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Abstract

A series of equimolar mixtures of 1-ethyl-3-methylimidazolium halide ([C2Ciim]X: X~
= F, CI, Br and I") and ethylene glycol (EG) are studied by *H NMR and IR
spectroscopies. The chemical shifts for the protons in EG and imidazolium ring shift
towards the downfield in the order of F~ >> CI” > Br™ > |7, owing to the strength of
their respective X--H interactions. Amongst all the studied systems, the fluoride
complex ([C2Ci1im]F-EG) shows extremely strong interactions between F~ and OH
hydrogen of EG, resulting in no “free” EG in the mixture as reflected in the infrared
spectra. Quantum chemical calculations suggest several possible geometries for all the
halide systems, where the geometry with the EG molecule forming a chelate of halide
ion gives the most stable structure. The calculated interaction energies of these
geometries also confirm that the fluoride complex has a significantly higher interaction
energy than those of the other halide systems. Furthermore, the halide anion affects the
selectivity of protium-deuterium exchange site in these systems, and some imidazolium
ring hydrogen atoms are activated only in the presence of F.

Keywords: Solvate ionic liquids; NMR spectroscopy; Protium-deuterium exchange;

Theoretical calculations



1. Introduction

lonic liquids (ILs) entirely composed of ionic species, very often containing an organic

ion[1-4], are considered as “designer” solvents owing to their great tunability in

physicochemical properties through structural modification of the cation or anion,

leading to a wide range of applications in materials synthesis[5, 6], biomass

processing[7], catalysis[1, 8], self-assembly[9, 10], and electrolytes for energy

devices[11-14]. Solvate ionic liquids (SILs) are a subset of ILs, in which the cation (or

anion) is solvated by a neutral species to form a stable complex cation (or anion) and

the neutral species lose its properties as solvent[15]. Typical examples for SILs are

those of lithium cation solvated by oligoethers (glymes)[16]. In the Li-glyme system

including SILs, the interactions amongst the Li*, anion and solvating neutral glymes

play a crucial role in determining their structures[17-20], as examined by experimental

and computational techniques[21]. The difference in nature of the solvation of Li* leads

to many types of SILs that are defined as “good” or “poor”, depending on the ratio of

glyme to Li* and relative coordination strengths of the glyme and anion with Li*[18,

19, 22]. In a good SIL, Li-glyme complexation is favoured over the anion, giving

properties similar to a conventional IL, while poor SILs are closer to a concentrated salt

solution[23].

Our recent study reported that a fluoride anion solvated by ethylene glycol (EG)



formed room-temperature SILs with an appropriate cation[24]. The fluoride-based SILs,

in which the fluoride ion was solvated by EG, was formed with the prototypical 1-alkyl-

3-methylimidazolium cation ([CnC1im]")[24]. X-ray diffraction and nuclear magnetic

resonance (NMR) and infrared (IR) spectroscopic studies showed that the fluoride ion

had strong interactions with the OH groups in EG through H-bonding compared to the

bromide system but it could interact with other hydrogen atoms in the cation. This

phenomenon is similar to that in a typical deep eutectic solvent (DES), such as choline

chloride-urea, in which multiple H-bonding interactions exist as revealed by

computational simulations[25, 26]. Such a fluoride ion was termed as partially naked

fluoride in comparison with practically naked fluoride in typical organic fluoride

salts[27-30]. Different from naked fluoride ion that attacks most organic cation, fluoride

ions solvated by EG do not decompose [CnCiim]*. Interactions between fluoride and

OH group in alcohols were comprehensively studied by X-ray diffraction and

spectroscopic methods[31], and enhanced activity of the fluoride ion was confirmed for

some fluorination reactions in the presence of H-bonding donors such as alcohols.

Another work on fourteen different fluoride-alcohol complexes with bulky

tetrabutylammonium cation revealed that the OH---F contacts in their crystal structures

became shorter as the coordination number decreases and the O---F---O angle could be

related to the reactivity of fluoride anion[32].



