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The Protic Ionic Liquid (PIL) formed by neutralization of the super-strong base 1,7-diazabicyclo[5.4.0]u
ndec-7-ene (DBU) with the super-strong acid bis(trifluoromethanesulfonyl)-imide (TFSI), indicated as
[DBUH][TFSI], has been investigated. Its chemical physical properties and structural features have been
explored using a synergy of experimental and computational tools. Molecular Dynamics-rationalised
X-ray diffraction patterns highlight the major role played by hydrogen bonding (HB) in affecting mor-
phology in this PIL. A comparison between HB features in this and in related PILs has been presented,
on the base of far-IR experiments and DFT analysis. Indications of a weaker HB interaction in [DBUH]
[TFSI] in comparison with [DBUH][TfO], consistently with their DpKa difference, have been observed
and rationalised in terms of geometrical properties of the main conformers contributing to the experi-
mental spectra. In the liquid phase of [DBUH][TFSI] a particularly large conformational disorder is
observed and the corresponding large dispersion of the frequencies of the HB stretching modes leads
to a broad absorption band without a well defined peak. On the contrary, well detectable HB related
absorptions are observable in the solid phase of [DBUH][TFSI] and at all temperatures in [DBU][TfO],
where less configurational disorder occurs.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Protic ionic liquids (PILs) represent an appealing class of com-
pounds composed solely of ionic species, with melting point below
100 �C, which are characterised by proton transfer from an acidic
to a basic species, thus leading to the establishment of an extended
hydrogen bonding network [1]. In 1888, Gabriel reported the
preparation of the first PIL compound: ethanolammonium nitrate
(melting point: 52–55 �C) [2], while Walden discovered the first
PIL in the liquid state at ambient conditions in 1914, namelyethy-
lammonium nitrate (EAN, melting point: 12 �C) [3]. The opportu-
nity provided by the presence of a transferrable proton opened
the way to the proposal of PILs as appealing fuel cell electrolytes.
[4,5] On the other hand the availability of proton in the bulk PIL
depends on the difference between pKa values of the acid and base
species determined in dilute aqueous solutions (hereinafter indi-
cated as DpKa) [6]. Upon neutralization of the super-strong base
1,7-diazabicyclo[5.4.0]undec-7-ene (hereinafter indicated as
DBU) with the super-strong acid, bis(trifluoromethanesulfonyl)a
mide acid (H[TFSI]), one derives the protic ionic liquid , [DBUH]
[TFSI], that is characterised by a record high DpKa = 23.4 (for com-
parison, Kanzaki et al. [7] reported EAN’s DpKa = 10) [6,8-10]. DBU
is a sterically hindered amidine, where the positive mesomeric
effect of the adjacent nitrogen atom stabilizes the protonated spe-
cies [11], only the imino nitrogen getting protonated [9]. We
dec-7-
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Scheme 1. Schematic representation of the ionic species composing the studied
salt. On the top, the protonated form of 1,7-diazabicyclo[5.4.0]undec-7-ene
([DBUH+]); on the bottom, the bis(trifluoro-methanesulfonyl) amide anion ([TFSI])
anions are shown.
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recently reported on neat DBU structure, describing its local
arrangement in the bulk liquid state [12]. In the past, related
[DBUH]-based PILs have been studied by other groups. Tolstikova
et al. prepared salts with Cl, Br, p-toluenesulfonate and triflate
anions [13] and later with other fluorinated anions including [TFSI]
[14], therein reporting preparation and solubility properties in
diverse media, including water. The importance of the DpKa

parameter in determining key chemical-physical properties of PILs
has been recently highlighted: Angell et al. proposed thatDpKa val-
ues>10 lead to substantial proton transfer and hence highly ion-
ized PILs [6]. On the other hand, MacFarlane et al. proposed that
a much lower value of DpKa (>4) is required to achieve complete
proton transfer. Watanabe et al. showed that values for DpKa > 15
lead to PILs with enhanced thermal stability and high ionicity, due
to the complete proton transfer and weak correlations between the
charged species. [9]For smaller values, the large amount of neutral
species and the establishment of hydrogen-bonding driven correla-
tions between ions lead to low ionicity values. More recently,
Miran et al. showed that when pairing super acid H[TFSI] with dif-
ferent strength bases (ranging from pyrazine to DBU), the thresh-
old value for DpKa to achieve thermally stable and high ionicity
PILs is around 10, thus significantly dropping the value (such a
result is supposedly due to the multiple proton donating and
receiving site both in [TFSI] and in the cations) [10]. Here we are
focusing on the PIL produced by neutralization of the super-
strong base DBUwith the super-strong acid, H[TFSI]: accordingly
the PIL [DBUH][TFSI] is characterised by complete proton transfer,
very high thermal stability and ionicity. [9,10]

