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A series of seven novel thiazolium-based ionic liquids have been synthesized and characterized. To understand
the physicochemical properties of thiazolium ionic liquids the compounds were characterized via thermogravi-
metric analysis, differential scanning calorimetry, and powder X-ray diffraction. The thiazolium sulfur atom is
found to impart unique intermolecular interactions affecting the properties of the materials, both in the solid
and liquid state. These interactions are examined by Hirshfeld surface analysis of single-crystal X-ray diffraction
data as well as via variable-temperature viscometry. Further, it was observed that several of the ionic compounds
exhibit high enthalpies of fusion making them potential candidates for thermal energy storage materials,
expanding the possible applications for this class of compounds.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Tonic liquids (ILs) are a class of semi-organic compounds which are
broadly classified as an organic cation-inorganic anion pair which melt
below 100 °C [1]. ILs have been applied in a wide breadth of fields
such as catalysis [2], non-aqueous electrolytes [3,4], alternative mate-
rials for carbon capture [5], as solvents for biomass processing [6,7], as
well as a host of other applications. There is an increasing demand for
sustainable sources of energy, especially for energy storage and conver-
sion materials. However, all renewable energy sources have the disad-
vantage of intermittent supply and lack of storage media [8]. ILs have
generated interest for thermal energy storage at temperatures in the
75-200 °C range which is not easily achieved with traditional materials
[9,10]. Traditional phase change materials (PCMs) have a low thermal
storage density, undergo significant transitions during phase changes,
and can suffer from issues caused by supercooling as well as being po-
tentially corrosive [8]. Given their ionic nature, ILs have the potential
to transfer thermal energy in the latent heat of a phase transitions,
and ILs with high enthalpies of fusion can transfer significant amounts
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of energy to their immediate surroundings during their phase transi-
tions. One of the desirable features of ILs in thermal energy storage is
their expanded liquidus range [9,11]. The melting point and the en-
thalpy of fusion can be tailored by careful choice of the structure of
the cation and anion [12]. For example, Zhu et al. have reported that
long-chain ILs, such as 1-hexadecyl-3-methylimidazolium bromide, or
[C16-Mim][Br], exhibit favorable thermophysical properties values suit-
able for use as PCMs [13]. This work was followed by Bendova et al. in
which they examined ionic liquid compounds [C;g-Mim] with differing
anions, namely chloride and saccharinate [14]. The long-chain alkyl
imidazolium ILs displayed melting points of ~51 °C and 65 °C and it
was concluded that the structure of the anion affects the enthalpies of
fusion and the heat capacity.

One key feature of ILs which allows for their wide-spread applica-
tion comes from the high potential for synthetic customization of
both the cation and anion. Thus, it follows that the structure of ILs
has a significant impact on the properties of the formed cation-
anion pair. As an example, the most studied IL systems consist of het-
erocyclic cations, such as an imidazolium, often paired with fluori-
nated anions, such as hexafluorophosphate [PF{~], tetrafluoroborate
[BFA™], or bis(trifluoromethane)sulfonimide [Tf,N~] [15-17]. In
these imidazolium-based compounds, the fluorinated anions impart
favorable properties like low viscosity, increased hydrophobicity,
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and high thermal stability [1,18,19]. The halide-based ILs of the same
imidazolium compounds, however, tend to exhibit higher melting
points, increased crystallinity, and significantly lower material costs
[1,3,15,16].

Alkyl chain length is another variable synthetic point for ILs. Varying
alkyl chain length has been demonstrated to affect a number of proper-
ties including thermal stability [20,21], onsets of phase transitions [18],
and gas solubilities [1,22]. For example, examining the properties of
imidazolium based ILs with the [Tf,N™| anions bearing alkyl chain
lengths from 2 carbons (ethyl) to 6 carbons (hexyl) to 16 carbons
(hexadecyl) show an increase in melting point from approximately
—17°C'® to —7 °C? to 42 °C [24], respectively. However, increases in
alkyl chain length also affects the density with the general trend being
that increases in alkyl chain length decrease the density of the formed
IL [25]. It should be noted, however, that these properties, among
others, are merely discussed herein as trends. The overall properties of
any set of ILs is dependent on many factors, of which alkyl chain length,
cation structure, heteroatom presence, or anion structure comprise just
a portion of the potential tailorable points affecting the final properties
[1,17,18].

For instance, the structure property relationship of several related
heterocyclic ILs having the 1,2,3-triazolium [26], 1,2,4-triazolium [27],
and pyridinium [28] based ILs have been reported. When compared
with their imidazolium congeners, and given the complex nature of
ILs, the properties of the various triazolium and pyridinium based com-
pounds exhibit a wide range of potentially favorable attributes. For in-
stance, the 1,2,3-triazolium based ILs exhibit increased stability under
basic conditions due to the lack of a hydrogen at the C2 position on
the ring [26]. Pyridium based salts have been shown to form liquid crys-
talline materials based on variations in the alkyl chain length [29]. The
pyridinium ILs also exhibited comparable thermal properties to their
imidazolium counterparts, allowing for their potential use as alternative
materials [23].