An IR and NMR spectroscopic study on H-bonding interactions in four
imidazolium based ILs ([C4C1im]X, X=ClI, Br, | and BF4) revealed that the anion greatly
affects the stability of the H-bonding network, particularly on the isotopic protium-
deuterium (*H-2H) exchanges between the H2 hydrogen on the imidazolium cation (H2
is the hydrogen atom on the carbon atom (C2) between two nitrogen atoms) and
deuterium atom in ?H20[33]. Deuteration is a chemical process used for minimal
modification of molecules by replacing *H with 2H. It is a powerful method in studying
the structures of both existing and new molecules/materials[21, 34-39].

In the present work, the structures of [C2C1im]X-EG (X = F, Cl, Br, and I) mixtures
in which the halide anion interacts with both EG and the cation are studied by the
combination of experimental techniques (NMR and IR) and theoretical calculations.
The effect of the anion size is readily reflected in the NMR and IR spectra, suggesting
the H-bonding structure has changed accordingly, which is also reflected by the isotopic

1H-2H exchanges on both the EG and imidazolium ring.

2. Results and discussion

2.1. Solvation structures. Figure 1 shows the optimized structures of the
[C2C1im]X-EG complexes (X = F, Cl, Brand I) and the calculated stabilization energies
(Eform) associated with the formation of the complexes from isolated species (see the

chemical structure in Figure 2 for the atom numbering scheme). The Erm calculated for
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the most stable structure of the complex becomes smaller (less negative) with
increasing anion size, due to the increased intermolecular distance, since the
electrostatic and induction interactions are the major source of the attraction in the
complexes. The Esm for the F~ complex is significantly smaller than that for the CI™
complex, and then the Esm moderately increases afterwards (the Esm for the F~, CI7,
Br~and I~ complexes are —134.7, —103.8, —103.4 and —94.0 kcal mol™?, respectively).
In the most stable structures for the four complexes, the two O—H hydrogen atoms of
ethylene glycol have contacts with the halide anion, which suggests that the interaction
between the O—H hydrogen and halide anion is important for the stabilization of the
complexes. The Esm calculated for the [C2Ciim]X and [EG]X™ complexes are
summarized in Figure S1 in Supplementary data. In the absence of EG, a stable
[C2Caim]F complex does not exist. During the geometry optimization of the [C2C1im]F
complex, F~ abstracts H2 from [C2Ciim]*, which agrees with the experimental
difficulty in the synthesis of pure [C2Ciim]F and the high basicity of naked F~. On the
other hand, stable geometries for the [C2C1im]X (X = Cl, Br and I) were obtained by
the geometry optimizations without EG. The Ewm for the [C2Ciim]X complexes
decreases (becomes less negative) with increasing the anion size. The bidentate
structures for the [EG]X™ complexes are more stable than the monodentate structures

as shown in Figure S1. In the [EG]X™ complexes, the [EG]F has the largest negative



Erorm. The absolute value of Esm calculated for the bidentate [EG]F~ (—45.5kcal mol™)
is twice larger than that for the bidentate [EG]CI~ complex (—19.5kcal mol™). The Efom

for the [EG]X™ complexes monotonously decrease from Cl™ to I".
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Figure 1. Optimized stable geometries of (A) [C2C1im]F-EG, (B) [C2C1im]CI-EG, (C)
[C2Ciim]Br-EG, and (D) [C2C1im]I-EG complexes, and their stabilization energies by
the formation of complexes in kcal mol™. Light green: fluorine, green: Cl, brown: B,
purple: I, blue: nitrogen, red: oxygen, gray: carbon, and white: hydrogen.



In Figure 2, the 'H NMR spectra of neat [C2C1im]X-EG (to exclude solvent effects)
with all peaks assigned are presented, in accordance with the previous work for the
fluoride salt[24]. All methyl and ethyl hydrogen atoms (H6, H7, H8 and Ha) for these
compounds have similar chemical shifts regardless of the anion, whereas the chemical
shift of Hb (OH proton in EG) shows moderate downfield-shift from I” to ClI~, and then
drastically for F~ as indicated by the arrows in Figure 2. The downfield shift of the
proton in the NMR spectra is due to the increase of deshielding of protons by
reinforcement of H-bonding[40], which is commonly observed in many other ionic
liquids[33, 41, 42]. The changes of chemical shift are consistent with the calculated
stabilization energies (Figure 1). The signal of the H2 ring proton also shifts downfield
with decreasing the anion size in the same trend as for the OH proton, but in a moderate
way. Slight downfield shift for the H4 and H5 ring protons are also observed from I™ to
F~, suggesting the increasing interaction with X".