In this study, subsequent to a previous one from some of us that
was focused on related [DBUH]-based PILs [12], we use experimen-
tal and computational techniques to explore the structural and
vibrational features of [DBUH][TFSI]. Synchrotron high-energy X-
ray diffraction is used to extract the liquid structure of the salt,
thus complementing atomistic Molecular Dynamics simulations,
accessing the local correlations between the different ions. In par-
allel, ab initio calculations are used to rationalise experimental far
infrared spectroscopy data obtained at a synchrotron source, as a
function of temperature. These highly complementary tools allow
providing an accurate description of a very interesting PIL, where
full proton transfer is considered to occur.
2. Experimental and computational section

2.1. Sample preparation

2.1.1. Synthesis of [DBUH][TFSI]
1,7-diazabicyclo[5.4.0]undec-7-ene (DBU) has been bought at

TCI (Lot: YSUDE), with 99.4% purity. Before utilization it has been
kept under vacuum for > 1 week and maintained in a moisture free
environment.

The [DBUH][TFSI] (see Scheme 1) ionic liquid was synthesized
by reacting the DBU strong base (previously diluted in deionized
water according to a DBU:H2O volume ratio equal to 1:1) with
the stoichiometric amount of nitric acid (Sigma-Aldrich, 70 wt%
in water solution). The DBU:HNO3 mole ratio was fixed equal to
1:1 in order of achieve protonation of only one DBU N atom:

DBU + HNO3 ! [DBUH][NO3] ð1Þ
As the reaction (1) is rather exothermal, both reagents were

previously cooled in a freezer before the synthesis. In addition,
the (cold) aqueous HNO3 solution was added dropwise to the (cold)
DBU base and a water–ice bath was used to avoid uncontrolled
temperature increase. Stirring was allowed for a few hours in order
to bring the reaction to completeness. Then, lithium bis(trifluoro
2

methylsulfonyl)-imide, LiTFSI (3 M, > 99.9 wt%), salt was added
to the [DBUH][NO3] solution, in order to obtain the [DBUH][TFSI]
ionic liquid, according to the anion exchange reaction (2):

[DBUH][NO3] + LiTFSI ! [DBUH][TFSI] + LiNO3 ð2Þ
LiTFSI was used in slight excess (2 wt%) with respect to the sto-

ichiometric amount to maximise the reaction yield. [15] A fast for-
mation of water-insoluble [DBUH][TFSI] as a solid precipitate was
suddenly observed. Then, the system was stirred for one hour at
room temperature[15] and, successively, kept at 5 �C to allow
phase separation, i.e., the [DBUH][TFSI] lower solid phase (ionic
liquid is denser than the water solution) and the aqueous upper
phase (containing the LiNO3 as the reaction by-product). The latter
was removed by vacuum filtration, whereas [DBUH][TFSI] was
repeatedly rinsed (five times) with deionized water (IL:H2O vol-
ume ratio equal to 1:1) to remove the small fraction of LiNO3

and LiTFSI dissolved in the ionic liquid and the water-soluble
impurities. [15] Finally, the ionic liquid was vacuum dried accord-
ing to the following protocol: room temperature (2 h), 50 �C (2 h)
and 100 �C (24 h). The [DBUH][TFSI] material, housed within sealed
glass containers, was stored and handled inan argon atmosphere
glove box (H2O and O2 below 1 ppm). A moisture level below
2 ppm (determined by Karl-Fischer titration) was detected.
2.2. Conductivity measurements

The ionic conductivity of the [DBUH][TFSI] IL was determined
through an AMEL 160 conductivity meter within the temperature
range from �40 to 80 �C. The ionic liquid (solid at room tempera-
ture) was previously melt and, then, housed in sealed glass cells
(AMEL 192/K1, cell constant equal to 1.00 ± 0.01 cm) equipped
with two porous Pt electrodes. Successively, the cell was trans-
ferred in a climatic chamber (Binder GmbH MK53) at �40 �C. After
a storage period at this temperature of 24 h, the conductivity of
[DBUH][TFSI] was measured by running a heating scan at 1 �C h�1.
2.3. High energy X-ray scattering

[DBUH][TFSI] was loaded into a borosilicate capillary of 1 mm
outer diameter, which was glue-sealed. The total high-resolution
X-ray scattering data were collected on the I15-1 beamline at Dia-
mond Light Source, UK, using X-rays of wavelength 0.161669 Å
(E = 76.69 keV) and a Perkin Elmer XRD 4343 CT detector. The total
scattering data were integrated to 1D using DAWN [16] and then
normalised and corrected to extract S(Q) using GudrunX [17,18].



