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In this work we investigate the structure—property relationships in a series of alkylimidazolium ionic
liquids with almost identical molecular weight. Using a combination of theoretical calculations and
experimental measurements, we have shown that re-arranging the alkyl side chain or adding functional
groups results in quite distinct features in the resultant ILs. The synthesised ILs, although structurally very
similar, cover a wide spectrum of properties ranging from highly fluid, glass forming liquids to high
melting point crystalline salts. Theoretical ab initio calculations provide insight on minimum energy
orientations for the cations, which then are compared to experimental X-ray crystallography
measurements to extract information on hydrogen bonding and to verify our understanding of the
studied structures. Molecular dynamics simulations of the simplest (core) ionic liquids are used in order
to help us interpret our experimental results and understand better why methylation of C2? position of
the imidazolium ring results in ILs with such different properties compared to their non-methylated

rsc.li/pccp analogues.

Introduction

Modern chemistry is significantly focused on increasing
sustainability via reduction in the cost and environmental
footprint of chemical products and processes. Ionic liquids
(ILs) have emerged as promising tools to achieve this goal, with
much focus on synthetic, compound extraction or electrochemical
processes.’™ The concept of ‘designer solvents’ has been devel-
oped in order to describe the synthetic flexibility of ILs and the
aim of creating solvents with tailored properties to be a perfect
match for specific applications.®

ILs, like other sustainability-related research fields, became
a hotspot of academic interest when the need to improve
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existing industrial processes could no longer be neglected.
This need has created a list of desirable properties for
commercial applications, the search for which guides research.”
Hundreds of researchers around the world are constantly looking
for ILs with low viscosity, large electrochemical windows,
long-term physical and chemical stability and low cost, aiming
to replace currently used hazardous chemicals, while improving,
or at least without any reduction in, process efficiency.®*?

This effort has led to the publication of many works studying
the physical properties of series of IL structures and elucidating
the structure-property relationships of these remarkable
systems.'>'* There are also literature reports on empirical
models that try to predict ILs’ properties, based either on
group-contribution theory or on more complicated statistical
computational correlations.>™” However, all of those models
have some inherent restrictions in accuracy and/or precision of
prediction, which result from the lack of complete understanding
of how interactions between ions or specific functional groups
affect the bulk properties of ILs.

Taking a closer look at such models, we can understand that
their limitations arise from their being trained to fit existing
experimental measurements, which in the case of ILs are
somewhat desultory and often inconsistent. The result is that
there are not enough useable data to extract accurate conclusions
on structure-property relationships of ILs.'® The available data are
more sparse as the molecular weight of ILs increase (usually by
increasing the size of the cation’s alkyl side chain), as millions of
structural isomers start to become possible, but they are even
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insufficient for smaller ions, for which the isomer count is
more manageable. Another problem of studying properties of
IL series of increasing molecular weight is that the functional
group occupies a smaller percentage of the total mass, thus its
effect on the overall electronic structure and intermolecular
interactions will be quite different. Therefore, it makes sense to
present a study of a series of ILs keeping the molecular weight
unchanged as much as possible."’

It is also important to understand that the effect of a
functional group is fundamentally dependent on its position
in the ion. The work by Bonhote et al. shows relevant examples,
where methylations of different parts of the imidazolium ring, or
changing the relative positions of nitrogen cores in diazolium
and triazolium cations cause significant changes to the physical
properties of the resulting ILs.>® This implies that one example
of targeted structural modification of ions is not enough to
characterise the whole chemical space and that it is definitely
wrong to extrapolate the conclusions obtained from one family
of structural isomers to another.

The molecular ions of which ionic liquids are composed,
can usually exist in more than one conformation. Thus, the
ions can change their overall shape, which facilitates structural
relaxation. Two qualities - static and dynamic in origin - need
to be discussed in this respect. First, which is the preferred
minimum energy conformer of any given ion, what is its shape
and relative energy? Second, what are the barriers separating
the accessible conformers, i.e., how fast can conformers
interconvert?

The more conformers that are energetically accessible, the
more entropy is introduced, which is beneficial for lowering
liquefaction temperatures.”’** That being said, even in the
liquid state the equivalent of a ‘packing effect’ can arise. A
good example of this are the somewhat unexpected odd-
even effects with increasing length of alkyl side chains.**™*
However, if the energetic barriers that separate these
conformers are too high, then the liquid essentially behaves
like a mixture of differently shaped but rigid molecules. It is
thus important to consider these energetic barriers as well.

Bearing these observations in mind, we performed a fundamental
study of imidazolium ILs, to identify the effect of various
structural modifications on their observed properties. As the
starting point of our study we chose the widely-studied 1-propyl-
3-methylimidazolium ([C;C,im]") cation, as this combines a low
molecular weight and a small alkyl chain, which limits the
number of structural isomers and conformational space, thus
making a thorough explorative study more viable. All the studied
cations have a less than 5% difference in their molecular weight
compared to [C;C;im]", so practically this difference can be
considered negligible. The chosen anions are halides (in principle
the bromide anion, in some cases also chlorides for more
thorough comparison) and the bis(trifluoromethylsulfonyl)imide
(INTf,]") anion. Having such different anions (in terms of size,
acidity, hydrogen bonding activity, etc.) will offer us a clearer
image of how functionalisations and ion combinations affect the
ILs’ properties and whether these are affected by the overall
environment and intermolecular interactions. We aim to see if
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Fig. 1 Cation structures studied in this work and their abbreviations.

the observed trends (e.g. melting point or viscosity change) are
consistent between different ions and if they could be explained
based on the interactions occurring between ions.

Fig. 1 shows the methodology used for the selection of
structures studied in this work. First, we report the properties of
[C,C,im]", which acts as a reference point (group 1), as it is one
of the simplest and most widely studied IL cations. The second
group of structures includes our model cation [C;C,im]", which
was selected for the reasons explained above, as well as cation
structures which are direct structural isomers of the model cation
(group 2). The next group of cations includes functionalised
cations with molecular weight comparable (less than 5% mass
deviation) to that of [C;C,im]" (group 3). Similarly, the members
of the last group also have comparable molecular weights, but
also have a methylated C? position of the imidazolium ring (group
4). The methylated cations, evidently have a molecular weight that
slightly deviates compared to the group 2 and 3 cations, however
it is important to include them for a thorough comparison, as we
intend to explore whether the properties of the functionalised ILs
are closer to their methylated analogues rather than to each other.
Moreover, adding an extra methyl group to the structure, and
taking into account the molecular weight of the counterion, the
methylated analogues deviate only around 5% from the model
compound’s molecular weight.

Materials and methods

Detailed descriptions of the synthetic procedures used in this
work are provided in the ESL All ILs were dried in vacuo for a
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few days before their use and they were handled in a glovebox
or under Schlenk conditions. Coulometric Karl-Fischer titra-
tion showed a water content of <100 ppm for all samples.

Physicochemical characterisations

Thermal transitions. Phase transition points were measured
on a DSC 1 STARe (Mettler Toledo, Giefen, Germany) which
was equipped with a liquid nitrogen cooling system. Samples
were weighed and hermetically sealed in Al-crucibles inside a
glove box. The samples that were obtained in liquid state
were heated to 100 °C with 5 °C min~" and then cooled with
—1°Cmin~" to —120 °C, held at this temperature for 5 minutes
and then heated with +1 °C min~' to ambient temperature.
Samples that were obtained as solids after drying were heated
up to 190 °C with a heating rate of +1 °C min " followed by a
dynamic segment at the maximum temperature for 5 minutes
and cooling again to 25 °C with a cooling rate of —1 °C min™".
First-order transitions are given as the maximum of the peak,
while the glass transition temperatures are determined using
the midpoint method.