This confirms that H2 receives the most significant effect of the anionic species in
this system, which agrees with previous works suggesting the high acidity of H2[43-
45]. The chemical shifts of H2 and Hb of [C2C1im]X-EG are plotted in Figure 3 against
the Shannon radius[46] of X". The chemical shifts obtained by theoretical calculations
are also shown for comparison (the values are listed in Table S1, Supplementary data).

Although the calculated chemical shifts for the H2 and Hb protons are not identical to



the experimental values, the anion size dependency of the calculated chemical shifts is
the same as that of the experimental chemical shifts. The F~ has the most significant

influence on the H-bonding interactions owing to the strong interaction.
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Figure 2. 'H NMR spectra of [C2C1im]X-EG (X =F, Cl, Br and 1) complexes at 20 °C.
The arrows show the trend of the related chemical shift as function of anion size.
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Figure 3. Calculated and experimental chemical shifts for the H2 (ring proton) and Hb
(OH proton in EG) for the [C2C1im]X-EG (X = F, Cl, Br and 1) complexes.

IR spectroscopy has been applied as a useful tool to study the H-bonding effect of
the compound[47] in which the H-bonding would cause the related band to shift to
lower wavenumber (red shift) and often a broadening effect[47-49]. Furthermore, IR is
very sensitive to the state of OH stretching[50], which is the interaction of interest in
the present study. IR spectra of the four [C2C1im]X-EG samples, neat EG and the neat
[C2C1im]Br salt are given in Figure 4. The OH stretching band of [C2C1im]CI-EG,
[C2C1im]Br-EG, and [C2C1im]I-EG appear at 3288, 3333, and 3371 cm?, respectively,
exhibiting a blue shift with increasing the anion size. The larger wavenumber of these
systems compared to that of neat EG (3265cm™) suggests that H-bonding in the
complexes is weaker than that in neat EG, as EG forms oligomers via H bonding. The

OH stretching band of [C2Ciim]F-EG exhibits a distinct red-shift to 3035 cm™
10



compared to that of neat EG, indicative of the stronger H-bonding in the fluoride
complex and the absence of “free” EG. The shift of the C—H stretching modes is

rather ambiguous in the present spectra.
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Figure 4. Infrared spectra of [C2C1im]X-EG (X = F, Cl, Brand I), [C2C1im]Br, and pure
EGat 20 °C.

The difference in the H-bonding interactions is also reflected on their rheological

behaviour, as stronger H-bonding interactions leading to a higher viscosity (#)[51]. The

viscosities from 25 to 80 °C, of the [C2C1im]X-EG complex salts and neat EG are

plotted in Figure S2. Any [C2C1im]X-EG salt exhibits a higher viscosity than that of

neat EG, and the trend in viscosity, nec < 1~ < er < ycr- << ¢, IS in good accordance

with the spectroscopic measurements. The decrease in viscosity is likely due to the
11



weaker anion-EG interaction (or partly increase of free EG) as similar to the case of
other SILs[19, 22, 23]. The IR and rheological data suggest [C2Ciim]F-EG can be

considered as a “good” SIL based on the criteria for SILs[23].

2.2. 'H-?H exchange. In the imidazolium cations, the H2 ring hydrogen atom is the
most acidic one which is subject to *H-H exchange in the presence of a deuterated
solvent according to previous studies[33, 43], and the degree of exchange is largely
affected by the anion type; the stronger interaction (mostly H-bonding) between the
anion and H2 leads to the higher degree of 'H-?H exchange[33]. In the present
[C2C1im]X-EG systems, thus, it is of fundamental importance to know the exchange
phenomenon of these *H atoms in the presence of 2H atoms. All the [C2C1im]X-EG
complex salts were mixed with 2H20 in the molar ratio of 1 : 10 for 24 h and then *H20
and 2H20 were removed under vacuum. The *H NMR spectra of the [C2C1im]X-EG
after deuteration are presented in Figure 5. Although the chemical shifts do not change
before and after deuteration (Figures 2 and 5), the intensities of Hb and H2 are
significantly reduced in all cases, indicating that Hb and H2 have been partly deuterated.
More strikingly, the intensities for H4 and H5 signals also decrease only in the case of
[C2Caim]F-EG after deuteration, which agrees with a previous report[52], and is related
to the formation of N-heterocyclic carbene. Formation of bifluoride ion is also a

plausible path after abstraction of ring hydrogen atoms[30], but it was not observed in
12