Compared to imidazolium, pyridinum, and triazolium ILs, another
class of less investigated compounds is that of ILs based on the thiazole
heterocyclic ring. The thiazole ring has one N and one S atom in the
same five-membered ring, and the combination of two distinct hetero-
atoms yield unique properties to the resulting ILs. For example,
thiazolium based ILs have desirable properties for gas separations [30],
lubricants [31], and even as catalysts for heterocycle synthesis [32]. En-
couragingly, it has been recently demonstrated that incorporation of
sulfur moieties into ionic liquid cations has imparted unique properties
such as lowering the melting point [33] as well as providing modular
platforms for synthesis of task-specific ionic liquids [34]. These recent
advances further show the importance of fundamental studies into
novel cationic moieties leading to ILs.

To date, limited reporting in the literature with respect to their
synthesis, physicochemical, and structural evaluation of thiazolium
based ILs makes these compounds even more attractive from a syn-
thetic view point. Herein we report the synthesis and characteriza-
tion of seven novel thiazolium-based ionic liquids with the [TfoN~]
anion. The alkyl side chain of the cation was varied from C, to Cye.
The physicochemical properties of the thiazolium ILs were examined
using thermogravimetric analysis (TGA), dynamic scanning calorim-
etry (DSC), and viscometry. While the viscosity systematically in-
creased with increasing alkyl chain length, the density and
decomposition temperature decreased in the same order. Further,
crystal structures of both the butyl thiazolium bromide and
tetradecyl thiazolium [Tf,N ] derivatives were examined via single-
crystal and powder X-ray diffraction. Six of the compounds can be
classified as classical ionic liquids with melting points below 100 °C,
with four of the compounds existing as free-flowing liquids near or
below room temperature. Further, three of the compounds exhibit
phase transitions with high enthalpies making them potential candi-
dates for thermal energy storage materials.
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2. Materials and methods
2.1. Chemicals

Thiazole and lithium bis(trifluoromethane)sulfonimide were
purchased from ChemImpex. Bromoethane, 1-bromobutane,
1-bromohexane, and 1-bromooctane, 1-bromodoceane, 1-bromo-
hexadecane and solvents were purchased from Fisher Scientific.
All chemicals were purchased in the highest purity available. Syn-
thesized ionic liquid compounds were labeled according to the
substituting linear alkyl chain length in the thiazolium cation as
Cy-Thia[Br] or C,Thia| Tf2N], with n = 2-16.

2.2. Spectroscopy

H, 13C and '°F NMR spectroscopy was performed on a JEOL
400 MHz NMR. NMR solvents were purchased from Cambridge
isotope labs.

2.3. Physical properties

Melting points, glass transitions, and crystallization temperatures
were measured using a TA instruments Q200 differential scanning calo-
rimeter (DSC). Each sample was placed in an aluminum pan and cycled
three consecutive times from —90 °C to 150 °C at a heating and cooling
rate of 10 °C/min. Enthalpy values for the phase transitions were calcu-
lated using the TRIOS software from TA Instruments.

Decomposition temperatures were measured on a TA instruments
Q500 thermogravimetric analyzer (TGA) using the default dynamic set-
ting for the system and using a platinum pan. The differential thermo-
gravimetric curves (DTG) were computationally obtained using the
experimental TGA curves with OriginPro graph visualization software.
Decomposition temperatures were taken from the minimum (maxi-
mum thermal decomposition rate) of each DTG curve.

Viscosity and density were measured using an Anton Paar SVM 3001
kinematic viscometer. Measurements were taken from 20 °C to 80 °C at
increments of 5 °C.

2.4. Single crystal and powder diffraction

Single crystals of C4-Thia[Br] and C;¢-Thia[Tf,N] were coated with a
trace of Fomblin oil and were transferred to the goniometer head of a
Bruker Quest diffractometer with kappa geometry, a Cu Ko wavelength
(N = 1.54178 A) I-u-S microsource X-ray tube, laterally graded multi-
layer (Goebel) mirror single crystal for monochromatization, a Photon
Il area detector, and an Oxford Cryosystems low temperature device. Ex-
amination and data collection were performed at 150 K. Data were col-
lected, reflections were indexed and processed, and the files scaled and
corrected for absorption using APEX3 [35] and SADABS [36]. The space
groups were assigned and the structures were solved by direct methods
using XPREP within the SHELXTL suite of programs [37,38] and refined
by full matrix least squares against F* with all reflections using
Shelx12018 [39] using the graphical interface Shelxle [40]. H atoms
were positioned geometrically and constrained to ride on their parent
atoms. C—H bond distances were constrained to 0.95 A for aromatic
and alkene C—H moieties, and to 0.99 and 0.98 A for aliphatic CH,
and CH; moieties, respectively. Methyl H atoms were allowed to rotate
but not to tip to best fit the experimental electron density. Ujso
(H) values were set to a multiple of Ueq(C) with 1.5 for CH; and 1.2
for C—H and CH, units, respectively.