Thermogravimetric analysis (TGA). TGA measurements were
performed on a Pyris1 TGA by PerkinElmer, equipped with a
microbalance. 2-5 mg of sample were loaded on a platinum
pan. The samples were left to equilibrate for 20 min at 50 °C, in
order to remove all residual moisture. Then the samples were
heated to 600 °C with 5 °C min~' rate. N, was used as the
carrier gas with 20 mL min~" flow. The reported temperatures
are T,: onset temperature, calculated as the temperature point
with 10% weight 10Ss, Tiax rate: temperature with maximum
decomposition rate, obtained by the first derivative of the
thermogram and Tj),: temperature of 50% weight loss of the
sample.

TGA/MS measurements were performed on a TGA/DSC
1 STARe (Mettler Toledo, Gie3en, Germany) equipped with a
quadrupole mass spectrometer QMA-125 from Balzers. The
same method as described above was used for the TGA/MS
measurement.

Dynamic viscosity. Dynamic viscosity was measured under
flow of dry nitrogen to avoid uptake of moisture using a MCR
301 Rheometer (Anton Paar, Graz, Austria) with cone-plate
geometry. The particular measuring system was a CP50-1 cone
(49.95 mm diameter, cone angle 1°) with a gap size of
0.101 mm. The viscosity was measured in 5 °C steps from 25 °C
to 105 °C. For each temperature 30 points were measured for
shear rates ranging from 50 to 150 s ' (linear ramp) with a
duration of 15 s per measured shear rate. As there was no shear
rate dependence in the investigated shear rate region, thus New-
tonian flow behaviour, the values per temperature were averaged.

Density measurements. Densities were measured from 25 °C
to 95 °C in 10 °C steps using a pycnometer and an Proline RP 1845
thermostat bath (LAUDA, Lauda-Konigshofen, Germany) with
T-stability of +0.01 °C as reported in previous publications."**®

Self-diffusion coefficients. Pulsed field gradient stimulated
echo (PFGSTE) NMR spectra were recorded on a Bruker Avance
III HD 500 equipped with 5 mm BBO SmartProbe at 297 K.
All spectra were recorded on neat and degassed ILs with an
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external DMSO-d; capillary. The followed procedure is explained
in detail in a previous publication from our group.>”

X-ray crystallography. Datasets were collected using the
following hardware: [N=C,C,im]Cl: an Oxford Diffraction PX
Ultra diffractometer (Cu Ko radiation, 1.54184 A); [N=C,C,im]Br,
[HC=C,C,Ciim]Br, [HC=C,C,im]Br,  [N=C,C,C,im]Br,
[N=C,C,C;im][NTf,], [N=C,C;C,im]|Cl, and [HOC,C;im]|Br: an
Oxford Diffraction Xcalibur 3E (Mo Ku radiation, 0.71073 A). Data
processing was carried out using CrysAlisPro,”® solutions were
solved and refined using Olex-2.*° Hydrogen atoms were placed
in geometrically assigned positions with C-H distances of 0.95 A
(CH), 0.97 A (CH,) or 0.98 A (CH;) and refined using a riding
model, with Usso(H) = 1.2Uq(C) (CH, CH,) or 1.5Uq4(C) (CHa).
Graphics were generated using Olex-2 and Mercury.*® 2120102
([N=C,C,im]Br), 2120103 ([HC= C,C;C,im]Br), 2120104 ((HC=
C,Cyim]Br), 2120105 ([N= C,C;C,im]Br), 2120106 ([N=C,C,C;im]
[NTE,]), 2120107 ([N=C,C,im]|Cl), 2120108 ([N=C,C,C;im]|Cl),
2120109 (JHOC,C;im|Br) and 2120110 (JC,C;Cqim|Br) contain
crystallographic data in CIF format, which is also summarised below
(also Table S8 - ESIT).

[N=C,C;C;im][NTf,] and [HOC,C;im]Br were both refined
as 2-component twins. One of the fluorine atoms in
[N=C,C,C,im][NTf,] also needed isotropic restraints to
maintain a sensible geometry.

In order to prepare crystals suitable for X-ray crystallography,
the dried compound was dissolved in the minimum amount of
either acetone or butanol and the solvent was left to evaporate
over the several days under nitrogen flow at room temperature.

AD initio calculations. Ab initio calculations were performed
at the full MP2/cc-pVTZ//B3LYP-GD3B]/6-311+g(d,p) level of
theory using the Gaussian software package, Revision D.01.>'?
The methodology is described in detail in a previous
publication.”” Briefly, to obtain the potential energy curves,
geometry optimisations were carried out by relaxing all coordi-
nates except the dihedral angle of interest. For each potential
energy curve, 72 dihedral angles were chosen from 0° to 360° in
steps of 5°. A full MP2 single point calculation was then per-
formed for each of these structures to obtain the energy. Geometry
optimisations used the default SCF convergence criterion of 10~°
on the (RMS) density matrix and 10~ ° on the energy. For the MP2
calculations, a tightened convergence criterion of 10~ '° on the
(RMS) density matrix and 10~® on the energy was used. No
symmetry was applied for any of the calculations. Input
z-matrices and the energies as a function of dihedral angles are
given in the ESL{

MD simulation

Classical all-atom molecular dynamics simulations were
performed using the ttdamp branch of the LAMMPS software
package (7Aug2019) with periodic boundary conditions.** Since
the official release version 290ct2019, the required features are
part of the USER-DRUDE package of the main branch of
LAMMPS.*® A cutoff of 12 A was used for (non-bonded) pair
interactions, including tail corrections for energy and
pressure.’® Long range electrostatic interactions were computed
with the particle-particle particle-mesh method with relative
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force error of 107°. Non-bonded interactions between atoms
separated by one, two, or three bonds were scaled with 0.0, 0.0,
and 0.5, respectively. The SHAKE algorithm with a tolerance of
10~ * limited to 20 iterations was used to constrain C-H bonds to
their equilibrium value.*” Simulations were performed in the
NPT or NVT ensembles using a timestep of 0.5 fs. A skin distance
of 2 A was used to rebuild neighbour lists. Linear momentum of
the centre of mass movement of the whole simulation box was
removed every 1000 steps without velocity rescaling.

The (non-polarisable) CL&P force field is used as a basis for
the (polarisable) CL&Pol force field employed in this work.**™*°
The CL&Pol force field uses Drude particles in the extended
Lagrangian approach with a temperature grouped dual Nosé-
Hoover chain thermostat as described by Goloviznina et al.,
including the Martyna-Tuckerman-Klein correction.*>*!™
Here, the (internal) degrees of freedom of the Drude particles
relative to their respective cores were thermostatted at 1 K,
whereas all other (real) degrees of freedom were thermostatted
at 298.15 K. The chain length of the thermostat was 3, and the
temperature damping parameters were 100 fs for real degrees
of freedom and 25 fs for internal Drude degrees of freedom.
The pressure damping parameter for NPT simulations was
1000 fs. The mass of Drude particles was set to 0.4 g mol ",
which was subtracted from the respective core. The core-Drude
force constant was set to 1000 kcal mol~* A~2.*® The charges on
Drude particles were calculated from atomic polarisabilities as
g = v kpp.**"” The sum of Drude and core charges gives the
charge of the corresponding atomic site in the CL&P force field.
To avoid double counting of inductive effects, the Lennard-
Jones ¢ parameters were scaled by 0.65 for both [C,C;im][NTf,]
and [C,C;C,im][NTf,] as described in the literature.*®*° The
[C2C1C1im][NTf,] scaling factor obtained from the predictive
scheme following the literature protocol, including the
optimisation of the dimer at the B97-D3/cc-pVDZ level of
theory, was found to be 0.57.*® However, we observed that this
scaling factor produced unrealistically fast dynamics, with
diffusion coefficients exceeding those of the simulation of
[C,C1im][NTf,]. Hence, we decided to use the same scaling
factor for both simulations, which produces simulated diffusion
coefficients that follow the experimentally observed trends (see
ESIt). The key results obtained from the MD simulation remain
the same for both scaling factors (see ESIt). Our source code,
path beads, reference molecules, as well as further information
about the methodology are provided in the ESL¥