IR spectra even in the case of the F system (absence of the characteristic band around
1250 cm™t in Figure 4). This is the first case that shows the H4 and H5 hydrogen atoms
exhibiting *H-2H exchange in the presence of F~ at room temperature, although such

deuteration could also be achieved under a basic conditions [45, 48].
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Figure 5. 'H NMR spectra of [C2C1im]X-EG (X = F, Cl, Br, and 1) after 24-hour
deuteration with D20 at 20 °C. The arrows show the trend of the chemical shift for Hb
and H2 along with the change of anion.
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The degree of *H-2H exchange from the integration of the corresponding signals in *H
NMR are given in Table 1 (detailed integrations for the protons are listed in Table S2,
Supplementary data). The theoretical *H-2H exchange rate for the Cl, Br, and | salts is
87 % at the equilibrated state based on the number of possible exchange sites (20/23 =
0.87 by considering three 'H sites of one H2 and two Hb and twenty 2H sites of 2H20
(ten 2H20 per [C2C1im]X-EG)), whereas that for the F salt is 80 % (20/25 = 0.80 by
considering five *H sites of H2, H4, H5, and two Hb, and twenty 2H sites of 2H20 (ten
2H,0 per [C2C1im]X-EG)). The *H-?H exchange rate experimentally observed for H2
and Hb in the CI, Br and | salts are similar (84-88%) and close to the theoretical value,
suggesting deuteration is almost completed in them. In the case of the F salt, the
exchange rates are obviously different for H2, H4, H5, and Hb; the 77% exchange rate
for H2 indicates almost completed *H-2H exchange, whereas it decreases in the order
of Hb > H4 = H5 (intensities of the H4 and H5 peaks were assumed to be identical to
separate the H4 peak from the Hb peak).

'H and ?H atoms are electronically identical, and therefore the differences in the *H-
and 2H-bondings are associated with the difference in their masses, which is reflected
on their zero-point energies. Table 2 lists the changes in zero-point energies due to the
replacement of *H with 2H in the [C2C1im]X-EG, [C2C1im]X, and [EG]X™ complexes.

14



The substitution of *H with 2H lowers the energies of the complexes by about 2 kcal
mol! regardless of the complex types. A similar difference of interaction energies
between *H and 2H complexes is reported in a water dimer[53]. This suggests that the
2H-bonding is relatively more stable, meaning that the exchange between H and 2H
atoms is promoted thermodynamically. However, the majority of *H atoms (especially
those bonded to C atoms) are resistant to such an effect as reported in previous
studies[33, 53-55]. In the imidazolium based salts ([C4C1im]X, X = Cl, Br, | and BF4),
the isotopic *H-?H exchange for H2 hydrogen is also dependent on time, suggesting that
the exchange can also be kinetically controlled[33]. To evaluate this kinetic effect, the
deuteration time for the [C2C1im]F-EG and [C2C1im]CI-EG samples was increased to
three days. The resulting *H NMR spectra and integration numbers are given in Figure
S3 and Table S2, respectively. The degree of deuteration for these two samples remains
almost unchanged over a longer period, illustrating that the *H-2H exchange reaches
equilibrium after 24 h. Careful comparison of the difference in zero-point vibration
energies (Table 2) indicates that the difference increases for H2 and decreases for Hb
with increasing the anion size of [C2Ciim]X-EG. This trend results in the higher
stability of deuterated Hb compared to deuterated H2 (—0.33 kcal mol™) for
[C2C1im]F-EG, but the overlap of Hb, H4, and H5 signals and broadness of H2 signal
makes the accurate determination of intensities difficult in the current stage.
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Table 1. Exchange rate of *H atoms with 2H atoms in the [C2C1im]X-EG systems.?

IL Ho/Db (%)  H2/D2 (%)  H4/D4 (%)  H5/D5 (%)
[C2C1im]F-EG 67 77 56 56
[C2C1im]CI-EG 86 88 0 0

[C2C1im]Br-EG 87 86 0 0
[C2Caim]I-EG 85 84 0 0

a Deuteration was performed with 2H20 in the molar ratio of [C2C1im]X-EG : 2H20 =
1:10 and the percentage was determined by NMR spectroscopy (see Table S2 for NMR
intensity data). The percentage is described as the atomic ratio of 2H/(*H + 2H) for each

hydrogen site.

