solution was evaporated on
rotavapour at reduced pressure to get a completely colorless liquid
product. The product was confirmed as desired ionic liquid by 'H
NMR (6, ppm, 1.01 (t, 3H), 1.44 (q, 2H), 1.74 (8H), 3.42 (s, 3H), 3.56
(4H), 3.85 (2H)); and by IR (570, 619, 1054, 1139, 1197, 1348, 1474,
2881, 2966cm™ ).

2.4. Computational details

Quantum chemical calculations were used for geometry
optimization and vibrational frequencies calculation on cation,
anion and ion pairs using Gaussian 03 package [33]. Geometry
optimization was performed using density functional theory (DFT)
[34], second Mgller-Plesset (M-P2) and Hartree-Fock (H-F)
methods to examine the most stable structure. DFT computations
were performed at Becke’s three-parameter hybrid model using
Lee-Yang-Parr correlation functional (B-3L-Y-P) level of theory
[35,36]. 6-31 ++G(d,p) basis set was used to obtain the optimized
geometry and calculated IR and Raman frequencies. Two other
popular methods, MP2 and H-F, were examined for better
predictions of experimental IR and Raman frequencies [37]. No

Water/ RT

4+ LINTf, ————— 3
(€]

imaginary vibrational frequencies were obtained for the calcula-
tion reported here, indicating that the geometries of the ions were
at the minimum of the potential surface. Correlation between
experimental and calculated vibrational frequencies was estab-
lished based on the literature values of similar derivatives by
investigating the calculated frequencies through GaussView
5.0 software [38] and matching both the calculated frequencies
and Raman activities with experiment. Since the Raman activities
obtained from Gaussian calculations cannot be compared directly
to the experimental Raman intensity [39-41], recently published
methodology [42] was employed to convert the DFT calculated
Raman activities to DFT calculated Raman intensity. Calculated
Raman spectra are thus compared directly with the experimental
Raman spectra and presented in various figures.

3. Results and discussion
3.1. Geometry optimization of cation and anion

Primarily the structure of cation and anion is optimized
independently at the B-3L-Y-P/6-31++G(d,p) level of theory.
The piperidine ring is found to be most stable in chair
conformation when compared with other possible conformations
such as boat or twist boat forms. This led us to use chair
conformation as the initial input for the optimization of PIP cation
as well as PIP based ILs. According to Siqueira et al. [31] also the
most stable conformation of piperidine ring is the chair
conformation like cyclohexane. The n-butyl chain attached to
piperidinium cation is kept in gauche form, which is found to be
more stable than cis and trans forms [17]. An energy level diagram
for optimized piperidine (unsubstituted neutral molecule), N-
methyl piperidine (substituted neutral molecule), N-methyl-N-
butylpiperidinium cation (PIP14"), PIP14Br (salt), and PIP14NTf; is
depicted in Fig. 3. As expected, neutral or cationic species have
higher energies than the ion pairs and perhaps illustrate the reason
for the formation of ionic salt from constituents.

A survey of the literature related to the conformation of NTf,~
reveals that both cisoid and transoid conformations are possible
[43-51]. While cisoid conformation has been proposed by Arnaud
et al. [48] based on ab initio calculation on LiNTf,, Johansson et al.
[49] and Lopes and Padua [50] have reported transoid as a more
stable conformer. On the other hand, in crystalline state, transoid

<) (o)
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Br e N 2 AN
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C4Hg C4Hg
PIP14BF PIP14NTf2

White solid

Colorless liquid

Fig. 2. Scheme for the synthesis of N-methyl-N-butylpiperidinium bis(trifluoromethanesulfonyl) imide (PIP14NTf3).
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Fig. 3. DFT-calculated energies for optimized molecules of the neutral and charged constituents and the salts: (a) piperidine, (b) N-methylpiperidine, (c) N-methyl-N-
butylpiperidinium cation (PIP14"), (d) cis-PIP14NTf,, (e) trans-PIP14NTf,, and (f) PIP14Br. Calculated dipole moments are found to be 0.892, 0.466, 3.288, 16.787, 16.816, and