Fig. 1. Conductivity data of [DBUH][TFSI], as a function of temperature.
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2.4. Infrared absorbance measurements

The infrared absorbance spectrum of [DBUH][TFSI] was mea-
sured in the far-infrared range (35–680 cm�1) as a function of tem-
perature at the AILES beamline of Soleil Synchrotron. A Bruker
IFS125 HR spectrometer, a bolometer detector and a Si/mylar
beamsplitter were used to acquire data with a resolution of
1 cm�1. The sample was preliminarily heated at � 350 K in order
to have it in the liquid state, and a drop was placed between the
diamond optical windows of a cell for liquids, equipped with O-
rings to avoid contaminations from water and/or air. A mylar
spacer, 50 lm thick, assured the proper thickness to highlight
the absorbance bands occurring below 200 cm�1. The cell temper-
ature was varied by means of a Cryomec cryostat, starting at 330 K
and cooling down to 160 K with a temperature rate of 5 K/min. Fur-
ther measurements were acquired on heating back up to 340 K.

2.5. Molecular dynamics simulations

Molecular dynamic simulations were performed using the GRO-
MACS 5.1.1 package [19,20]. Bonded and non bonded parameters
for the TFSI anion were described using an all-atoms potential
[21,22], while for the DBUH cation bonded parameters were
obtained from ATB repository [23] (ATB molid: 306726; all-
atoms topology); non bonded parameters for the cation were
obtained from OPLS-AA force field [24]. The simulation for
[DBUH][TFSI] salt was performed using a cubic box of 1500 ion
pairs; periodic boundary conditions were applied. Force field
parameter files for the anions were created by DLPGEN software
[25] (http://webpages.fc.ul.pt/~cebernardes/dlpgen_prog/Soft-
ware_dlpgen.html; accessed in march 2019); initial configurations
were created by Packmol software [26]. The starting density was
fixed 10 %higher than the experimental one. The equilibration pro-
cedure was performed in several steps, starting from a NVT simu-
lation at 400 K and scaled partial charges (10% of the original ones),
followed by a series of NPT runs lowering progressively the tem-
perature (from 400 K to 350 K) and increasing the charges to their
final value at 300 K and 1 bar, after a 10 ns run. This procedure was
repeated two further times until an equilibrated system was
obtained. After the equilibration phase, the system was run for a
total of 50 ns for a production run, and then the trajectory of the
last 5 ns was saved at a frequency of 1 ps for calculation of the
structural properties. The simulations were always checked versus
the experimental density and the energy profile. During the pro-
duction runs for the temperature coupling, we used a velocity
rescaling thermostat [27] (with a time coupling constant of
0.1 ps), while for the pressure coupling, we used a Parrinello–Rah-
man barostat [28] (1 ps for the relaxation constant). The Leap-Frog
algorithm with a 1 fs time step was used for integrating the equa-
tions of motion. Cut-offs for the Lennard-Jones and real space part
of the Coulombic interactions were set to 15 Å. For the electrostatic
interactions, the Particle Mesh Ewald (PME) summation method
[29,30] was used, with an interpolation order of 6 and 0.08 nm
of FFT grid spacing. Selected graphs were produced using Mat-
plotlib [31] and VMD [32]. Weighted and partial structure factors
were computed by using in-house developed software, accordingly
to text book formulas as highlighted in Margulis’s work [33], while
selected pair correlation function and angular distribution function
were obtained by TRAVIS. [34-36]

2.6. DFT Calculations

DFT calculations were performed by means of the Spartan soft-
ware [37]. Preliminary possible geometries of the [DBUH][TFSI]
and [DBUH][TfO] ionic couples were generated at the molecular
mechanics level, by a systematic rotations of flexible bonds by
3

120�. We obtained 10 and 105 possible different configurations
of the [DBUH][TfO] and [DBUH][TFSI] ionic couples, respectively.
All these possible configurations were afterwards optimized by
means of DFT calculations with the xB97X-D functional and the
6-31G** basis set, in order to obtain their relative energy. The pres-
ence of a polar solvent (dimethylformamide, er = 37.22) was con-
sidered, as it was proven in the previous literature that the
occurrence of a polarizable medium is a key ingredient to simulate
the ionic couples composing ionic liquids [38]. For all configura-
tions of the [DBUH][TfO] ionic couple and for the eight lowest
energy configurations of the [DBUH][TFSI] couple the infrared
vibration frequencies and intensities were calculated at the same
level of theory. In the following we will report only configurations
with all positive frequencies and an energy difference of no>11 kJ/-
mol with respect to the lowest one in order to have an appreciable
population. A theoretical absorbance spectrum was obtained by
summing Gaussian curves centered at each calculated vibration
frequency, with a 10 cm-1standard deviation and an intensity pro-
portional to the calculated one.
3. Results and Discussion