Results and discussions
Thermal behaviour

Investigating the thermal transitions of ILs is of utmost importance
for their applications, as the high melting points of some salts
are the bottleneck that prevents their use in most applications.
The observed melting points (Ty,), crystallisation points (7¢), as well
as the glass transition temperatures (T,) are reported in Table 1.
The studied ILs include two main categories, the halide salts (here
with Br~ and CI™ anions) that generally have high melting points

6456 | Phys. Chem. Chem. Phys., 2022, 24, 6453-6468

View Article Online

PCCP
Table 1 DSC data for the studied ILs
T. Tm AHP AS¢ T,
IL (°C) (°C) (kY mol™") (Jmol 'K (°C)
Czclim]Br 24 67 14.06 41.33 —
C,C,C,im]Br 53 102 9.60 25.60 —
C3C;im]Br — — — — —54
C,C,im|Br 21 68 9.14 26.8 —
HOCZCIim]Br 3 90 12.77 35.16 —
C2,1C,im]Br 10 77  13.94 39.80 —43
C,1C1C,im]Br 182 187 21.75 47.26 —
FC,C,im|Br — — — — —44
FC,C,C,im]|Br — 114 1439 37.17 —
HC=C,C,im]Br — 72 1311 37.98 —
HC = C,C,C,im]Br 71 180 19.66 43.38 —
N= Czclirn]Br 130 167 24.89 56.54 —
N= Czclim]Cl 75 170 22.51 50.79 —
N=C,C,C,im]Br 143 177 22.58 50.15 —
N=C,C,C,im]Cl 81 145 22.27 53.26 —
C,C4im][NTf,] -38 —15 21.56 83.51 —
C,C,C,im][NTf,] -8 25 13.57 45.51 —
C,C,im][NTf,] - — —92
C,C,im][NTf,] —27 17  30.78 106.1 —
HOC,C,im][NTf,] [ — — —79
C,1C1im|[NTf,] —21 13  19.10 66.74 —
C,1C1C,im][NTf,] —43 29 1551 51.33 —
FC,C,im][NTf,] S — — —-81
FC,C,C,im][NTf,] —33 32 1847 60.52 —
HC = C,C,im][NTf,] —-15 13  19.26 67.31 —
HC=C,C,C,im][NTf,] —30 39 21.75 69.68 —
N = C,C,im][NTf,] - - - — -57
N=C,C,C,im][NTf,] 12 70 17.28 50.34 —

“ Cold crystallisation. ? Enthalpy is calculated as the area under the
curve for the melting transition as kJ mol '. ¢ Entropy is calculated
from the enthalpy divided by T,.

and the bis(trifluoromethylsulfonyl)imide ILs that have low melting
points (usually they are liquid close to room temperature, with
the exceptions of [FC,C;Cqim]|NTf,], [HC=C,C;C;im]|[NTf,]
and [N=C,C,C;im][NTf,]). Our reference ILs, which have the
simplest structure among the studied series, are the those
with the [C,C;im]" cation and show only T, with both Br~ and
[NTf,]” anions. The C>methylated isomers [C,C,C;im]Br and
[C,C1C4im][NTf,], both exhibit crystallisation (at various tempera-
tures depending on each case). For the analogues which have been
functionalised in the alkyl chain, we observe that F- and HO-
functionalisations result in glass forming ILs, while the triple bond
functionalisations result in ILs that crystallise. An exception to this
observation is [N=C,C,im]|[NTf,], which is a glass-forming
IL, although the halides (both Br~ and Cl) are crystal-forming
salts. Another very interesting observation is the case of
[N=C,C,C;im][NTf,], which shows an unexpectedly high melting
point, which however is not the case for [HC=C,C,C;im|[NTf,].
The origins of this behaviour are investigated and further
discussed below.

TGA analysis

TGAs reveal that the decomposition profiles significantly
change among the studied samples. As expected by other
analogous studies,®® ILs with methylated ring positions
decompose at slightly higher temperatures compared to their
corresponding non-methylated analogues (Table 2). The

This journal is © the Owner Societies 2022
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Table 2 Summary table of Ton, T1/2, Tmax.rate @nd carbon residue of
studied ILs

Tmax.rate  Carb. residue

L Ton (°C) Ti2 (°C) (°C) (% weight)
:C2C1im]Br 262.5 294.5 304.1 0
[C,C,C,im]Br 275.4 305.8 312.8 0.8
[C5C,im]Br 267.3 296.9 304.9 0
:HOCZCIim]Br 293.2 315.1 315.0 7.8
[C,,1C4im]Br 275.0 302.0 309.9 0
:C2C2im]Br 267.6 296.2 304.3 0.8
[C2,1C1C1im]Br 281.1 309.9 316.5 0.6
:FC2C1iIn]Br 236.0 297.6 302.8 9.1
:FC2C1C1im]Br 250.4 318.2 320.6 13.2
:HC = Czclim]Br 253.7 296.8 294.0 25.4
:HC = C2C1C1im]Br 279.6 323.2 323.5 22.3
[N=C,C,im]Br 251.3 286.6 296.6 23.6
:N = C2C1im]Cl 233.1 268.5 270.9 30.9
[N=C,C,C,im]Br 264.9 300.9 307.6 19.5
[N=C,C,C,im]Cl 253.2 305.6 314.9 30
[C,C,im][NTf,] 381.5  434.5 453.5 1.2
[C,C,C,im][NTf,] 382.3 4209 434.0 1.8
[C5C,im][NTf,] 384.2 4403 455.8 1.8
[HOC,C,im][NTf,] 4111 445.2 461.7 8.0
[C2,1C1im][NTS,] 348.6 394.3 406.3 0.6
[C2Coim][NTH,] 381.9  434.8 453.1 1.2
[C,,1C;Cim][NTH$,] 373.8 421.3 436.0 1.1
[FC,C,im][NTH,] 370.9  429.8 445.5 3.5
[FC,C,C,im][NTf,] 401.8 446.9 455.1 6.8
[HC=C,C,im][NTf,]  353.6  402.1 408.0 14.1
[HC=C,C,C,im][NTf,] 378.4 428.1 431.3 13.9
[N=C,C,im][NTf,] 373.3 4122 416.7 9.9
[N=C,C,C,im][NTf,]  385.9  418.4 426.9 9.9

HO-functionalised ILs decompose at significantly higher tem-
perature compared to the other ILs, while the F-functionalised
salts do not deviate significantly compared to the non-
functionalised chains. Furthermore, the triple bond functionalised
ILs (both alkyne and nitrile chains) leave higher carbon residue
compared to the non-functionalised, for which it is almost zero.
This effect is more apparent for the halides (residue in the range of
20-30%) compared to the bis(trifluoromethylsulfonyl)imide ILs
(residue in the range of 10-15%). This is an indication that the
decomposition pathway for those is different, probably heavier
decomposition products are produced as a result of chain
polymerisation.>"

According to Lovelock et al.,”* during thermal decomposition
of methylimidazolium halides a nucleophilic attack of the halide
anion is favourable and the decomposition products are mostly
composed of the alkyl halide fragments (from both alkyl chains)
and the resulting alkylimidazoles. This pathway seems to make
sense for the results of the ILs with non-functionalised cations,
as well as for the HO-functionalised chains. However, this is not
the case for the triple bond functionalised chains. It is possible
that at such high temperatures, polymerisation of the side chain
occurs and instead of the formation of volatile alkyl halides, the
polymerisation products stay in the bulk and decompose further
- which results in higher carbonaceous residue.”® According to
the literature, cyclisation is the main reaction occurring for
polyacrylonitriles in the temperature range of 180 to 240 °C.>*
The final products from this reaction are various imine structures
through oligomerisation of the nitrile groups. In order to inves-
tigate if this is indeed the case in our system we heated the ILs to
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200 °C for a few hours which resulted in a dark-coloured sticky
product without any significant mass loss, which is an indication
that such polymerisation reactions are taking place.