13.994 Debye for (a)-(f), respectively.

NTf,~ was observed by Forsyth et al. [51]. It is plausible that while
NTf,~ is present predominantly in transoid form, cisoid form can
also be present as minor species. Recently, Faria et al. [52] in an
impressive article have pointed out through Raman spectroscopic
studies that, during crystallization of butyltrimethylammonium
NTf,~ IL, slow cooling process led to formation of cisoid NTf5,
whereas, fast cooling process led to formation of transoid NTf5.
Similar interesting observations are also reported for butylimida-
zolium NTf, (hbimNTf,) derivative by Moschovi et al. [53].
According to them, in crystalline phase (i.e., at low temperature),
NTf, adopts trans conformation, while upon melting, both
conformations remains in equilibrium (enthalpy of the equilibrium
~8.5Kk]/mol). Interestingly, at elevated temperatures, NTf, pre-
dominantly remains in cis conformation. This variety of con-
formations of NTf, anion makes ILs comprising NTf,~ an
interesting topic of study. Hence, it is important to know which
conformation of NTf,~ does exist predominantly in the PIP4NTf5.
DFT calculated dipole moment values for the cisoid and transoid
conformers are found to be quite different, 412 and 0.05 D,
respectively. These dipole moment values closely match with those
reported by Fujii et al. [43]. The significantly larger value for cisoid
plausibly implies that when the counter ion (cation) is small, the
cisoid geometry is preferred due to dipole-dipole interactions.
Since, in the present study, the cation is reasonably large
(compared to Li*, etc.), it is expected that transoid conformation
is predominant. Our DFT calculation further indicated that the
transoid form (—1146638.63 kcal/mol) of the anion is more stable
than the corresponding cisoid (—1146637.59 kcal/mol) by 1.04 kcal/
mol (Fig. 4). These pieces of evidence led us to perform all the
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calculations on NTf, ™ anion based ILs with the transoid conforma-
tion.

3.2. Geometry optimization of cation-anion ion pair

Based on the information obtained from the individual cation
and anion species, the input structure of PIP14Br and PIP14NTf, ion
pairs are determined. While the chair form of piperidinium is taken
for cation, the transoid form of NTf,™ anion is considered for the
construction of PIP14NTf ion pair for calculations. Fig. 5 depicts the
optimized molecular geometry of PIP,4Br obtained at DFT/B-3L-Y-
P/6-31++G(d,p) level calculation in gas phase. The important
calculated parameters are tabulated in Table 1. The N—C and C—C
bond lengths are found to be in the 1.51-1.54A range, which
indicates single bond lengths. The C7—N1—C8 and N1—-C8—
C9 bond angles are found to be 110 and 116°, respectively, which
deviate from the tetragonal geometry (109°) insignificantly. The
N—C8—-C9—C10 torsional angle is observed to be 163°, which
deviate by just 2° from that reported by Reichert et al. for the
crystal structural of PIP14] [ 17]. This explains that the butyl group is
in gauche conformation similar to that in PIP14I. The C8—C9—C10—
C11 torsional angle is calculated to be 178°, indicating the trans
form of the butyl chain. With respect to interactions present in the
salt, Fig. 5 shows that the single bromide ion is involved in three
hydrogen bonds (2.45, 2.54, and 2.57 A) with the hydrogens of the
cation. This indicates the presence of a strong interaction between
monoatomic bromide anion and the cation. This perhaps leads to
tight fitting of the ions in the crystal lattice and hence, to a high
melting point of PIP14Br (i.e., 241 °C).

AE = 1.04 kecal mol™*
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Fig. 4. Cisoid and transoid conformations of NTf, anion. The terminal CF3 rotates along the S—N bond to give rotational isomers. The twist angle (C4—S2—S3—C5) for cisoid is
found to be —71°, while that for transoid is 172°. The enthalpy difference was found to be 1.04 kcal/mol.
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Fig. 5. DFT optimized structure of N-butyl-N-methylpiperidinium bromide,
(PIP14Br). The distances within the sum of van der Waals radii are also shown.