Table 2. Change in zero-point vibration energy due to the replacement of *H with 2H at
H2 and Hb in [C2C1im]X-EG, [C2Ciim]X and [EG]X™ complexes.?

System H2 (kcal mol™) Hb (kcal mol™)
[C2Ci1im]F-EG -1.90 -2.23
[C2C1im]CI-EG -2.00 2.17
[C2C1im]Br-EG -2.03 -2.16
[C2Caim]I-EG -2.09 -2.14

[C2Ciim]F Unstable --
[C2Crim]CI -1.88 -
[C2Caim]Br -1.91 --
[C2Caim]I -2.06 --
F EG -- -2.14
Cl -—EG -- -2.15
Br EG -- -2.14
I —EG -- -2.14

aThe difference in zero-point vibration energy between *H and ?H forms is calculated
by subtracting the energy of 2H from that of ‘H.

In the optimized structure in Figure 1, F has short distances (Table S3) to Hb in

EG and H2 in the imidazolium ring, giving rise to much stronger interactions compared

to other halide counterparts. It is reasonably expected that F is also much closer to H4
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and H5 in the ring than other halide ions. Consequently, these two 'H atoms are more
active (longer and weaker C-H bond) so that they could be exchanged by ?H atoms in
the presence of F . The ability of the strongly basic F to activate covalently bonded H
atoms may be particularly useful in the event of deuteration of such compounds, since
deuteration is a powerful tool to probe and tune H-bonded structures[21, 56-59], which
may result in better crystal structure determination and design of new functional
materials.

Due to the difference in the atomic mass between 'H and 2H, their vibrational
energies are significantly different, which may be probed by spectroscopic techniques
such as IR[33, 53, 60]. In the IR spectrum of deuterated EG (Figure S4, Supplementary
data), the O?H stretching appears at a lower frequency of 2455 cm™, which is red-
shifted by 837 cm™*, compared to that of the non-deuterated EG (Figure 4). From the IR
spectra of the ?H20 treated [C2C1im]X-EG samples, both O'H and O?H groups are
observed, showing the similar isotopic shift (835 cm™ for [C2C1im]F-EG, 876 cm™ for
[C2C1im]CI-EG, 868 cm™ for [C2C1im]Br-EG, and 882 cm™ for [C2C1im]I-EG), in
agreement with the NMR results that shows the co-existence of O*H and O?H.

3. Conclusions
Four 1-ethyl-3-methylimidazolium halide-ethylene glycol mixtures ([C2Ciim]X-EG
(X=F, Cl, Br and 1)) were systematically studied by computer simulations and

17



spectroscopic (NMR and IR) analyses. The quantum chemical calculations show that
the halide ion being coordinated by EG in bidentate manner provides the most stable
state for all the structures. In the absence of EG, [C2Ciim]F is not stable as F  abstracts
the H2 atom on the imidazolium ring, whereas the other three complexes could form
stable salts, which is consistent with experimental observations. Both *H NMR and IR
analyses suggest that all the halide ions had interactions with the OH on EG and H2,
H4 and H5 on the imidazole ring, but the strength of these interactions decreases in the
trend of F >> ClI > Br > 1 with the F being significantly higher than the others,
which confirms the findings by the quantum chemical calculations. These microscopic
structures have determined their macroscopic properties, such as viscosities measured
in the present work. From the deuteration study, the *H-2H exchange occurs for the OH
and H2 hydrogen atoms in all the four systems, which is consistent with the previous
literature. However, it is striking that H4 and H5 atoms could also be deuterated in the
[C2Caim]F-EG system, due to these H atoms being activated by the strong basicity of
F ion. This may be particularly useful in designing, synthesizing and analysing new

materials, specifically those containing fluoride ions.

4. Experimental
4.1. General information

18



All non-volatile materials were handled under a dry Ar atmosphere in a glovebox.