According to the same study by Lovelock et al., for the
[NTf,]™ salts only evaporation of the ILs as neutral ion pairs was
observed.”® Again, this does not seem to be the case for the
alkyne and nitrile functionalised ILs. Their carbon residue is
around 10-15%, which is in the same weight range as observed
for the halide salts if we consider the percentage contribution
of the side chain mass to the IL’s molar mass. This supports the
suggestion that these side chains remain as polymerised mate-
rials and also shows that this reaction is probably due to the
high temperature conditions and is not affected significantly by
the basicity of the anion. High carbonaceous residue upon
pyrolysis of similar ILs has also been observed by Lee et al.,’®
who successfully used them as precursors for the formation of
carbon nanomaterials.”®

[FC,C;im]" and [FC,C,C;im]" cations are another special
case which seem to have a different decomposition pathway.
As we can see from Fig. S30-S33 (ESIt), the bromide salts
decompose in two steps, which however is not the case for
the [NTf,]” ILs. TGA/MS of the halide salts (Fig. S34 - see ESIT)
reveals a total decomposition of the cation during the thermal
heating, which explains the two distinct decomposition steps.
For [FC,C;im]Br we observe an initial production of CH;Br (m/z
ES" 93, 95), which corresponds to the first decomposition step,
with the simultaneous production of imidazole (m/z ES' 67, 68).
[FC,C,C,im]Br follows the same decomposition pathway, as we
observe the release of CH;Br, as well as the corresponding
2-methylimidazole (m/z ES™ 81). We did not observe any traces of
the fluorinated side chain, but it could react and form further by-
products which are outside of the instrument’s detection limits.
The complete decomposition of the IL structure significantly
deviates from the decomposition mechanisms mentioned above.

Densities

The densities of the 2-methylated analogues are consistently lower
than the corresponding non-methylated ILs. For the methylated
analogues density increases as follows (Fig. 2): [C,,C;Cyim]" <
[C,C:Cyim]" < [FC,C;,Ciim]". We have to note here that the
densities and viscosities of [HC=C,C;C,;im]|[NTf,] and
[N=C,C,C,im][NTf,] salts were not measured, as these are solid
at room temperature.

The densities of the non-methylated analogues have the follow-
ing trend: [C;Cyim]" = [Cy,Cqim]" = [C,Coim]" < [C,Cyim]" <
[HC=C,C,im]" < [HOC,C,im]" < [FC,Cyim]" < [N=C,Cyim]'.
It is important to note that the density fitted lines are parallel for
the studied range, so the trend is the same for both low and high
temperatures. Here we observe that ILs with n-propyl and isopropyl
side chains, as well as the symmetric [C,C,im]" have almost
identical densities, effectively showing that the re-arrangement of
carbons in the side chains does not affect the amount of space they
occupy. This indicates that the arrangement of the side chain
carbons doesn’t affect the density of the IL. On the other
hand, adding a functional group on the side chain does alter the
properties. The hydroxyl-functionalised IL shows considerably
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Fig. 2 Densities of studied bis(trifluoromethylsulfonyl)imide ILs.

higher density, followed by the fluorinated IL. The triple bond
functionalised ILs again have higher densities compared to the
non-functionalised analogues, with the nitrile group showing the
highest density among all studied ILs. However, since as discussed
in the introduction section, not all the ILs have identical weight, we
considered it safer to use molar volumes rather than densities for
comparison (see below), since normalisation to molar volumes will
eliminate the fluctuations that are due to the differences in molar
mass of the cation.

Molar volumes

The transformation of densities to molar volumes results in
some ILs being grouped together (Fig. 3), providing us with
clearer insight of the various functionalisation effects on the
systems. Molar volumes of 2-methylated ILs are consistently
higher than their non-methylated analogues. As expected, since
the densities are the same, the molar volumes of n-propyl and
isopropyl ILs are also identical. This result was also observed in
the work of Zhang et al.’” and Xue et al.,”® where ILs with same
number of carbons showed identical density, regardless of the
existence of linear or branched side chain. An interesting
observation is that the molar volumes for [HOC,C,im]",
[FC,C,im]" and [C,C,im]" overlap, which indicates that the
functionalisation of the alkyl side chain doesn’t affect this
property, as the volume occupied by the molecules remains
unchanged. Similar observation remains for the 2-methylated
analogues of those cations, as the molar volumes of
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° [CC,im]INTE,]

A [Cy,C,im][NTF,]

v [HOC,C,im][NTf,]
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Fig. 3 Molar volumes of studied bis(trifluoromethylsulfonyl)imide ILs.
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[FC,C,C4im]" and [C,C;C,im]" also overlap. Comparing the
group of structural isomer cations (Fig. 1 - group 2) we observe
that methylation of C> position results in slightly reduced
molar volume of [C,C;C;im]" compared to the other two
isomers (0.270 compared to 0.275 L mol " at 298 K). Study of
molar volumes also reveals that [HOC,C,im]" is closer to
[C,C4im]" than [C3;C,im]". This observation makes sense if we
think in terms of packing efficiency. Increasing the length of
the side chain by one carbon, we increase the non-polar part of
the molecule, which is known to promote the formation
of heterogeneous environments,’® thus the IL packs less effi-
ciently and the molecules occupy more space (higher molar
volume). However, replacing a carbon with a hydroxyl group
seems to negate that effect, probably because the hydroxyl
group’s polar nature and hydrogen bonding ability further helps
in the packing of ions, whilst simultaneously reducing the
likelihood of any nanosegregation. This position is further
supported when also comparing the case of [FC,C;im]’, which
is closer to [C3C,im]". Possibly the absence of hydrogen bonding
terminal group makes fluorine to practically have similar effect
in terms of packing as adding an extra carbon.

It is also very interesting to compare the changes in triple-bond
functionalisation of the ILs compared to [C;C,im]". Both ILs have
reduced molar volume compared to the model cation, however
alkyne functionalisation has smaller effect (0.260 L mol " at
298 K) than the nitrile group (0.250 L mol " at 298 K). This is a
very good indication that the existence of the triple bond itself
does not determine the properties of the IL, but the nature of the
atoms significantly changes the interactions. This will be further
discussed below, along with the theoretical calculations on these
systems.