Molecular geometry optimization of PIP;4NTf, ion pair was
carried out using three different methods: DFT/B3-L-Y-P, MP2,
and H-F, with an aim to find out the best method for this category
of ILs. The important bond lengths, bond angles, torsional angles,
and hydrogen bonding parameters are tabulated in Table 1. While
bond length and bond angle parameters for piperidinium cation
are found to be similar to those for PIP,4Br, the N1-C8—C9—C10
torsional angles are found to be 178°,177°, and 171° from DFT, MP2,
and H-F calculations respectively, which are different from 163°
observed for PIPi4Br. This indicates that the butyl group in
PIP14NTf, ion pair exists in trans configuration. The C8—C9—C10—
C11 torsional angle is observed to be 179° from DFT and
MP2 calculation, indicating its trans conformation around the
C9—C10 bond. An excellent correlation is also observed between
experimental and calculated geometric parameters of NTf, ™ anion.
For e.g.,, N—S, S=0, S—C, and C—F bond lengths calculated using
DFT show very minor deviation (0.05, 0.04, 0.07, and 0.01A,
respectively) from the reported crystal data [43]. Though bond
lengths calculated by H-F method are in better agreement with
crystals data, its bond angle and torsional angles predictions are
grossly different (vide Table 1). On the other hand, B-3L-Y-P level
of theory fairly well reproduce bond angles and torsional angles
(e.g., see S—N—S bond angle, C—S—S—C, and S—N—S—C torsional

Table 1

Fig. 6. DFT optimized structure of N-butyl-N-methylpiperidinium bis(trifluoro-
methanesulfonyl) imide, (PIP14NTf;). The distances within the sum of van der Waals
radii are also shown.

angles in Table 1). MP2 calculation also produces similar results as
DFT, but it consumed nearly three times computational time
compared to that of DFT calculation. Therefore, it appears from our
studies, that DFT is most reasonable for geometry optimization
studies of piperidinium based salts. Classical hydrogen bonding
interaction present between cation and anion are shown in Fig. 6 as
broken lines. C7—H—N12, C7—H—015, C9—H—-015, and C2—H—
N12 hydrogen bonds are found to have bond lengths of 2.64, 2.34,
2.54, and 2.63 A, respectively. Among the two salts examined,
PIP;4Br was found to be more stable than PIP4NTf, by 590 kcal/mol
(Fig. 3). Both the possible structures of PIP14NTf, having the cisoid
or transoid form of NTf,~ anion have also been studied theoreti-
cally and transoid-PIP14NTf, is found to have a slightly lower
energy (by 0.38 kcal/mol) compared to cisoid-PIP14NTf; (see Fig. 3).

3.3. Hydrogen bonding interaction and interaction energies
Studies of hydrogen bonding interaction present in ILs are

important as the number of H-bond donors, the interaction
strength, and the type of network formation can be tailored to get a

Selected bond lengths (A), bond angles (°) and dihedral angles (°) for optimized structure of PIP,4Br using DFT method and PIP4NTf, using DFT, MP2, and H-F methods as well

as its reported crystal data.