In C;6-Thia[TF,N] the sulfur atom in the thiazolium fragments in
both cations are disordered with a C—H group by rotation of the frag-
ment. All disordered thiazolium moieties were restrained to have simi-
lar geometries. U components of ADPs for disordered atoms closer to
each other than 2.0 A were restrained to be similar. Subject to these
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conditions the occupancy ratio refined to 0.926(2) to 0.074(2) for the
“A” cation, and to 0.786(2) to 0.214(2) for the “B” cation. One of the an-
ions is disordered by a pseudo two-fold rotation. The disordered moie-
ties were restrained to have similar geometries as the other not
disordered anion. UY components of ADPs for disordered atoms closer
to each other than 2.0 A were restrained to be similar. Subject to these
conditions the occupancy ratio refined to 0.8417(13) to 0.1583(13).

Complete crystallographic data, in CIF format, have been deposited
with the Cambridge Crystallographic Data Centre. CCDC 2032481 and
2032482 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Hirshfeld surfaces and images were calculated and produced using
CrystalExplorer17 [41]. Images of crystal structures and analysis of struc-
tures was accomplished using Olex2 [42]. Predicted powder diffraction
patterns were calculated using Mercury [43].

Powder X-ray Diffraction (PXPD) data were recorded on a Rigaku
MiniFlex 600 X-ray diffractometer using the MiniFlex Guidance soft-
ware. Samples were prepared on Rigaku zero background round flush
sample holders. Measurements were made at 40 kV, 15 mA using Cu
Ko (N = 1.5418 A) radiation at room temperature. The experimental
parameters included a scan speed of 0.5°/min and a step size of 0.02°
with regards to 26. The data were collected over the range of 3-50°
with respect to 26.

3. Experimental
3.1. Formation of the ionic liquid compounds C, — Cg-Thia[Tf,N]

The appropriate alkyl bromide (1.2 equivalents) and thiazolium (1
equivalent) were added to a screw top vial. A stir bar was added to
the vial and the vial was sealed with a lid. The mixture was heated at
90 °C for 3 days. After the 3 days, the reaction was cooled to room tem-
perature during which a pale-brown solid formed. The resulting solid
was triturated with diethyl ether and washed with ethyl acetate repeat-
edly until the liquid turned to clear. The cleaned solid was then dried
under vacuum overnight and used without further purification.

The alkylated bromide salt (1 equivalent) was dissolved into a min-
imal amount of water and lithium bis(trifluoromethane)sulfonimide
(1.2 equivalents) was added while stirring. The resultant mixture was
stirred at room temperature for four hours after which the aqueous
layer was decanted. The resultant organic phase was dissolved in di-
chloromethane and repeatedly washed with water in a separatory fun-
nel. The solvent was removed in vacuo and the resultant pale-brown
liquid was dried overnight under vacuum at 55 °C.

3.2. Formation of the ionic liquid compounds C;, & C;6-Thia[TF>N]

The appropriate alkyl bromide (1.2 equivalents) and thiazolium (1
equivalent) were added to a screw top vial. A stir bar was added to
the vial and the vial was sealed with a lid. The mixture was heated at
110 °C for 7 days. After the 7 days, the reaction was cooled during
which a viscous brown liquid formed in the vials. Diethyl ether was
added to the liquid and mixed until a brown solid formed. The solid
was filtered and washed repeatedly with ethyl acetate. The cleaned
solid was then dried under vacuum overnight and used without further
purification.

The dodecyl or hexadecyl-alkylated bromide salt was dissolved into
a minimal amount of warm water (60 °C). To this aqueous solution, 1.2
equivalents of lithium bis(trifluoromethane)sulfonimide, dissolved in a
minimal amount of water, was added. The resultant mixture was stirred
at 60 °C for 4 h after which the aqueous layer was decanted while warm.
The resultant organic phase was dissolved in ethyl acetate and washed
with water (3 x 50 mL) in a separatory funnel. The solvent was removed
in vacuo and the resultant pale brown liquid was dried overnight under
vacuum at 55 °C.
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3.3.  3-Ethyl-1,3-thiazol-3-ium  bis(trifluoromethanesulfonyl)imide
(Co-Thia[Tf>N])

Pale yellow liquid. C,-Thia[Tf,N] remained as a liquid through all
testing and experimental procedures. Yield (74%).