Chemical physical properties of neat DBU [39-41] and [DBUH]
[TFSI] [8,9,14,42] have been studied in the past by different groups.
The conductivity vs. temperature dependence of [DBUH][TFSI],
reported in Fig. 1, displays conduction values lower than 10-8 S
cm�1 (i.e., not reported in Fig. 1 as they are below the minimum
value detectable by the equipment) from �40 up to 25 �C. The step
increase of about four orders of magnitude, recorded above 30 �C,
corresponds to the melting of the [DBUH][TFSI] sample, in agree-
ment with the DSC results reported by Watanabe and co-workers
(small deviations might be due to different levels of water contam-
ination) [9]. In the molten state [DBUH][TFSI] display a VTF beha-
viour, typical of ionic liquid materials [9,43]. Further increase in
temperature beyond the melting point leads to a progressive raise
in conductivity, due to the convective thermal motions within the
ionic liquid medium. In the molten state, ion conduction values
approaching or overcoming 10-3 S cm�1 are exhibited, i.e., lower
than those of other IL systems based on the TFSI anion [43,44].
For instance, the much larger steric hindrance of the DBUH cation
(in combination with enhanced van der Waals forces) with respect
to the tetraalkylammonium, piperidinium, pyrrolidinium and,
especially, imidazolium cations, leads to remarkable increase of
the PIL viscosity. On the other hand, ionic liquids based on bulky
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Fig. 3. MD-derived pdfs for CoM sites of the Cation (Cat) and Anion (An) species in
[DBUH][TFSI] at 303 K.
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ions exhibit ion transport properties ionic liquid comparable with
those of [DBUH][TFSI]. [44]

The structural features of liquid [DBUH][TFSI] were investigated
by the synergy between synchrotron high energy X-ray diffraction
and Molecular Dynamics simulation. Our previous study on DBU
and other protic ILs based on it showed that the presently used
interatomic potential excellently accounts for the structural prop-
erties of these systems [12]. The simulated densities are in agree-
ment with experimentally available data sets. In particular we
obtain simulated densities of 1.016 g/cc for neat DBU at 298 K
[12] and 1.445 g/cc for [DBUH][TFSI] at 303 K to be compared with
experimental results: 1.0135 for DBU [45] and 1.4480 g/cc for
[DBUH][TFSI] [42]. This agreement is comparable to the one that
we previously reported in our simulations of [DBUH][TfO] and
[DBUH][IM14] [12]. Therein we also compared experimental X-
ray scattering patterns with computed ones for neat DBU and for
[DBUH][TfO] and [DBUH][IM14] [12]. In the present case, as
[DBUH][TFSI] melts at 25 �C, we could obtain experimental X-ray
scattering data at 30 �C. In Fig. 2 we report the comparison
between experimental and computed X-ray scattering patterns
for [DBUH][TFSI] at 30 �C. In Figure S1 of the Supporting Informa-
tion, we also show the previously reported comparison between
experimental and computed X-ray scattering patterns, together
with the new experimental and computed X-ray scattering pattern
from [DBUH][TFSI]. It appears that analogously to the case of
[DBUH][IM14] [12], [DBUH][TFSI] is characterised by a scattering
feature centred at about 0.85 Å�1, that is not present in the case
of neat DBU or [DBUH][TfO]. This is a common feature for the case
of ionic liquids bearing imide anions such as [TFSI] [46-50] or
[IM14] [51-54] and rarely encountered in the case of ILs with other
anions. Notably, similarly to the other [DBUH]-based ILs, no evi-
dences of low Q scattering features can be detected, indicating that
no extended intermediate range order occurs in this IL [55-57].

On the basis of the X-ray scattering pattern validation of the MD
descriptive capability of structural features in [DBUH][TFSI], we
next interrogated the Molecular Dynamics simulations on micro-
scopic details of structural correlations in liquid [DBUH][TFSI].