Parameter PIP,4Br Parameter/PIP4NTf, Crystal data of NTf, anion [25] DFT results MP2 results H-F results
N1-C2 1.52A Anion
N1-C7 1.51A N12-S14 1.57A 1.62A 1.62A 1.57A
N1-C6 1.53A S$14—-017 142A 146 A 146 A 142 A
c2-C3 1.54 A S$14—C20 1.83A 1.89A 1.88A 1.83A
C2—H—-Br 2.45A C20—F24 1.32A 1.33A 1.34A 1.32A
C7—H—Br 2.57A S13—N12-S14 125° 126° 124° 129°
C9—H—Br 2.54A S13—N12-S14—C20 92° 89° 101° 103°
C2—H—-Br 153° S14—N12-S13—-C19 92° 89° 93° 89°
C7—H—Br 155° C20—S14—-S513—-C19 172° 165° 171° 161°
C9—H—-Br 156° Cation
C7—N1-C8 110° C7—N1-C8 - 109° 109° 109°
N1-C8—-C9 116° N1-C8—-C9 - 116° 115° 116°
N—-C8—C9—C10 163° N—C8—C9—-C10 - 178° 177° 171°
C8—C9—-C10—C11 176° C8—C9—C10—C11 - 179° 179° 177°
Cation-anion interaction
C7—H—N12 - 2.64A 2.57A 2.70A
C7—-H-015 - 2.34A 2.32A 2.42A
C9—H-015 - 2.54A 2.29A 2.69A
C2—H-N12 - 2.63A 2.38A 2.72A
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variety of ILs [28]. In this study, we have chosen a particular cation
with two distinctly different anions having quite different size,
flexibility, interacting sites, and H-bonding formation capability.
These two anions, Br~ and NTf, ™, on the other hand, represent two
extreme cases in the sense that while the former is a single atom
based anion, the latter is a multidentate, conformationally flexible,
considerably larger anion. The difference in hydrogen bonding
pattern is presented in Figs. 5 and 6. There are three H-bonding
interactions found in PIP{4Br with H—Br distances 2.57, 2.45, and
2.54 A, which are smaller than the sum of van der Waal radius of H
and Br (3.05 A) [54]. The corresponding angles C7—H—Br, C2—H—
Br, and C9—H—Br were found to be 155°, 153°, and 156°
respectively, indicating relatively stronger H-bonding interactions.
It is worth mentioning that when compared with imidazolium
analogue bmimBr, the melting point of PIP4Br is recorded to be
higher by 162 °C (bmimBr mp =79 °C, PIP14Br mp =241 °C) [55]. The
cations are different in the sense that imidazolium cation is
aromatic in nature, whereas, piperidinium cation is a non-
aromatic, quaternary ammonium salt. Interestingly, even though
there is an additional possibility of having - interaction in
imidazolium ILs in contrast to piperidinium cation based ILs, the
melting point of the former is found to be much lower than the
latter. Since the substituents are same (in both cases, butyl and
methyl groups), it can fairly be assumed that there is no drastic
change in hydrophobic interaction [56]. A close look at other
interactions between cation and anion provides interesting
differences. While in bmimBr, only one strong H-bonding
interaction was observed between cation and anion involving
C2—H—Br with a distance of 2.19 A and angle of 154° [26,56], there
are three H-bonding interactions present between cation and
anion in PIP4Br (see Fig. 5). The H-bonding in the former involving
most acidic C2—H is quite well known and extensively studied
[56,57]. The single H-bond in bmimBr is, however, found to be
quite stronger than any of the three individual H-bonding
interactions present in PIP4Br. The H-bonding interactions in
PIP14Br are quite unique compared to corresponding imidazolium
derivatives. In case of PIPi4Br, the Br~ anion holds all three
segments (i.e., methyl group, n-butyl chain and piperidinium
moiety) of PIP14 cation through H-bonding interactions, giving it
more compact, less flexible cation-anion pair than corresponding
bmimBr (see Fig. 5). This tempted us to infer that more number of
H-bonding though weaker are more significant in determining the
physical state than a stronger classical H-bonding interaction.
Interestingly, when the anion in PIP4Br (having mp 241°C) is
changed by NTf, anion, the salt becomes a colorless, less viscous,
RTIL (mp —25°C).

The DFT optimized structure of PIP14NTf; (Fig. 6) shows four H-
bonding present between cation and anion; two are with the
methyl group, one with the piperidinium ring, and one with the n-
butyl chain. Although the number of H-bonding is larger in
PIP4NTf, (through multi-interacting sites), the melting point of
PIP14Br is significantly higher than PIP4NTf,. Hence, the flexibility
and volume of anion in this case appear to be more important than
H-bonding interactions [58,59]. This finding has made us study the
interaction between the cation and anion in more detail. The
interaction energy (AE) is defined as the difference between the

Table 2
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Fig. 7. IR spectrum of neat PIP;4NTf, (continuous line) and DFT calculated
vibrational bands (vertical lines). A scaling factor of 0.966 was required to reproduce
the experimental observations at the higher wavenumber region.

energy of the cation-anion pair (Eax) and the sum of the energies of
the isolated cationic (Ex+) and anionic (Ex_) species. The energies of
the cation, anion and cation-anion pair of PIP14NTf; are calculated
using DFT, MP2, and H-F methods and are presented in Table 2. It is
evident that the most stable geometry can be obtained from DFT
calculation compared with MP2 (by 7kcal/mol) and H-F (by
14 kcal/mol) method. It has been pointed out in our earlier report
that interaction energy can provide us a fairly well indication of
melting point of the salt [26]. The linear relationship between the
melting points and the interaction energies AE has also been
demonstrated very recently by Li et al. [60]. The interaction energy
calculated for PIP;4Br was found to be 90 kcal/mol, while that for
PIP14NTf, was observed to be only 70 kcal/mol, clearly showing the
linear relationship between the melting points and interaction
energy.