'H NMR (400 MHz; Acetone-dg) & 10.20 (s, 1H), 8.62 (dd, ] = 3.7,
1.0 Hz, 1H), 8.42 (t,] = 2.9 Hz, 1H), 4.82 (q, ] = 7.3 Hz, 2H), 1.70 (t,
J = 7.3 Hz, 3H).

13C NMR (101 MHz; Acetone-dg) 6 158.19 (s, 1C), 137.19 (s, 1C),
126.46 (s, 1C), 120.12 (q,J = 321.1 Hz, 2C), 51.16 (s, 1C), 14.81 (s, 1C).

19F NMR (376 MHz; Acetone-dg) 6 — 79.79 (s, 6F).

3.4. 3-Butyl-1,3-thiazol-3-ium bromide (C4-Thia[Br])

Light brown powder. Yield (80%). Single crystals suitable for X-ray
diffraction were grown by slow diffusion of diethyl ether into a satu-
rated solution of ethanol.

'H NMR (400 MHz; DMSO-dg) 6 10.34 (s, 1H), 8.67 (t,] = 1.8 Hz,
1H), 8.39 (d,J = 2.3 Hz, 1H), 4.60 (t,] = 2.9 Hz, 2H), 1.85 (dd, ] = 3.6,
1.8 Hz, 2H), 1.24 (s, 2H), 0.88 (dd, ] = 4.1, 2.4 Hz, 3H).

13CNMR (101 MHz; DMSO-dg) 6 150.31 (s, 1C), 128.95 (d,] = 5.3 Hz,
1C), 118.07 (d,] = 8.0 Hz, 1C), 47.00 (d, ] = 4.1 Hz, 1C), 23.79 (s, 1C),
10.95 (s, 1C), 4.27 (s, 1C).

3.5.  3-Butyl-1,3-thiazol-3-ium  bis(trifluoromethanesulfonyl)imide
(C4-Thia[TH-NT])

Dark yellow liquid. Yield (68%).

'H NMR (400 MHz; Acetone-dg) 6 10.20 (t, ] = 0.5 Hz, 1H), 8.60 (dd,
J=3.7,1.0Hz, 1H), 841 (t,] = 2.9 Hz, 1H), 4.76 (t,] = 7.5 Hz, 2H), 2.08
—2.01 (m, 2H), 1.39 (m, 2H), 0.93 (t,J = 7.4 Hz, 3H).

13C NMR (101 MHz; Acetone-dg) 6 159.23 (s, 1C), 138.20 (s, 1C),
127.30 (s, 1C), 120.90 (q, J = 321.2 Hz, 2C), 56.27 (s, 1C), 32.82 (s,
1C), 19.95 (s, 1C), 13.55 (s, 1C).

19 NMR (376 MHz; Acetone-dg) 6 — 79.79 (s, 6F).

3.6. 3-Hexyl-1,3-thiazol-3-ium  bis(trifluoromethanesulfonyl)imide
(Co-Thia[Tf2N])

Dark yellow liquid. Yield (84%).

'H NMR (400 MHz; Acetone-dg) 6 10.18 (d,] = 1.4 Hz, 1H), 8.59 (dd,
J=3.7,1.1Hz, 1H), 840 (t,] = 3.0 Hz, 1H), 4.75 (t,] = 7.5 Hz, 2H), 2.10
—2.01 (m, 2H), 1.39—1.27 (m, 6H), 0.83 (dd, ] = 9.2, 4.9 Hz, 3H).

13C NMR (101 MHz; Acetone-dg) 6 158.97 (s, 1C), 137.98 (s, 1C),
127.05 (s, 2C), 120.67 (q, ] = 321.2 Hz, 2C), 56.27 (s, 1C), 31.45 (s,
1C), 30.62 (s, 1C), 26.11 (s, 1C), 22.70 (s, 1C), 13.86 (s, 1C).

19 NMR (376 MHz; Acetone-dg) 6 — 79.76 (s, 6F).

3.7.  3-Octyl-1,3-thiazol-3-ium  bis(trifluoromethanesulfonyl)imide
(Cs-Thia[Tf2N])

Pale yellow liquid. Yield (81%).

'H NMR (400 MHz; Acetone-dg) 6 10.19 (d,] = 1.3 Hz, 1H), 8.60 (dd,
J=3.7,1.0Hz, 1H), 841 (t,] = 3.0 Hz, 1H), 4.76 (t,] = 7.5 Hz, 2H), 1.38
—1.22 (m, 12H), 0.82 (t, ] = 6.8 Hz, 3H).