As a preliminary characterization, we explore the inter-ion cor-
relations, showing cation (Cat) / anion (An) (Cat-An), An-An and
Cat-Cat centers of mass pair distribution functions. These data
are shown in Fig. 3. The observed behaviour is similar to the one
found for other [DBUH] based PILs with [TfO] and [IM14] anions,
as well as the recently reported behaviour of the PIL [C1hIm][TFSI]
Fig. 2. Experimental (black line) and MD-derived (red line) X-ray scattering
patterns for [DBUH][TFSI] at 30 �C.
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[58]. The closest approach is observed for cation–anion correla-
tions at � 5.6 Å; the intense first peak shows a shoulder at 8 Å, a
feature that was also observed in [DBUH][IM14] [12], although to
a lesser extent, and in [C1hIm][TFSI] (at shorter distances) [58].
The first solvation shell is composed of approximately 8 moieties
surrounding the oppositely charged species, a value to be com-
pared with 7 and 6, in the cases of [DBUH][TfO] and [DBUH]
[IM14], respectively. One can rationalise this observation consider-
ing that [DBUH][TFSI] is characterised by a larger cation–anion sol-
vation shell than [DBUH][TfO], as the first minimum of the Cat-An
pdf (see Fig. 3) falls at ca. 10 Å (to be compared with the value of
8.6 Å found in [DBUH][TfO] [12]).

Moreover, in Figure S2 of the Supporting Information, we
report the spatial distribution functions of [TfO] and [TFSI] anions
around a reference [DBUH] cation for the first solvation shell. In the
case of the [TfO] anion, the negative charge is more localised and,
accordingly, a higher degree of directionality is found in the inter-
action with the cation, as evidenced by the existence of several
coordination lobes in the SDF. On the other hand, charge is more
uniformly distributed in [TFSI] and, consequently, one observes a
more homogeneous anion distribution around the reference cation
(Figure S2 of the Supporting Information).

Similarly charged species (Cat-Cat and An-An) correlations are
characterised by a main peak centred at 8 Å and by a distinct
shoulder at about 12 Å and have a similar trend, especially above
14 Å, thus reproducing the common out of phase behaviour with
oppositely charged species correlations. Anion-Anion correlations
are reported in Figure S3 of the Supporting Information for the
three anions (Tfo, TFSI and IM14) for comparison purposes.
Therein, it emerges that TfO anions can approach each other much
more closely than other anions, due to the concomitance of
reduced sizes and geometric asymmetry. IM14 anions are those
who can approach each other at the longest distance, in the first
solvation shell: this effect is due to the very large size of these
anions as compared to the other two and to the fluorous nature
of its chains that enables extensive dispersive interactions between
these tails. TFSI, due to its symmetry and intermediate sizes, has a
solvation shell with intermediate sizes with respect to the two
other anions.

In order to better visualise the nature of cation solvation, we
report in Fig. 4, the Spatial Distribution Function (SDF) of both
cations and anions Center of Mass (CoM) around a reference cation.
Therein, we use the following scheme: a) red lobes refer to anions
surrounding the reference cation up to a distance of 7 Å; b) pink
lobes refer to anions surrounding the reference cation between 7
and 10 Å; c) blue lobes refer to cations surrounding the reference
cation up to a distance of 7 Å; d) cyano lobes refer to cations
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Fig. 4. Spatial Distribution functions of anions (red and pink) and cations (blues and
cyan) CoMs solvating a reference cation in [DBUH][TFSI] at 303 K. [Isovalues chosen
for the threshold are respectively: 7, 2, 2, 1.5, relative to uniform density]
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surrounding the reference cation between 7 and 13.5 Å. It emerges
that the closest approach between cation and anions occurs in
proximity of the N-H moiety, driven by hydrogen bonding interac-
tions. Further anions building up the first solvation shell create a
lantern-like distribution in proximity of the reference cation. First
neighbour cations tend to distribute interstitially between this
bimodal distribution of anions, occupying space close to the refer-
ence cation. Cations, that are more distant, tend to locally neu-
tralise the system, with further intercalation between anions
shells. Overall then the main driving force in determining order
in this system is hydrogen bonding interactions between opposite
ions. Then the trend to locally neutralise charge leads to spatially
alternating layers of cations and anions around the reference
cation.

In Fig. 5, we show the combined distribution function account-
ing for the geometrical features of the HB correlation between
cation N-H and anion oxygen atoms. It clearly emerges that its
length is < 2 Å and it is linear, thus prompting for a HB interaction
between ion pairs, similarly to what has been observed for the
other [DBUH]-based PILs. In Figure S4 of the Supporting Informa-
Fig. 5. MD-derived Combined Distribution Function referring to the geometrical
features of the hydrogen bonding in [DBUH][TFSI] at 303 K.