Viscosities

The temperature dependence of the studied viscosities can be
efficiently described (R* > 0.99999 in all cases) by the Vogel-
Fulcher-Tammann (VFT) equation for the whole studied range.
The fitting parameters can be found in Tables S5-S7 in the
ESI, while the data together with the fitted curves are shown
on Fig. 4. As expected, the lowest viscosity at 25 °C was found
for [C,C,im][NTf,], which however also has a lower molecular
weight compared to the other ILs. The 2-methylated ILs
have consistently higher viscosities compared to their non-
methylated analogues. Their trend, in terms of increasing
viscosity, is [C,C,C;im]" < [C,,CiCqim]" < [FC,C,Cyim]".
The trend followed by the non-methylated ILs (and excluding
[C2C4im][NTL,]) is [C,Chim]" < [C3Cyim]" = [C,,Ciim]" <
[HC=C,C,im]" < [FC,C;im]" < [HOC,C,im]" <
[N=C,C,im]". Similarly to densities, both non-functionalised
propyl-substituted ILs have identical viscosities, which again
shows that the n- or iso-arrangement of the alkyl side chain
doesn’t significantly affect the rheological properties of the
liquid in this case. Comparing just the group of structural
isomers, we observe that the methylated isomer ([C,C,C;im]")
appears more viscous than the others, while the symmetric
[C,C,im]" is more fluid, practically identical to [C,C;im]".
Taking into account the fact that the density remained
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Fig. 4 Viscosities of studied bis(trifluoromethylsulfonyl)imide ILs.

unaffected by the carbon re-arrangement, it seems that the
increased fluidity of [C,C,im]" is not due to increased free
space; the cation benefits from the existence of flexible chains
in both sides of the ring instead of just one. It is known that the
conformational flexibility around the C-N bond connecting the
imidazolium ring with the alkyl chain significantly increases
the diffusion rates of alkylimidazolium cations, more than what
the rotation around other bonds of the side chain does.®
Moving forward to groups 3 and 4, we see that the fluorinated
IL shows higher viscosity compared to the non-functionalised,
followed by the HO-functionalised IL. [HOC,C,im]|[NTf,] is
one of the two group 3 ILs which are more viscous than
[C,C1C4im][NTf,]. This is a clear indication that the extra
hydrogen bonds due to the hydroxyl group make the ILs less fluid.
The other IL that belongs to this category is [N=C,C,;im][NTf].
Regarding the triple bond functionalised ILs, the alkyne group
makes the ILs more viscous compared to the non-functionalised
analogues, but significantly less viscous than the other function-
alised analogues. The nitrile group creates the most viscous
of all the studied ILs, an observation that will be further
discussed below.

From the performed study we see two independent effects of
intermolecular interactions on the bulk properties. Methylation of
the C” position of the imidazolium ring, although it significantly
reduces the hydrogen bonding ability of the IL (C>-H is
considered as the primary hydrogen bonding site of the imidazo-
lium ring®"), it creates more viscous and denser ILs.%”
Adding additional interaction sites increases viscosity (such as
the case of [HOC,C,im]" with additional hydrogen bonding, or
[N=C,C,im]" which promotes additional dipole-dipole inter-
actions), but effects on density and molecular volume vary
significantly, due to the nature and the extent of the interaction.

Self-diffusion of ions

The self-diffusion coefficients present an especially interesting
property, since we are able to investigate the behaviour of the
cation and the anion independently. Previous research has
shown that around room temperature, in short-chain imidazolium
ILs, the cation tends to diffuse faster than the anion.®*®* This
observation is in agreement with our measurements (Table 3), as in
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Table 3 Anion and cation self-diffusion coefficients for the NTf, ILs that
are liquid at room temperature

Anion self-diffusion
D_ (107" m?>s™h

Cation self-diffusion

Tonic liquid D: (107" m?s™)

C,C,im][NTf,] 5.1 2.8
C,C;,C4im][NTf,] 2.3 1.5
C3C1im][NTf,] 3.6 2.3
C,,1C,im][NTf,] 3.3 2.2
C,,1C1C,im][NTf,] 1.4 0.92
C,C,im][NTf,] 5.8 3.4
HOC,C,im][NTf,] 1.8 1.2
FC,C,im][NTf,] 2.5 1.6
FC,C,C,im][NTf,] 1.2 0.84
HC = C,C,im][NTf,] 2.7 1.9
N == C,C,im][NTf,] 0.46 0.37

all cases the anion diffuses consistently slower than the cation. The
diffusion trend based on the cations is: [C,Coim]" > [C,Cyim]" >
[C3Ciim]" > [Cy1Cyim]” > [HC=C,Ciim]" > [FC,Ciim]" >
[C2C1Cyim]" > [HOC,Cyim]" > [C,1C,Cyim]" > [FC,C,Cyim]" >
[N=C,C,im]". The trend is identical for the anions in these ILs,
while the diffusion coefficient values of the anions are lower by
around 30% on average, compared to the cation diffusions.

Similar to the previously studied properties, methylation of
2-position of the imidazolium ring makes the ionic liquids’
ions diffuse slower than their non-methylated analogues.
An unexpected result here is that the symmetric [C,C,im]"
diffuses even faster than the lighter [C,C;im]". Taking into
account group 2 ILs, we observe that [C,C,C,im]" diffuses signifi-
cantly slower than the other isomers. Regarding group 3 and 4 ILs,
we observe that all ILs diffuse slower than those with non-
functionalised side chains. However, F- and alkyne function-
alisations only slightly decrease the diffusion coefficients (2.5
and 2.7 x 107" m? s, respectively) compared to [C;C,im]*
(3.6 x 107" m? s "), while HO- and nitrile functionalisations
cause more significant reductions (1.8 and 0.46 x 10~ "' m* s/,
respectively). This observation further supports our proposition
that HO- and nitrile functionalisations increase the system’s
ordering, leading to slower dynamics.

Studies of conformational space

For the short-chain imidazolium ionic liquids in this work, the
major changes in shape arise from rotation around the N-C
bond where the side chain is attached to the imidazolium core.
We will use the corresponding dihedral angle, starting from the
C? carbon of the imidazolium core (carbon between the two
nitrogens) and extending along the backbone of the side chain,
as a measure for the conformation of the cation. Fig. 5 shows
[C5C4im]" as an example, with C-N-C-C dihedral angles of 0°
and 90°. For some cations such as [C,C,im]", this dihedral is
sufficient to sample all minimum conformers. For longer
flexible side chains, such as [C3C;im]’, more conformers arise
due to rotation around C-C bonds further along the chain.
However, the rotation around the C-N bond - and the ease with
which this rotation can take place - is a key factor influencing
dynamic properties such as diffusion for imidazolium ionic
liquids.®*®*

Phys. Chem. Chem. Phys., 2022, 24, 6453-6468 | 6459


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05169e

Open Access Article. Published on 02 March 2022. Downloaded on 3/14/2026 3:18:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(c)

(
v (W

Fig. 5 Example of [C3Ciim]* cation in 0° (a) and 90° (b) and [C,;C4im]*
cation in 0° (c) and 90° (d) C-N-C-C dihedral angle arrangements. The
C-N bond is highlighted in yellow, the neighbouring bonds which we use
to define the dihedrals in this work are highlighted in red. The dihedral
angle is obtained as the angle between the vector projections of the
vectors corresponding to the red bonds from the vector corresponding to
the yellow bond. (The origins of the red vectors are the points shared with
the yellow bond vector.)

Fig. 6 shows the effect of an additional methyl group,
extending the linear alkyl side chain. The local minima appear
at the same angles, but the energy barriers slightly increase
with the addition of the extra group. The changes in energy are
small and comparable to the accuracy of the method, thus is
can be expected that the additional degree of freedom in the
propyl chain has a larger (beneficial) impact on the properties
than the loss in flexibility for rotation around the C-N bond.
Comparing Fig. 6(a) and (b), we observe the effect of methy-
lation at the C* position of the imidazolium ring on the
minimum geometries and the energy barriers. For the non-
methylated analogues, an angle of 0° (360°) angle corresponds
to a local minimum, which however is transformed to a global
maximum upon methylation due to the steric clash. It is
therefore apparent that the flat arrangement of the molecules
is not favourable for C>-methylated rings. The energy barrier for
rotation of the side chain around the C>side is increased
significantly to around 20 kJ mol . Thus, only rotation around
the C*° side of the cation is feasible.