13C NMR (101 MHz; Chloroform-d) & 157.24 (s, 1C), 137.13 (s, 1C),
126.18 (s, 1C), 119.78 (q, ] = 321.0 Hz, 1C), 56.29 (s, 1C), 31.60 (s,
1C), 30.33 (s, 1C), 28.90 (s, 1C), 28.75 (s, 1C), 25.98 (s, 1C), 22.55 (s,
1C), 14.01 (s, 1C).

19F NMR (376 MHz; Acetone-dg) 6 — 79.77 (s, 6F).

3.8. 3-Dodecyl-1,3-thiazol-3-ium bis(trifluoromethanesulfonyl)imide
(Ci2-Thia[TfoN])

Pale yellow liquid which slowly solidified upon resting at room tem-
perature overnight. Yield (88%).


http://www.ccdc.cam.ac.uk/data_request/cif

C. Castillo, E. Chenard, M. Zeller et al.

TH NMR (400 MHz; Acetone-dg) 6 10.17 (d, ] = 1.7 Hz, 1H), 8.58 (dd,
J=3.7,1.2Hz, 1H),8.39 (dd,] = 3.5, 2.6 Hz, 1H), 4.74 (t,] = 7.5 Hz, 2H),
1.38—1.26 (m, 20H), 0.82 (t, ] = 6.8 Hz, 3H).

13C NMR (101 MHz; Chloroform) 6 157.47 (s, 1C), 137.12 (s, 1C),
126.19 (s, 1C), 119.85 (q, J = 321.0 Hz, 1C), 56.40 (s, 1C), 32.00 (s,
1C), 30.44 (s, 1C), 29.68 (s, 1C), 29.65 (s, 1C), 29.53 (s, 1C), 29.42 (s,
1C), 2935 (s, 1C), 29.90 (s,1C), 26.11 (s, 1C), 22.78 (s, 1C), 14.21 (s, 1C).

19F NMR (376 MHz; Acetone-dg) 6 — 79.73 (s, 6F).

3.9. 3-hexadecyl-1,3-thiazol-3-ium bis(trifluoromethanesulfonyl)imide
(Ci6-Thia[Tf2N])

Pale yellow crystalline solid. Yield (87%).

Single crystals suitable for X-ray diffraction were grown by slow
evaporation of a saturated solution of the compound dissolved in
methanol.

TH NMR (400 MHz; Acetone-dg) 6 10.23 (dd, | = 2.0, 1.6 Hz, 1H),
8.63 (dd,J = 3.7, 1.3 Hz, 1H), 8.43 (dd, ] = 3.6, 2.5 Hz, 1H), 4.78 (t,
J=7.5Hz, 2H), 1.39—1.24 (m, 28H), 0.84 (t,] = 6.8 Hz, 3H).

13C NMR (101 MHz; Chloroform-d) & 157.52 (s, 1C), 137.09 (s, 1C),
126.20 (s, 1C), 119.86 (q, J = 321.1 Hz, 1C), 56.42 (s, 1C), 32.04
(s, 1C), 30.46 (s, 1C), 29.82 (s, 3C), 29.78 (s, 1C), 29.76 (s, 1C), 29.70
(s, 1C), 29.57 (s, 1C), 29.49 (s, 1C), 29.38 (s, 1C), 28.93 (s, 1C), 26.13
(s, 1C), 22.81 (s, 1C), 14.24 (s, 1C).

19F NMR (376 MHz; Acetone-dg) 6 — 79.79 (s, 6F).

4. Results and discussion
4.1. Thermal stability

A summary of the measured physicochemical properties is given in
Table 1. Thermogravimetric analysis (TGA) and calculated derivative
(DTG) curves of all seven compounds are shown in Fig. 1. Compounds
Cy,-Thia[Tf,N] and Cy-Thia[Tf;N] displayed similar decomposition pro-
files characterized by a single decomposition step with no residual car-
bonaceous material remaining. Compounds C,-Thia[Tf;N], C4-Thia
[Tf,N], Ce-Thia[Tf,N], and Cg-Thia[Tf,N], on the other hand, show an ini-
tial decomposition step at approximately 350 °C followed by a second
step at higher temperatures ranging from 400 °C to 450 °C. For example,
the TGA trace for C,-Thia[Tf,N] shows two decomposition steps, the first
starts at 353 °C, with a loss of 95% and the second decomposition begins
at 433 °C wherein the remaining mass is lost. The relative percentages of
mass lost for the C, through Cg compounds at each step is similar indi-
cating that the first major step in the decomposition mechanism is iden-
tical for the compounds despite the varying alkyl chain length. Overall,
C,-Thia[Tf;N] has the highest T, for all the compounds examined
while C4-Thia[Br] had the lowest.