5

tion we compare the pair distribution functions for the H���O HB-
mediated distance for the two salts [DBUH][TfO] and [DBUH][TFSI].
Figure S5 of the Supporting Information reports also the number of
neighbours extracted from the pair distribution functions for the
H���O HB-mediated correlation for comparison with analogous plot
reported in ref. [12]. It emerges that both H-bonds are shorter than
2 Å, but the present choice of interatomic potentials prompts for a
larger distance for the case of [DBUH][TFSI] than in [DBUH][TfO] (rTF-
H���O = 1.88 Å vs rTfOH���O = 1.78 Å). The same behaviour has been found
for the comparison between [DBUH][TfO] and [DBUH][IM14] [12].
These observations are consistent with the proposal from ref. [9] that
due to the difference in DpKa between [DBUH][TfO] and [DBUH]
[TFSI] (20.4 vs. 23.4, respectively), a weaker interaction between
protonated cation and anion is expected for the case of the [TFSI]
anion, as compared to the [TfO] case.

Aiming at further exploring the nature of hydrogen bonding in
[DBUH][TFSI], we exploited far-infrared spectroscopy measure-
ments to detect such interactions. Indeed, the spectral range below
200 cm�1 can display bands corresponding to the stretching and
bending of the hydrogen bonds [38,59]. The far-infrared spectrum
of [DBUH][TFSI], measured upon heating between 160 and 340 K, is
reported in Fig. 6 in the wavenumber range between 40 and
190 cm�1, where possible markers of hydrogen bonding correla-
tions are expected. At the highest temperatures (T � 300 K), only
a broad band centred around 80 cm�1 is visible. On the other hand,
below T = 280 K, i.e. in the solid phase, one can discern the pres-
ence of two well detectable bands around 55 and 90 cm-1as well
as a less prominent feature at ca. 110 cm�1, which becomes more
evident at lower temperatures. When hydrogen bonding interac-
tions occur in ionic liquids, according to a well established model
[38,59], one can decompose the broad band occurring below
150–200 cm�1 in at least three contributions: a central band due
to dispersion forces, usually centred around 80 cm�1, and two side
bands due to the hydrogen bonding bending and stretching modes,
usually centred in the ranges 50–70 cm�1 and 100–150 cm�1,
respectively. [38,59]. The logarithm of the ratio of the intensity
of the bands due to a) hydrogen bonding, IHB, and b) dispersion
forces, Idisp, is supposed to follow the van’t Hoff equation, so that
by defining r ¼ IHB

Idisp
, one has:

ln rð Þ ¼ �1
T
DH
R

þ DS
R

þ c

where T is the absolute temperature, R is the gas constant, DH and
DS are the enthalpy and entropy differences between the configura-
tions governed by dispersion forces and by hydrogen bonding, c is a
Fig. 6. Temperature dependence of the absorption spectrum of [DBUH][TFSI]
measured on heating between 160 and 340 K in the far infrared region.



Fig. 8. Van’t Hoff plot of the ratio between the intensity of the band centred around
110 and 85 cm�1, due to hydrogen bond stretching and dispersion forces,
respectively, in [DBUH][TFSI].
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constant. Therefore, the slope of the linear regression of ln(r) vs 1/T
provides a measure of the enthalpy difference between the H-
bonded and non H-bonded configurations.

This approach was applied to explore the temperature depen-
dence of the far-IR spectrum of [DBUH][TFSI], by deconvoluting
the spectrum using different Lorentzian peaks. A representative
decomposition of the broad features observed below 150 cm�1 in
liquid [DBUH][TFSI]is shown in Fig. 7. At all temperatures the num-
ber of contributions to the absorbance was kept to the minimum
number of three, in order to avoid data over-interpretation. The
van’t Hoff plot of ln(r) vs. 1/T is displayed in Fig. 8 over the whole
probed temperature range, considering the ratio between the
intensity of the band centred around 110 and 85 cm�1, due to
hydrogen bond stretching and dispersion forces, respectively. The
band centred around 50 cm�1, which is located close to the lower
limit of the experimental measurements was not further consid-
ered for the evaluation of DH, as it is more affected by uncertain-
ties. Indeed, the calculated uncertainties of the ratio between the
intensities of the band around 85 and 55 cm�1 are so high that this
quantity is not useful to provide information about the hydrogen
bonding. More precise and useful results can be obtained by the
ratio of the intensities of the bands centered around 85 and
110 cm�1, as reported in the following.