The starting halide salts, 1-ethyl-3-methylimidazolium halide ([C2Ciim]X, X = ClI, Br

and 1), were purchased from Kanto Chemical Co. Inc. and were dried under vacuum at

50 °C overnight. Dry EG (Wako Pure Chemicals, water content < 30 ppm) and

methanol (Wako Pure Chemicals, water content < 10 ppm) were used without further

purification. Silver fluoride (Aldrich, 99% purity) was dried under vacuum overnight

at 100 °C. Deuterium oxide (D20) was purchased from Aldrich (>99.9 at% D) and used

as received.

4.2. Synthesis

[C2Ciim]F-EG. The [C2Ciim]F-EG compound was prepared using a protocol

reported in a previous work[24]. Typically, [C2C1im]Br, AgF, and EG were mixed in

methanol and agitated for 24 h. The precipitate of AgBr was filtered under the dry Ar

atmosphere and the methanol solvent was evaporated from the filtrate at room

temperature until the vacuum reached 1 Pa. The resulting [C2C1im]F-EG was yellow

viscous liquid.

[C2Caim]X-EG (X = CI, Br and I). The [C2Ciim]X-EG (X = CI, Br and I) were

prepared via direct mixing of the corresponding halide salt and EG at the equimolar

ratio for 1 h. The resulting product was clear liquid in all the cases, and the purities of

19



these compounds were confirmed by *H NMR with all peaks being assigned (see the

Results and Discussion part).

1H-2H exchange. Each halide compound was mixed with 2H20 in the 1 : 10 molar
ratio (e.g. 5.00 mmol [C2C1im]X-EG and 50.0 mmol D20) and was allowed for *H-?H
exchange for 24 h. Water (*H20 or 2H20) was removed from the resulting mixture under
vacuum at room temperature until the pressure reached 1 Pa, and the deuterated samples
were then analyzed by 'H NMR and IR spectroscopic measurements in their neat form

to exclude solvent effects.

4.3. Characterization

The chemical structures of [C2C1im]X-EG complexes were analyzed by *H NMR
on a INM-ECAG600 NMR spectrometer (JEOL Ltd.) at 20 °C. Neat liquid samples were
used for the NMR measurements. A coaxial NMR tube was used with the sample being
placed in the internal tube and the deuterated solvent in between to eliminate the
interaction with the solvent. Infrared spectra were obtained by a Bruker Alpha Il
spectrometer equipped with an attenuated total reflection setup in a dry chamber
(Daikin Industries, LTD.) under a dry air (dew point below —60 °C) at 25°C. Viscosity

was measured using an electromagnetically spinning viscometer (EMS-1000, Kyoto

20



Electronics Manufacturing) from 25 to 80 °C. Samples for viscosity measurements

were loaded in a glass tube in the glove box and was tightly sealed with a plastic cap.

4.4. Theoretical calculations

The Gaussian 09 program[61] was used for the ab initio molecular orbital and DFT

calculations with the basis sets implemented in the Gaussian program. The DGDZVP

basis set[62] was used for iodide. The geometries of the complexes were fully

optimized at the HF/6-311G** level based on the previously known stable structures

(two complex structures where X interacts with the H2 hydrogen atom and one complex

structure where X is on the imidazolium ring)[63, 64]. The intermolecular interaction

energies (Eint) were calculated at the MP2/6-311G** level by the supermolecule

method[65, 66]. The basis set superposition error (BSSE)[67] was corrected for all the

interaction energy calculations using the counterpoise method[68]. The previous

calculations of the [C2C1im][BF4] and Li[TFSA] complexes[69, 70] show that the basis

set effects on the calculated interaction energies of the complexes are very small, if

basis sets including polarization functions are used and that the effects of electron

correlation beyond MP2 are negligible. Therefore, we calculated the interaction

energies of the complexes at the MP2/6-311G** level in this work. The stabilization

energy for forming a complex from the isolated species (Eform) was calculated as the
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sum of the Eint and the deformation energy (Eder), which is the sum of the increase in

energy due to the deformation of the chemical species during formation of the

complex[70]. Here, the Eqer was calculated at the MP2/6-311G** level. NMR shielding

tensors were calculated with the Gauge-independent atomic orbital (GIAO) method[71]

from the B3LYP/6-311+G** level[72, 73] wave functions calculated for the optimized

geometries at the same level. Zero point vibrational energies were calculated at the

B3LYP/6-311+G** level.
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