Fig. 7 shows the energy profiles comparison between
[C5C,im]" and [C, ;C,im]", two cations that create a very inter-
esting case for comparison, as they have identical molecular
weight and their only difference is the existence of branched
side chain instead of linear. Taking a closer look at the
obtained experimental data for these cations, we see that for
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Fig. 6 Ab initio energy calculation of C-N-C-C dihedral angle for

(@) [CoCqiml* (black), [C3Cqiml* (red) and (b) [C,CiCqiml* (black) and

[C3C,Cqiml* (red) cations.

the halide analogues, [C;C;im]Br is a viscous liquid with T, of
—54 °C, while [C, ;C;im]Br is a solid with Ty, of 77 °C and T, of
—43 °C. Similar differences still exist for the [NTf,]” analogues,
with [C;C;im][NTf,] being a liquid with T, of —92 °C, while
[C,,:C1im][NTf,] is a crystalline solid that melts above 13 °C.
Interesting enough, the transport properties of these liquids are

——I[C,,C4im]
——[C,C4im]

Energy / kJ mol™

0 50 160 1;30 260 2éo 360 3%0
C-N-C-C dihedral angle / degrees

Fig. 7 Ab initio energy calculation of C-N-C-C dihedral angle for
[CsCyim]* (red) and [C1Ciim]™ (black) cations.
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practically identical. It is therefore apparent that not all properties
are equally affected by alkyl chain branching. Unfortunately,
no conclusive results can be deduced from Fig. 7 as, although
[C5C,im]" qualitatively appears to be more flexible, practically the
energy differences between the two cations are minor, approach-
ing the method’s accuracy limits.

The interpretation of Fig. 7 is further complicated by the
qualitative differences in the geometry and thus the conformational
space. The [C5C,im]" cation shows a preference for the two
degenerate structures where the side chain is oriented normal
to the ring plane. For the isopropyl side chain in [C,,C;im]’,
three structures with a C-C bond in the side chain normal to
the ring plane are observed. First, in the global minimum
structure at 240°, the two methyl groups of the side chain are
on either side of the plane, and the hydrogen atom at the
tertiary carbon is in the ring plane on the C? side. In the two
structures with a C-N-C-N dihedral angle of 25° and 100°, the
hydrogen atom is on the C** side of the ring, and one of the two
methyl groups of the isopropyl side chain is oriented normal to
the plane.

Only the [C;C;im]" cation exhibits a minimum for the
flat structure with a C-N-C-C dihedral angle of 0° (360°).
This structure is higher in energy than the global minimum,
however the energy difference as well as the barrier separating
the conformers is insignificant.

The comparison between the aforementioned cations and
[C,C,C,im]" is very interesting, as this cation is also a structural
isomer of the other two and might be expected to share some of
their behaviour. We can clearly observe that [C,C,C,im]" shares
more in common, in regards of its flexibility with [C53C;C;im]"
than its structural isomers. This happens because the flexibility
of the cation is mostly dominated by the methylation of C?
position of imidazolium ring, which makes the otherwise
allowed flat orientation no longer accessible. However, the
physical properties of the occurring salts are affected by a
variety of different parameters, apart from the flexibility.
Comparing the three structural isomers we see that there are
properties, such as thermal transitions, which significantly
differ among all three of them (for Br~ salts we have high
melting points for [C,C;C;im]" and [C,;C;im]" and a non-
crystallising liquid for [C3C;im]"), while other properties like
density and viscosity seem to not be affected by the linear or
branched arrangement of carbons on the side chain, but are
affected by the methylation of C* position.

It is noteworthy that the energy profiles for the fluorine and
hydroxyl functionalised ions are almost identical (Fig. 8). For
the non-methylated analogues (Fig. 8a) the energy difference
between the two cations is very small and within the method’s
accuracy and therefore it can be considered as negligible. The
energy profile of [C;C,im]" appears similar but more flattened
(less energy difference between the minima and maxima),
which could be translated to increased flexibility, and hence
the lower viscosity of the [C3C;im][NTf,] IL compared to these
functionalised analogues, as transitions between different
orientations are feasible energetically.”” Since the preferred
arrangements of CNCC dihedral angles are identical for the
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Fig. 8 Ab initio energy calculation of C—N-C-C dihedral angle for (a)
[CsCiim]* (black) and [HOC,C4im]* (red) and [FC,Ciim]* cations and (b)
[C3C1Chiml* (black) and [HOC,C,Cqiml* (red), [FC,C,Cqiim]* (blue) and
[CoC1Ciim]* (green) cations.

functionalised analogues, and taking into account the experimental
measurements, we can conclude that the additional hydrogen
bonding site of the hydroxyl group in the alkyl tail is the most
likely cause of the viscosity increase of [HOC,C;im][NTf,]
compared to [FC,C,;im][NTf,] (especially since the end-tail
interactions are not taken into account in our calculations).
Thus, due to their similar mass and conformational space,
[HOC,C,im][NTf,] and [FC,C,im][NTf,] are excellent targeted
modifications to investigate hydrogen bonding. We expanded
our calculations, in order to theoretically investigate the methylated
analogues (although the [HOC,C;im]" and [FC,C,C;im]" cations
were not experimentally studied). All these observations are verified
in the case of methylated analogues (Fig. 8b), as we can easily see
that the energy profiles are identical, regardless of the function-
alisation of the side chain.

As we can see from Fig. 9a, the energy profiles for the triple
bond-functionalised non-methylated ions are similar to each
other, but are significantly different compared to those of the
ions with a saturated side chain. The 0° flat orientation
has turned to a global minimum, which indicates the ions’
preference of this orientation. The preference for the flat
conformer can be rationalised with the efficient delocalisation
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Fig. 9 Ab initio energy calculation of C-N-C-C dihedral angle for (a)
[HC=C5C4im] (black) and [N=C,C,im] (red) and (b) [HC=C,C,C4im]
(black) and [N=C,C;C4im] (red) cations.

over the side chain, see Fig. 10, extending the n-system of the
ring. Nevertheless, the profile is significantly different for the
methylated analogues (Fig. 9b), similar to the other studied
methylated structures. The energy increase of the 0° flat
orientation in the case of the 2-methylated analogues is the result
of steric hindrance due to the presence of the methyl group.®* The
side chain functionalisation seems to affect the minimum
energy orientation angles (for methylated triple-bond cations
shifted to 60/300° compared to 100/260° for the F- and HO-
functionalisations, for methylated triple bond cations shifted to
55/300° compared to 70/270° for the F- and HO-functionalisations
- see Fig. 9b), but the overall profile remains in each case
qualitatively similar.

Crystallography studies

In the sections above we have presented experimental and
theoretical studies, indicating that there is a diverse set of
interactions in our studied set of ILs, which significantly affects
structuring and properties. Single crystal X-ray crystallography
can be used as a valuable tool to verify the effects of different
interactions in the structure of the salts and also cross-check
the accuracy of the ab initio calculations and our understanding
of the underlying interactions. Hydrogen bonding will be a
main aspect of our analysis, since it is yet widely accepted that
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Fig. 10 Molecular orbitals showing efficient electronic delocalisation in
flat orientation for [N=C,C,im]" (HOMO-13, top) and [HC=C,Cyim]*
(HOMO-12, bottom).

hydrogen bonds in ILs are quite diverse in terms of strength and
characteristics and they are crucial for the occurring properties.®*

Analysis of hydrogen bonding

When analysing hydrogen bonding within the structures, the
criteria of Jeffrey and Steiner were used.®®®” These criteria place
a strong emphasis on the D-H-.-A distances and angles:
shorter distances indicate stronger hydrogen bonds, as does
the increasing linearity of the DHA angle. A summary of the
solid-state hydrogen bonding interactions in our compounds is
shown in Table 4.