3.4. Understanding the interactions through vibrational spectral
features for PIP14NTf,

Vibrational spectroscopy is a powerful tool to get the structural
features and interactions present in ILs regardless of their physical
states. Fumino and Ludwig [29] have demonstrated that far
infrared (FIR) spectroscopy can be a suitable method for studying
the cation-anion interaction in ionic liquids. Significant difference
in wavenumber as well as intensity of the peak on variation of
systematic variation of anion with imidazolium cation helped
them to understand specific anion-cation interaction. Their
experimental results supported by DFT calculation also indicates
linear relationship between stretching frequency and binding
energy. Since we have shown above that DFT can reproduce well
the experimentally obtained structure and interactions, it is used
to understand and explain the experimental IR and Raman spectra
of synthesized PIP14NTf,. Fig. 7 shows the IR spectrum of PIP14NTf,

Energies of PIP,4" cation, NTf,~ anion and its ion pair, calculated using DFT, MP2, and H-F methods.

Methods  Energy of cation/kcal/ Energy of anion/kcal/ Total energy (cation +anion)/kcal/ Energy of ion pair/kcal/ Interaction energy kcal/
mol x 10° mol x 103 molx 103 molx 10° mol
(M (11 (11-1)
DFT —281.683 —1146.638 —1428.320 —1428.390 -70
MP2 —280.753 —1144.398 —1425.151 —1425.214 -63
H-F —279.729 —1142.838 —1422.567 —1422.623 -56
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Table 3
Selected IR frequencies of PIP14NTf, calculated using DFT and H-F methods.

along with DFT calculated [R-active normal modes. The experi-
mental IR spectrum shows major peaks at 570, 619, 1054, 1139,
1197, 1348, 1474, 2881, and 2966 cm . To assign these peaks, both
DFT/B-3L-Y-P and H-F calculation methods were used for
PIP14NTf, ion pair. The efficiency of DFT was clearly found to be
better in reproducing the experimental results than that of H-F
method. It can be seen from Fig. 8 that H-F method requires a
significantly larger correction factor as compared to DFT in the
higher wavenumber region. Similar indications have also been
reported for a wide range of molecules [37,46]. On the basis of DFT
calculation, experimental peaks have tentatively been assigned
and are presented in Table 3. While the bands at 570 and 1054 cm ™!
are assigned to the O=S=O0 scissoring, and S=0 symmetric
stretching (weakly coupled with S—N asymmetric stretching,
respectively), the 1139 and 1197 cm~! peaks correspond to C—F
stretching and symmetric bendings, respectively. The bands at
2881 and 2966 cm ! correspond to the symmetric and asymmetric
C—H stretching modes of the cation. The IR frequencies derived
from the DFT/B-3L-Y-P calculations agree reasonably well with
the experimental frequencies (see Fig. 8). In addition, theoretically
determined relative intensities are also found to be in good
agreement with experimental IR intensities. The correlated

Observed v (cm™!) DFT v (cm™ ) H-F v (cm™1) Band assignment in PIP14NTf,
568 549 629 Scissoring in 0=S=0 and CF3
570 589 694 op bending of N and Scissoring in 0=S=0
739 701 810 N—S sym stretching
790 755 847 C—F and N—S sym stretching
905 905 987 N—C(CH3) stretching and twisting in H—C—H
938 945 1025 Rocking of H—C—H, predominantly of piperidine ring CH2
1054 1086 1257 S=0 sym stretching weakly coupled with S—N asym stretching
1139 1152 1346 C—F stretching
1197 1196 1379 C—F sym bending
1469 1480 1569 H—C—H wagging and umbrella bending in CHs3 group
2881 3015 3162 sym C—H stretching in Bu group
2966 3089 3241 asym C—H stretching in piperidinium ring
Sym-symmetric; asym-asymmetric.
1.5 0.4
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Fig. 9. Experimental IR spectra for PIP14Br and PIP4NTf.
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reproduce the experimental observations in the C—H stretch and fingerprint regions.

experimental IR spectra for PIP;4Br and PIP4NTf, are shown in
Fig. 9.

Although a conformational study of cation and anion is not
possible through IR, Raman spectra are found to be very helpful.
The experimental and simulated Raman spectra of PIP4NTf, are
shown in Fig. 10. The experimental Raman spectra have been
correlated with the DFT calculated Raman intensity. Raman
activities obtained by Gaussian program were converted to Raman
intensity using a procedure described in literatures [39-42]. The
fingerprint region consists of one strong, sharp line at 740cm™,
which is characteristic for NTf, ™ anion and corresponds to S—N and
C—F stretching coupled with SO, wagging motion. In addition,
relatively less intense peaks are seen at 323, 343, 403, 714, 1081,
1135, 1237, and 1441 cm™! in the fingerprint region, while a broad