One can observe two different temperature dependences for ln
(r) in the solid and liquid phase. In the solid phase, an Arrhenius-
like linear trend is observed between ln(r) and 1/T and one obtains
DH = 1.9 ± 0.2 kJ/mol, a quite low value. In the liquid phase (1000/
T < 3.4 K�1), the intensity of the peak due the hydrogen bond
stretching drastically decreases and becomes hardly distinguish-
able above the intense background and results in a remarkable
increase of the relative error of the calculated r values. For this rea-
son, the presently reported infrared measurements suggest that
while the occurrence of hydrogen bonding in [DBUH][TFSI] is well
evident in the solid phase, HB interactions are hardly detected in
the liquid state by means of infrared spectroscopy. This circum-
stance can be rationalized considering the large geometrical disor-
der of the liquid phase compared to the solid one and the large
number of conformers occurring in the liquid state, which differ
in the relative orientation of the N-H. . .O bonds. Indeed, infrared
spectroscopy is particularly sensitive to the presence of a good
alignment of the hydrogen donor, hydrogen and hydrogen acceptor
atoms in order to detect the occurrence of hydrogen bonding
stretching bands in the far infrared [38,59].
Fig. 7. Typical decomposition of the far-infrared band below 160 cm-1in liquid
[DBUH][TFSI]. The contributions attributed to the dispersion forces and to the
bending or stretching of the hydrogen bonds are indicated as fit peak 2, 1 and 3,
respectively.
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Further support to this hypothesis comes from the comparison
of the temperature evolution of the far-infrared spectrum of
[DBUH][TFSI] and [DBUH][TfO] and the DFT calculations on the
low energy conformers of the two ionic pairs. In the previous liter-
ature it was noted that a key role in the presence and in the inten-
sity of the hydrogen bonding is played by the specific anion present
in the ionic liquids; therefore, we additionally investigated the far-
infrared spectrum of [DBUH][TfO]. Indeed, [TFSI] usually does not
give rise to strong hydrogen bonds, while other anions, such as
methanesulfonate ([MsO]) and trifluoromethanesulfonate ([TfO]),
are more prone to strongly bind to cations [38,59]. Moreover, the
[TfO] anion does not possess geometrically different, non-
overlapping conformers, so that a liquid containing such an anion
Fig. 9. Comparison of the far-infrared spectra of [DBUH][TFSI] and [DBUH][TfO]
measured at 320 K and at 180 K with the calculated absorbance of the four
conformers of the ionic couples. For both couples the blue, green, orange and red
lines refer to conformer A, B, C and D described in Figures S6 and S7 of the
Supplementary Information, respectively.
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should be less affected by geometrical disorder. Fig. 9 reports the
comparison of the far-IR spectra of [DBUH][TFSI] and [DBUH]
[TfO] at 320 K and at 180 K. As already discussed, [DBUH][TFSI] dis-
plays three bands at low temperature centered around 80, 55 and
110 cm�1, attributed to the dispersion forces and to the bending
and stretching of hydrogen bonding, respectively. In the liquid
phase,[DBUH][TFSI]presents only a broad peak centered around
80 cm�1.

On the contrary, in [DBUH][TfO] one can observe three contri-
butions centred around 50, 80 and 120 cm�1, with attributions
similar to those reported for [DBUH][TFSI], both at high and low
temperature. In particular, the band centred around 120 cm�1,
which is attributed to the hydrogen bond stretching, is clearly vis-
ible also in the liquid state (see Fig. 10) and its intensity is compa-
rable to that of the band due to the dispersion forces (centred
around 80 cm�1). A stronger hydrogen bonding in [DBUH][TfO] is
also witnessed by the higher frequency of the hydrogen bond
stretching band in [DBUH][TfO] with respect to [DBUH][TFSI]
(122 vs. 105 cm�1 at 180 K). Indeed, the previous literature pointed
out that the frequency of this mode is higher in systems where
hydrogen bonding is stronger [38,59]. The frequency values
observed in the present study can be also compared to those of
the prototypical protic ionic liquids diethylmethylammonium tri-
fluoromethanesulfonate ([DEMA][TfO]) and diethylmethylammo-
nium methanesulfonate ([DEMA][MsO]), where the hydrogen
bond stretching bands are experimentally found around 150 and
160 cm�1, respectively [38]. However, the frequencies of the
hydrogen bonding stretching of [DBUH][TFSI] and [DBUH][TfO]
samples are rather similar to those of 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate ([C2mim][TfO]), 1-
ethyl-3-methylimidazolium methanesulphonate ([C2mim][MsO])
and 1-butyl-3-ethylimidazolium methanesulphonate ([C4mim]
[MsO]) [60]. In all these liquids, the hydrogen bond is weaker than
in [DEMA][MsO] and [DEMA][TfO], as it involves the weaker C-
H. . .O hydrogen bond interaction [60]. On the contrary, no hydro-
gen bonding was revealed in 1-ethyl-2,3-dimethyl imidazolium
bis(trifluoromethanesulfonyl)imide ([C2Mmim][TFSI]), and in gen-
eral it is difficult to evidence hydrogen bonds in [TFSI] based ionic
liquids [60]. Nevertheless, hydrogen bonding in samples contain-
ing either the [TFSI] or the (bis(fluorosulfonyl)imide) ([FSI]) anions
was reported for some ionic liquids containing cations bearing an
ether functionalized alkyl chain [61].