In all the compounds we studied, no hydrogen bonds were
consistent with the strict criteria for a ‘“strong” hydrogen bond
(D---A < 2.5 A; DHA > 170°). Considering that strong hydrogen
bonds typically involve molecules like water, protic acids or
strong Lewis bases, this is unsurprising. However, it is worth
noting that the Jeffrey and Steiner criteria are based on donor
and acceptor atoms both being second row elements (i.e. C, N, O, F).
Heavier elements such as Br are significantly larger than 2p elements
and this must be accounted for when classifying the strength of
hydrogen bonding.®®®® A pertinent example is the OH---Br
bond in [HOC,C;im|Br involving the alcohol group on the
cation and the bromide anion (Table 4). This bond is almost
linear but the O-Br distance is ~0.73 A longer than the strict
cut-off for a strong hydrogen bond. Considering the difference
in ionic radii of 0.67 A between Br~ (1.82 A) and the corres-
ponding 2p element (F: 1.15 A for a 2-coordinate ion),”® then
this bond is worth considering as a strong hydrogen bond even
though it does not meet the strict Jeffrey and Steiner criteria.

In imidazolium salts, for example [C,C,im|Br, the strongest
hydrogen bond donor is normally the C>-H position (between
the two nitrogen atoms) with C*°-H being markedly weaker

This journal is © the Owner Societies 2022
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Table 4 Summary of hydrogen bonding interactions in the structures described in this paper
H2-X H4/5-X CN-H4/5 Other
Distance Angle Distance Angle Distance Angle Distance Angle
[C,Cyim]Br* 3.575 150.32 3.820 164.07
[C2C1Cim]Br 3.652 168.63
3.620 162.06
[N=C,C;im]Br 3.516 154.59 3.626 155.97 3.230 121.75
[HC=C,C,C,im]Br 3.638¢ 176.14
[HC=C,C,im|Br 3.516 152.00 3.748¢ 165.30
[N=C,C,C,;im]Br 3.615 148.98 3.326 137.68
[N=C,C,C,im][NTf,] 3.377° 158.97”
3.337¢ 141.13°¢
3.449° 164.18°
[N=C,C,im]Cl 3.360 154.40 3.459 161.70 3.204 127.32
[N=C,C,;C;im]Cl 3.550 149.90 3.248 124.71
3.473 137.03
[HOC,C,im]Br 3.628 153.26 3.730 165.47 3.170° 148.99°
3.2337 175.157

“ Data from ref. 73.” Molecule 1 in the asymmetric unit and X—0 of NTf,”. ° Molecule 2 in the asymmetric unit where X—0 of NTf,".
? Interaction between alkyne CH and Br. © HO-H4/5 where OH is acceptor./ Br-HO where OH is donor.

hydrogen bond donors.”* Our results (Table 4) are consistent
with this trend: compounds which contain both C>-H and
C*°-H protons all show slightly stronger hydrogen bonding
through the C>-H position. However, it is noteworthy that
[HC=C,C,C,im]Br and [HC=C,C,im|Br also contain a
terminal alkyne substituent on one of the side chains and, in
both compounds, there is no hydrogen bonding involving the
C*°-H positions of the imidazolium ring. Instead, the terminal
alkyne C-H acts as a weak hydrogen bond donor to the bromide
anion. Terminal alkynes are known to be weak hydrogen bond
donors to n-systems of alkynes, aromatic rings and other Lewis
bases.”” Here it is likely that the flexibility of the methylene
group allows the alkyne to rotate and point towards the
bromide ion, forming highly linear hydrogen bonds. It is also
important to note that [HC = C,C;im|Br, which has both the
C?>-H and the alkyne functional group, prioritises the C*>-H
position as the strongest hydrogen bond donor: the alkyne
CH. - -Br distance is 0.1 A longer than in [HC=C,C,C,im]Br
(where there is no C>-H position) and markedly less linear.
Thus, we can tentatively form a series of hydrogen bond donor
group strength: C>-H > alkyne > C*"°~H. This will be strengthened
by future crystallographic studies.

Although nitrile and terminal alkyne groups are isoelectronic,
they act as different components of a hydrogen bond and this
affects the structure which is generated. For example,
[N=C,C,im]Br, and [HC = C,C,im]Br, are structurally identical
apart from CN vs. CCH, but the unit cell parameters are
markedly different. It can also be seen from the bond length
data that the nitrile group is a weaker hydrogen bond acceptor
than halides. For structures that have both halide and nitrile
(e.g. [N=C,C,4im]Br), the nitrile generally has shorter CH: - -N
distances than corresponding CH- - -X distances. However, once
the size difference between N (second row element) and Cl~ or
Br~ (third/fourth row respectively) is accounted for, the halides
form stronger hydrogen bonds. The CH:--A angles are also
consistent with this; the hydrogen bonds involving nitrile are
all much more bent than those involving halides.

This journal is © the Owner Societies 2022

We also studied the effect of changing the halide anion.
In [N=C,C;im]Br and [N=C,C;im]Cl, the structures are
isomorphous and isostructural (aside from a slight contraction
in the cell parameters to reflect the smaller size of CI~ com-
pared to Br™). Even the hydrogen bond strength appears to be
identical, when a ~0.15 A difference in ionic radius between
Br and Cl™ is considered. However, the related structures with
C*-methylated imidazolium cations shows a marked difference
when the halide is changed from bromide ([N=C,C,C;im]Br)
to chloride ([N=C,C;C;im]Cl). The crystal system changes
from primitive monoclinic to C-centred monoclinic, and one
additional hydrogen bond is noted through the imidazolium
C*°-H protons. This reflects the strength of hydrogen bonding
through the C’-H position; the ions pack in a way which
accommodates the formation of this hydrogen bond. Conversely,
the weaker hydrogen bonds formed through C*°-H are not
strong enough to influence packing and in this case it is likely
that ion size effects dominate the packing, rather than the
formation of any particular hydrogen bond. For the imidazolium
salts with methylated C*> position, we also examined the
interactions where the anion is positioned directly above the
imidazolium ring. No correlations between the strength of these
interactions and other physical properties of the salts were
noted, but a more detailed crystallographic analysis is presented
in the ESL}

In compound [N=C,C;C,im][NTf,], the combination of
the imidazolium cation with a weakly coordinating anion
was expected to yield an ionic liquid at room temperature.
Instead, a crystalline solid formed. Although the [NTf,]” anion
is commonly thought of as a weakly coordinating anion, it
does have several hydrogen bond acceptor groups and we
have previously observed that [NTf,]” can form multiple hydro-
gen bonds with olefinic CH protons in the Cy3 molecular
dye, leading to surprisingly large structural deformations
in a supposedly planar cation.”* In [N=C,C,C,im][NTf,],
multiple hydrogen bonds are formed between the C*°~H pro-
tons and oxygen atoms of the [NTf,]” anion, leading to two
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Fig. 11 Diagram showing the hydrogen bonding between nitrile-
substituted imidazolium cation and [NTf,]~ anion in [N = C,C,C1im][NTf,].

symmetry-independent [NTf,]” anions in the asymmetric unit
(Fig. 11). This regular ordering of [NTf,]” anions and imidazo-
lium cations is likely a major reason why [N= C,C;C,im][NTf,]
solidified at room temperature.

Preferable orientations

Interestingly, we observe that the crystal structures of some of
the synthesised salts (Table 5) do not take the minimum energy
orientation, as was predicted by ab initio calculations. Fig. 12a
shows that halide salts with [N=C,C;im]" do have the
minimum energy orientation, however this is not the case for
[HC=C,C,im]" (Fig. 12b), where the crystal structure is

Table 5 Three-bond C(2)-N(2)-C(5)-C(6) torsion angles for the struc-
tures described in this paper. Note: (a) two symmetry-independent cations
in the asymmetric unit

View Article Online
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approximately on the midpoint of the energy barrier. The most
significant deviation is observed for the [N=C,C,C;im]" salts
(Fig. 12c), where the halides are around the minimum
energy position, but the [NTf,]” salt falls on a local maximum.
Crystallography indicates that is probably a packing effect,
since the anion is large compared to the cation and ‘forces’ it
to a specific structure in order to fit. Because of this deviation
in [N=C,C;C;im][NTf,], it would be interesting to optimise
the periodic crystal structure at an ab initio level of theory.
A study of non-covalent interactions would enable further
insight into why this situation arises. However, such a study
would be far beyond the scope of this work.