Table 4

conglomerate of some bands appears in the 2800-3100cm™!

interval. Raman spectra reported by Siqueira et al. [31] very
recently for PIP;4NTf, is found to correspond well with our
experimental and theoretical results. The majority of these peaks
have been assigned based on reported values and interpreted
satisfactorily on the basis of our DFT (6-31 ++G(d,p)) calculation
(see Table 4) [46]. More specifically, the S=0 symmetric and
asymmetric stretching bands appear at 1081 and 1276cm™,
respectively. Sharp bands at 2874 and 2944cm™' along with a
hump at 2979 cm ! are also observed in the C—H stretching region.
Correlation of Raman frequencies calculated using two different
methods (DFT and H-F) with experimental peak positions is shown
in Fig. 11. DFT calculation is found to reproduce the experimental
frequencies better compared to H-F method. The Raman spectra

Selected Raman shifts (wavenumber) of PIP14NTf, (transoid form) calculated at DFT and H-F methods. Some of the calculated bands are closely matching with that of
experimental bands which might be just coincidental considering that the calculations were done in gas phase while Raman spectra were recorded in its normal phase of

existence.

Observed v (cm™") Transoid form

Assignment of bands

DFT v (cm™1) H-Fv (cm™1)
301 294 348 Wagging in SO2 coupled with C—F sym bending
323 324 348 Twisting in SO2
343 342 377 Rocking of H—C—H in piperidinium ring
349 366 398 Rocking of SO2 and S—N stretching
396 388 447 Rocking of SO2
569 560 581 Scissoring in SO2 and F—C—F
714 701 810 S—N stretching and C—F symmetric stretching
740 755 866 S—N stretching and C—F symmetric stretching coupled with SO2 wagging
837 837 895 Wagging of H—C—H in piperidinium ring
909 912 977 C—C stretching in butyl group
1028 1060 987 N—CH3 stretching
1081 1081 1239 S=0 sym stretching
1135 1152 1341 C—F stretching
1237 1196 1386 C—F sym bending in NTf, (umberalla bending)
1276 1285 1440 S=0 asymmetric stretching
1441 1488 1606 Scissoring of H—C—H
2873 3015 3162 sym C—H stretching in butyl group
2945 3089 3241 asym C—H stretching in piperidinium ring
2980 3113 3292 sym C2—H stretching in piperidinium ring
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Fig. 13. Experimental Raman spectra of PIP14Br and PIP4NTf, (C—H region).

for PIP4Br and PIP14NTf; in the fingerprint and C—H regions are
shown in Figs. 12 and 13, respectively. While insignificant shift is
observed in the fingerprint region, the C—H region shows
significant shifts between PIP14Br and PIP4NTf, ILs as evident in
Fig. 13. Blue shift of (~9cm™!) is observed for PIP;4Br compared to
that of PIP4NTf,. This vibrational spectroscopic result clearly
indicates that the strength of hydrogen bond is stronger in case of
PIP;4Br when compared to PIP4NTf,. This result is also in
agreement with our previous report for similar derivatives but
with imidazolium cation [26]. Hobza and Havlas have described
this blue shift solely as due to the increase in strength of hydrogen
bonding between cation and anion [61]. Further, the Raman
spectrum interestingly indicates a cis-trans equilibrium of
NTf; anion (shown in Fig. 10; the corresponding band is indicated
by an arrow) in liquid PIP4NTf,. The existence of two closely
spaced bands (between 380 and 450 cm™!) indicates the coexis-
tence of two conformational forms. Details of cisoid-transoid
conformations are discussed in Section 3.5.