DFT calculations on the two ionic couples [DBUH][TFSI] and
[DBUH][TfO] can further help to understand the apparent lack of
a strong indication of hydrogen bonding in the [TFSI]- containing
IL from the far-infrared spectra in the liquid phase. An investiga-
Fig. 10. Typical decomposition of the far infrared band of [DBUH][TfO] in its liquid
state with Lorentzian contributions.
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tion of the conformers of the two ionic couples was performed
by a systematic rotation of the flexible bonds by 120�. Figures S6
and S7 of the Supplementary Information display the four lowest
energy conformers of [DBUH][TFSI] and [DBUH][TfO] with all pos-
itive vibration frequencies and an energy not differing>11 kJ/mol
from the lowest energy ones. The corresponding shortest N-H. . .O
distance and N-H. . .O angle are reported both in the Figures S6
and S7 and in the Supplementary material Tables S1 and S2. All
configurations are compatible with the occurrence of hydrogen
bonding between the H atom attached to N of the cation and one
of the O atoms of the anion. It can be noted that the mean NH. . .O
distance decreases from 1.943 Å in [DBUH][TFSI] to 1.891 Å in
[DBUH][TfO]. Fig. 9 reports the calculated absorbance spectra for
the eight molecular configurations, compared to the experimental
data. It is well evident that in [DBUH][TFSI] the four conformers
have very different absorbance spectra, due to the quite different
molecular configurations of cation, anion and the relative posi-
tions. On the contrary, for [DBUH][TfO] all conformers display a
clear isolated absorbance peak centered between 95 and
110 cm�1, that by visual inspection of the movements of the atoms,
corresponds to the hydrogen bonding stretching. Moreover, the
energy differences between the conformers for the two ILs are
quite distinct: in [DBUH][TfO] the two lowest energy conformer
are separated by 3.8 kJ/mol, while four conformers are expected
within such a value for [DBUH][TFSI] (see Figures S6 and S7 of
Supplementary Information). As expected, for [DBUH][TFSI] these
energies are quite close: accordingly, all the four conformers will
be appreciably populated and all of them will significantly con-
tribute to the measured spectrum. On the contrary for [DBUH]
[TfO], the main contribution will stem from the lowest energy con-
former and will result to be well detectable in the spectrum. It can
be noted that the lowest energy conformer of [DBUH][TfO] display
the highest frequency of the hydrogen bonding stretching mode.
This can possibly explain the shift of this mode to higher frequency
in the experimental spectra measured at low temperature, as the
population of the lowest energy conformer is expected to increase
at lower temperatures.
4. Conclusion

A super-strong base [DBU]-based PIL was prepared by mixing
DBU with the super strong acid, bis(trifluoromethanesulfonyl)-im
ide, (TFSIH), ([DBUH][TFSI]). The highDpKa value for this PIL drives
a full proton transfer in the acid-base equilibrium. The microscopic
structure of [DBUH][TFSI] was described using a synergy of high
energy X-ray scattering and Molecular Dynamics simulation, prob-
ing intermolecular interactions at atomistic level. Long range cor-
relations of coulombic nature (leading to a characteristic cation/
anion alternation), as well as cation stacking can be observed in
the bulk structure. Moreover, the specific role of hydrogen bonding
(HB) in determining local correlations has been highlighted. HB
geometrical features have been compared with those of recently
published [DBUH]-based PILs: following the DpKa trend, it
emerges that in [DBUH][TFSI], HB are weaker than in [DBUH]
[TfO]. Such a behaviour has been rationalised by inspection of syn-
chrotron far-IR spectra, as a function of temperature for both PILs.
Supporting DFT calculations evidence the importance of low
energy stable conformers in determining experimentally derived
spectra. In particular, it can be noted that the large conformational
disorder present in the liquid phase of [DBUH][TFSI] prevents a
clear and direct observation of the hydrogen bonding stretching
in the Far-IR spectra, contrary to the case of liquid [DBUH][TfO],
where instead it can be clearly detected. In the solid phase of both
compounds, the conformational disorder decreases and the HB
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stretching absorptions are observable around 122 and 105 cm�1 at
180 K in [DBUH][TfO] and [DBUH][TFSI], respectively.
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