Fig. S40c (see ESIt) shows that [N=C,C,C,im|Br and Cl~
salts could form structures in which cations interact with each
other via the nitrile side chain. These dipolar interactions
between cyano groups have been observed in a few other
organic crystal structures of neutral molecules,”>”® however
here we observe that they are favoured even for charged species,
which are naturally repelled. However, this is not the case for
the [NTf,]” salt, for which we do not see any cation-cation
interactions from the X-ray crystallography, probably a result of
packing effects due to the size of the anion. Further information
about these dipolar interactions between the nitrile functionalised
cations are provided in the ESL¥

[HOC,C,im]|Br shows an exact match between the theoretically
calculated energy minimum and the CNCC angle measured with
X-ray crystallography. As it can be seen in Fig. S48 (see ESIt) the
additional hydrogen bonding between the terminal OH group of
the alkyl chain and the Br~ anion affects the position of Br~ ion
relative to the imidazolium ring, but does affect the minimum
energy orientation compared to the non-functionalised analogues.

Ionic liquid CNCC angle MD simulations
[N=C,C,im|Br 0.000(1) C . .
: ; omplementa MD simulations ere performed on
[HC =C,C,C,im|Br —62.1(2) p Ty . W . p .
[HC= C,C,im]Br —40.6(5) [C,C4im][NTf,] and [C,C,C,im][NTf,] to facilitate the inter-
[N=C,C,C,im]Br -77.1(9) pretation of our experimental results. These two model systems
[N=C,C,C,im][NTf] ggg% were chosen as they represent the simplest cases in terms of
[N=C,Cyim]cl 0.000(0) functionalisation (one for non-methylated and one for
[N=C,C,C4im]Cl —76.2(2) methylated C* position of the imidazolium ring) and yet give
[HOC,Cyim]Br 85.2(10) a dramatic change in physical properties. Interactions involving
" —e— [N=C,C,C,im]" - theoretical
—+— [N=C,C,im]" - theoretical —e—[HC=C,C,im] - theoretical 124 —Icr
(a) —cr o1 (b) — By (c) 5.
o 104 —— NT,J
6
s % °] 5 8
£ £ £
=2 4 2 2
3 347 > %
8 8 8
[ [} [
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Fig. 12 Comparison between ab initio energy calculations and C-N-C-C dihedral angles received by X-ray crystallography studies.
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Fig. 13 MD results for [CoCiim]INTf;] and [CoC1Chim]INTf,]. The red and
blue beads show the minimum energy paths obtained with a nudged
elastic band optimizer. The transparent orange regions are isosurfaces at
75% probability of the highest peak in the spatial distribution function. Top
view: view normal to plane, front view: view along N-N bond, methyl
group in the foreground tilted down, side view: view along the C2—H bond.
Beads represent the centre of mass for the NTf, anion. Attached in the
ESI,T are short videos of these pictures.

functional groups in the side chains will naturally influence the
results; however, this would be beyond the scope of this work.

The MD simulations reveal (Fig. 13) that methylation of
the C? position significantly changes the preferred location of
the [NTf,]” anion. For both cations, the highest values in the
spatial distribution functions are found on either side of the
imidazolium ring plane. For [C,C;im][NTf,], the preferred
positions are shifted towards the space surrounding the acidic
C>-H, whereas for [C,C;C,im][NTf,] they are centred over the
imidazolium ring. This is in line with the observations made by
Zhang et al. on [C4C,im][PF,] and [C4C,C,im][PF,].”’

Further insight is provided using the potential of mean
force, eqn (1).

w(¢) = —kpTIng(¢) (1)

Here, w is the potential of mean force, ¢ is the path coordinate,
kg is the Boltzmann constant, T is the thermodynamic tem-
perature, g is the value of the spatial distribution function.
Thus, the beads in Fig. 13 correspond to the minimum (free)
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Fig. 14 Energy to path coordinate graphs for the studied ILs.

energy path connecting the arrangements of anions around the
cation which are statistically lowest in energy. The energy along
this path is shown in Fig. 14. It is evident that the barriers
involved in the path on the C** side of the ring are comparable
for the two cations. In contrast, the potential of mean force is
very different for the path on the C* side of the ring. First, the
barriers are slightly larger for [C,C;C;im][NTf,] compared to
[C,C1im][NTf,]. Second, the minimum energy path connecting
the two preferred locations is considerably longer and more
corrugated in the case of [C,C;C;im][NTf,], and the anion has
to pass through an additional minimum. Hence, in agreement
with the literature, our simulations show that there is a mostly
entropic cost in terms of anion mobility when the C* position is
methylated.”®”?

Conclusions

In this work we investigated the structure-property relationship
of a series of dialkylimidazolium ILs, with different functiona-
lisations of the side chain. All the salts were made with
appropriate heteroatoms, in order for the molecular weight to
not deviate more than 5% from our reference cation, which is
[C5C4im]". We performed a thorough study of bulk properties
for those ILs, which effectively revealed that changing the
terminal functional group can affect each studied property
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differently, sometimes in unexpected ways. Characteristic
examples of these behaviours are the cases of terminal
F-group substitution, which affects the decomposition pathway
for the halide salts, but not for [NTf,]” salts or any other
property. In an analogous way, changing from linear to
branched chain (cases of [C;C,im]" and [C,,C;im]" as well as
their C>-methylated analogues) does not seem to have a
significant effect in any of the studied transport properties,
but it does affect the thermal properties. In order to analyse
and interpret these observations, we performed ab initio theo-
retical calculations of the minimum energy orientations for our
studied structures.

Since some of the studied salts were solid around room
temperature, we performed a crystallographic analysis to gain
insight regarding the effect of the alkyl chain functionalisation
on the hydrogen bonding strength and even compare the effect
of different anions on the obtained structures. Of great interest
to our study is the case of the [N=C,C,C;im]" salts, and
especially [N= C,C;C,im][NTf,], which surprisingly to us is a
high-melting point solid. Crystallography and ab initio
calculations helped us to elucidate part of this behaviour,
however further studies could be performed in order to gain
a clearer understanding of this behaviour.

The final point that needed to be explained was the large
differences that in most measurements appear between the
methylated and non-methylated analogues of each set (consistently
higher viscosities, higher decomposition temperatures, higher
melting points and lower diffusion rates for the methylated
analogues). To address this issue, we performed MD simulations
in the simplest IL cases, namely [C,C,im][NTf,] and [C,C,C;im]
[NT£,]. These simulations were in agreement with previous works
on similar systems and revealed that C*> methylation significantly
changes the preferred position of the anion and also reduces the
mobility of the anion (entropic cost). Of course, it is expected
that the functionalisation of the side chain will further affect
the simulation results and this could be a future continuation of
this work.

All the results presented in this work agree with our
initial hypothesis. ILs are complex systems and their physical
properties are affected by a wide array of different parameters.
In almost every one of the studied properties there was one IL
that behaved unexpectedly and usually these were different
ILs in each case. This certainly indicates that our current
understanding of IL chemistry is not sufficient to predict the
properties of new ionic liquids (even for simple molecular
structures such as the alkylimidazolium cation) and that such
fundamental studies are more relevant than ever. Our findings
indicate that researchers need to be extremely cautious when
they use data on one family of ILs to extrapolate and predict the
behaviour of another family of ILs. Interpolation among ILs of
the same family is a safer route, but this still requires a
sufficiently thorough dataset and the use of a properly
trained statistical model.'® Understanding simple molecular
structures is the first step that needs to be taken, followed
by the investigation of more complex systems of industrial
interest.
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