It was found that Ty, and alkyl chain length are inversely related.
Consistently, as alkyl chain length increases, the ionic liquid decom-
poses at a lower temperature. The decomposition temperature of ILs is
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an important property, as it reflects the thermal stability and ability to
be used for PCMs applications. All the decomposition temperatures of
the thiazolium-based IL compounds are higher than 200 °C; this prop-
erty can meet the requirements of commercial PCMs such as Therminol
VP-1 and paraffin, which are used as heat transfer and storage materials
industrially [44,45].

Compared to structurally related imidazolium-based ILs, thiazolium
ILs display lower thermal stability and more complex decomposition
pathways. The imidazole containing ILs, namely 1-ethyl-3-
methylimidazolium [TfoN~], or simply [C;Mim|[TfoN] (Tgee 440 °C)
[46], and 1-butyl-3-methylimidazolium Tf,N, or [C4Mim(TfoN)] (Tgee
439 °C) [14], both display higher thermal stability as compared to the
thiazolium-based ILs. Compounds C,-Thia[Tf,N], and C4-Thia|Tf,N]
decomposed at approximately 100 °C less than its imidazolium conge-
ner. This significant change in thermal stability implicates that the
thiazolium ring is likely the point of decomposition.

Compared to the [Tf,N ™| bearing compounds, the halide compound
C4-Thia[Br] has the lowest decomposition temperature at 203 °C. As has
been examined previously in the literature, halide-based compounds
exhibit reduced thermal stability since the anions have higher nucleo-
philic and basic character [1,17,47,48]. C4-Thia[Br]| does display a similar
TGA profile as compared to Cq,-Thia[TfN] and Cyg-Thia[Tf,N]
characterized by a single decomposition step. As a point of comparison,
C4-ThiaBr has a Ty approximately 70 °C less than the imidazolium con-
gener C4-Mim|[Br] (Tge = 273 °C) [19].

4.2. Phase transitions

Phase transitions for the ILs were examined by DSC and the results
are summarized in Table 1. Selected DSC curves are shown in Fig. 1
(C). All compounds displayed consistent DSC profiles over three consec-
utive heating and cooling cycles (see Supplemental Information).
Compounds C,-Thia[Tf,N], C4-Thia[Br]|, C;»-Thia[Tf,N], and Cys-Thia
[Tf;N] have distinct melting and freezing points. Although supercooling
of ILs is common, C4-Thia[Br], C;2-Thia[T;,N], and Cyg-Thia[Tf;N] readily
crystallize and do not exhibit any glass transitions, a favorable property
for PCMs [9,11]. C12-Thia[TF,N], C46-Thia[TF,;N], and C4-Thia[Br] had
well-defined peaks with large heat of fusion values potentially making
them viable PCMs for heat storage applications.

4.3. Viscosity

The densities and the temperature dependency for C,-Thia[Tf,N],
n = 2,4, 6 and 8 compounds are presented in Fig. 2 (A), and also sum-
marized in Table 1 for values measured at 25 °C. These results also in-
clude the linear fittings for the experimental data points. The density
of C,-Thia|Tf,N] has the highest values at all investigated temperatures.
This parameter decreases systematically with increasing the alkyl chain
length. Such trends may be explained by the greater increase in the mo-
lecular volume of the cation as compared to only small increases in

Table 1

Summary of physicochemical properties for C,-Thiazolium based ionic liquids.
Compound MW [g/mol]* Density [g/cm?]” V [cm®/mol [ T [°C]¢ AHp, [J/gl AHcc [)/gV Tyec [°CIE n [mPas]" Eq [KJ/mol]'
C,-Thia[Tf,N] 394.34 1.62 243.42 30 29.62 2435 356 65 269 + 04
C4-Thia[Tf;N] 422.40 1.51 279.74 - - - 341 90 30.6 + 0.5
Ce-Thia[Tf,N] 450.45 1.46 308.53 16 13.43 15.53 339 181 36.0 +£ 0.7
Cg-Thia[Tf,N] 478.50 1.39 34424 - - - 337 225 374 + 0.6
Cy2-Thia[Tf,N] 534.61 - - 32 64.25 63.38 334 - -
Ci6-Thia[Tf,N] 590.72 - - 57 7417 79.19 331 - .