3.5. Existence of cisoid-transoid equilibrium of the anion in PIP14NTf>

The experimental Raman spectrum of PIP4NTf, shown in
Fig. 10 contains two closely spaced bands due to vibrational motion
of NTf,~ in the region of 380-450 cm ™. To interrogate this Raman
signature, we here focus on the calculated and experimental
spectra below 700cm~.. Raman frequencies calculated for both
cisoid and transoid NTf, ™ anion containing PIP,4 ILs using DFT/B3-
L-Y-P/6-31 ++G(d,p) in the low-frequency region are tabulated in
Table 5 and the same has also been plotted in Fig. 14a. The bands
are assigned based on the literature [53] and on observing relative
displacements of the atoms using GaussView program. The figure
clearly depicts that some of the bands have been shifted
considerably on change of conformation of NTf;, while some have
different intensities. The out-of-plane bending of N in NTf,~ anion
is observed at 207 cm™! in transoid conformation, while it is red
shifted to 188cm™! in cisoid-PIP;4NTf,. The band at 278 cm,
which is assigned to the SO, twisting in the transoid form, is shifted
to 257cm™~! in the cisoid form. The SO, scissoring observed at
324 cm! in the transoid form is shifted to 304 cm™! in the cisoid
form. The SO, rocking in the transoid conformation observed at
388 cm~! moves to 406 cm™! in the cisoid conformation. The S-N-
S in-plane bending observed at 602cm~! in the transoid
conformation is shifted to 627 cm™! in the cisoid conformation.
Other bands are found to show a maximum shift of about 10cm ™.

Fig. 14b compares the observed Raman spectrum (solid curve)
with the cisoid (blue vertical line) and transoid PIP14NTf, (green
vertical line) DFT-calculated frequencies in the 380-420cm™!
region. This region represents Raman bands of the cisoid and
transoid conformers of NTf, ", as described in several literatures for
imidazolium based ILs [43,53]. Further two closely spaced bands,
at 617 and 651 cm ™!, that have been observed experimentally are
identified as scissoring of S-N-S in trans and cis conformations,
respectively, with the help of DFT calculation. As there is no
calculated band present between 603-701cm~! for trans

Table 5
Important Raman bands observed in cisoid-transoid conformation of PIP14NTf,
anion.

transoid form cisoid form Assignment of bands

DFT v (cm™1) DFT v (cm™ ')

207 188 Out of plane bending of N
278 257 Twisting of SO,

324 304 SO, scissoring

388 406 Rocking of SO,

602 627 S-N-S in plane bending
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conformer and one extra band is observed experimentally in this
region, it can be recognized for its origin from the cis conformation
from DFT calculation. DFT-calculated Raman bands in this region
correspond to the wagging modes of SO, at 388 cm™! for transoid
and 406cm~! for cisoid conformations. The Raman frequency
calculation using DFT produces no vibrations between 389-
455cm~! for transoid-PIP14NTf, and between 379-405cm~" for
cisoid-PIP14NTf,, as clearly seen in Fig. 14a. Hence, we confirm that
NTf, ™ in the liquid state of PIP14NTf, consists of two conformers in
equilibrium. The frequencies we obtained from DFT calculation for
the SO, wagging is consistent with the literature available for
imidazolium cation based NTf, ILs [43,53]. These transoid and
cisoid marker bands are reported to appear at 397 and 405 cm™! for
hmimNTf,, almost at the same position as in emimNTf, [53].

4. Conclusions

In N-butyl-N-methylpiperidiniumbis(trifluoromethanesul-
fonyl) imide (PIP4NTf,) optimized structure, the piperidinium
ring was found to exist in a chair form, which is the most stable
conformation, when compared with boat and twist-boat forms.
Also the butyl group was observed to be stable in gauche
conformation with respect to the piperidinium ring. In bmimBr,
no H-bonding was observed between the anion and alkyl chain. In
contrast, in PIP14Br, two H-bonding with the alkyl chain along with
one H-bonding with a hydrogen on the piperidine ring was
observed. Hence, this higher number of H-bonding present in
PIP14Br is one of the main reasons to its higher melting point
compared to imidazolium analog, bmimBr. The interaction energy
for PIP14Br was estimated to be higher than that for PIP14NTf5,
showing a positive correlation between interaction energy and
melting point. DFT calculation generated the most stable geometry
for PIP14NTf, when compared with three different (DFT, MP2, and
H-F) methods. The transoid conformation of NTf,~ anion was
found to be more stable than the cisoid conformation by 1.04 kcal/
mol. Interestingly, the experimental Raman spectrum of liquid
PIP14,NTf, (between 380 and 450cm™!) clearly indicates the
existence of cisoid-transoid conformational equilibrium of NTf, .
DFT calculation predicts the Raman band arising from the SO,

wagging to appear at 388cm™! (transoid) and 406 cm™! (cisoid).
Blue shift in C—H stretching frequency has been observed for
PIP14Br which clearly indicates stronger hydrogen bonding in
PIP4Br compared to PIP;4NTf, IL. Further, the existence of
rotamers of the anion in PIP;4NTf, might account for the drastic
decrease in melting point when compared with PIP14Br.
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