C,4-Thia[Br] 222.15 - - 135 112.62 105.11 203 - -

2 Molecular weight "Density measured at 25 °C; “Molar volume of compounds at 25 °C; “Melting temperature from DSC curves; *Enthalpy of fusion calculated from integration of DSC
melting peak transitions; /Enthalpy of cold crystallization from DSC traces; éDecomposition temperatures from the minimum of the DTG curves corresponding to the main decomposition
step in the TG profiles; "Dynamic viscosity measured at 25 °C; ‘Activation energy for dynamic viscosity from Andrade plot fittings, with uncertainties estimated from the linear fitting

errors.
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Fig. 1. TGA (A) and calculated DTG (B) curves for the C,-Thia[Tf,N] compounds, with n = 2, 4, 6, 8, 12 and 16 and for C4-Thia[Br]. DSC curves showing a single heating cycle for selected

compounds (C).

molecular weight. Moreover, the dynamic viscosity values, see Fig. 2
(B), follow the opposite trend, with increasing molecular weight of
the compounds leading to higher viscosities. The increase in viscosity
is primarily a consequence of non-covalent forces in the series of com-
pounds. For instance, compound C,-Thia[Tf,N] had the lowest viscosity
at 25 °C (65 mPa.s), and Cg-Thia[Tf,N] displayed the highest viscosity at
the same temperature (225 mPa.s). This trend, as seen in Fig. 2 (C), is
maintained for the kinematic viscosity, which is given by the ratio be-
tween the dynamic viscosity and the density. In general, the
thiazolium-based ILs display higher viscosity values compared to their
imidazolium analogues. For example, [C4-Mim][Tf;N] has a viscosity
value of 69 mPa.s at 25 °C'> which is 32% lower than the viscosity of
compound C4-Thia[Tf,N].

The temperature dependent viscosity (1) has been fitted to the
Andrade equation and the profiles for C,-Thia[Tf,N], C4-Thia[Tf,N], Cs-
Thia[Tf;N], and Cg-Thia[Tf,N] from 20 °C to 80 °C are shown in Fig. 2
(D). The Andrade equation is

1 ="1o exp B/T] (1)

Where 7)o (mPa.s) and the activation energy (E,) and the ideal gas
constant (R) are given by the parameter B = E,/R. The positive sign
for the exponential indicates that viscosity decreases with increasing
temperature, but the process is activated. The values of E, are approxi-
mately 27 kJ/mol for C,-Thia[Tf,N] and 37 kJ/mol for Cg-Thia[Tf,N].
These values correspond to approximately the energy for H-bond inter-
actions [49]. The small increase in energy with increasing alkyl chain
probably results from the increase in non-covalent intermolecular
forces. Overall, the linear fit indicates an Arrhenius-type behavior for

the viscosities, which agrees with previously reported thiazolium-
based ILs [30].

44. Solid-state structures

The crystal structures of C4-Thia[Br] and C;¢-Thia[Tf,N] were ob-
tained and their structures are shown in Fig. 3. With respect to the struc-
ture of the C;6-Thia[Tf,N] compound, there are two sets of ion pairs in
the asymmetric unit. The thiazolium ring portions of the structures are
positionally disordered in two parts, with the sulfur atom occupying
the position of a carbon atom and vice-versa. Further, one of the
Tf,N~ anions is disordered. Both cations in the C;6-Thia[Tf,N] structure
have the same orientation of the alkyl chains, with the chains running in
parallel. The orientation of the alkyl chains, with respect to the
thiazolium core in both crystal structures, is similar to other examples
in the literature [50]. The torsion angle of atoms C2-N1-C6-C7, which
describes the orientation of the alkyl chain, in both cation moieties
within the [Tf,N™] structure is 106.2(14)° and 103.15(15)°. This orien-
tation of alkyl chains is also observed in the C4-Thia[Br] structure
wherein the related torsion angle is 108.2(9)°. This observation leads
to the conclusion that the alkyl chain configurations are independent
of chain length and perhaps even the anion. Previous literature discus-
sion points to the possibility of polymorphs of the structures existing
wherein the alkyl chains would exhibit different rotational configura-
tions [50].

To further understand the structures in the solid state, powder X-ray
diffraction (pXRD) data was collected on both samples. The predicted
PXRD patterns were calculated from the single crystal data sets and
compared with the experimental patterns (see Fig. 4). In general, the
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Fig. 3. Crystal structures of C4-Thia[Br] (A) and C;6-Thia[Tf,N] (B) shown with 50% probability ellipsoids. The disordered portions of the cations and anions in the C;-Thia[ Tf,N] structure
are omitted for clarity. Carbon = gray, nitrogen = blue, fluorine = green, oxygen = bright red, sulfur = yellow, hydrogen = white, bromide = dark red.

6



C. Castillo, E. Chenard, M. Zeller et al.

—— C,-Thia[Br] (Experimental)
—— C,-Thia[Br] (Predicted)

| |
|~'0 “L-JLJ\_»/\JJwIM,.LJUMJ\J'n/K.\- Pwhia

. ,JU |

!
V._JL MJL* J | \J UllUULJJ‘U Llhll.dﬂu)ulduﬂtle!tl\u

0 5 10 15 20 25 30 35 40 45 50 55
20 (°) A)

Journal of Molecular Liquids 327 (2021) 114800

—— C,s-Thia[Tf,N] (Experimental)
—— C,¢-Thia[Tf,N] (Predicted)

)

[ FETTTTETTI FETTETETT] FETETTET] FIVETRTTT] FTTRRTUT] IRUTRTTUTI IRTRTTNTTA FRTRETETTI FITRTCTUT] FIVEVRATTE PRRTRITETI

0 5 10 15 20 25 30 35 40 45 50 55

260 (°) (B)

Fig. 4. Experimental and simulated XRD patterns for C4-Thia[Br] (A) and Cy6-Thia[Tf,N] (B).

experimental and predicted XRD data matches closely indicating that
the solid-state structures for both samples are similar in the crystalline
state as in the polycrystalline powdered form, and that no phase change
is observed between the temperature of single crystal data collection
(150 K) and ambient conditions, under which the powder patterns
were obtained. This provides evidence that the configurations and
structures discussed herein are likely the preferred structures for
these ILs. Screening of samples crystallized through different methods
and solvents yielded identical unit cells for C4-Thia[Br] and all crystal
samples looked similar by visual inspection under the microscope indi-
cating that the two compounds are not prone towards polymorph
formation.

The thiazolium-based crystal structures reported herein represent
some of the few examples reported in the literature to date. Thus, to bet-
ter understand the overall solid-state structure of the compounds as
well as differing intramolecular interactions of the two crystal struc-
tures, a Hirshfeld surface analysis was performed on both samples
[51]. In brief, Hirshfeld surface analysis involves examining intermolec-
ular interactions “through a whole molecule approach.” [52] Visualiza-
tion of intermolecular interactions can be accomplished through 2D
fingerprint plots which can be deconstructed to examine relative per-
centages of contribution to the overall interactions on an elemental
basis [53]. The values d; and d, refer to distances from the Hirshfeld sur-
face to a nucleus inside (d;) or to a nucleus outside (d.). In this analysis,
dporm is @ normalized function of d; and d, [54].

With respect to the disordered cationic portion of the C;6-Thia[Tf,N]
structure, surface analysis was performed on both orientations of the
disorder for both cations as a whole. The C4-Thia[Br] structure was com-
pared to the previously reported imidazolium congener 1-butyl-3-
methylimidazolium bromide or C4~-Mim[Br]| [23]. Fingerprint plots of
the intermolecular interactions are shown in Fig. 5 and the Hirshfeld
surfaces mapped with the normalized contact distance d,,,;, and the
shape index are shown in Fig. 6. Individual percentages of relevant in-
teractions are listed in Table 2 for both the C4-Thia[Br] and C4-Mim[Br]
structures.

As seen in Table 2, both the C4-Thia and C,-Mim cations share similar
percentages of H- - -Br and H- - - C interactions. One distinction arises

from the H- - -H interactions wherein the C4-Mim[Br] structure has a
significantly higher percentage than the thiazolium congener. Further,
by examining the fingerprint plots it is evident that there are significant
differences in the nature of these H- - -H interactions. The C4-Mim|[Br]
structure has a defined H- - -H peak at approximately d; = d, =~ 1.2 A
with the surrounding area showing continuous, dense interactions.
The C4-Thia[Br] structure, however, shows a broader range of H- - -H in-
teractions with disperse spots and a broadened peak. This observation is
in contrast to the melting points for the two structures wherein the
C4-Thia[Br] melts at a significantly higher temperature (135 °C) as com-
pared to the C4~-Mim([Br] (~79 °C) [55]. It follows then that the H- - -H in-
teractions are not the dominating intermolecular forces influencing the
melting points despite constituting the highest overall percentage of
interactions.

Both sets of crystals exhibit defined H- - - Br peaks observed in the
fingerprints. In both crystals the bromide ion shows the shortest inter-
actions with hydrogens on the heterocyclic ring. In C4.~-Mim|[Br] the
shortest interaction is with the central C2—H hydrogen, d = 2.45(6)A.
The thiazolium structure, however, has the shortest interaction with
C5—H, d = 2.80(7)A. The C2—H- - - Br interaction in C4-Thia is signifi-
cantly longer (d = 2.93(8) A) when compared with the imidazolium
congener. The rest of the C—H- - - Br interactions from the hydrogens
on the rings are similar in the two compounds, with distances of ap-
proximately 2.9 A. These interactions account for the comparable
shapes in the H- - - Br spike in both fingerprints. As with the discussion
of the H- - -H interactions, the difference in the H- - -Br interactions of
the two structures does not appear to account for the significant differ-
ence in the melting points. Simply examining the hydrogen bonding in-
teractions would lead to the conclusion that the C4-Thia[Br] structure
would have a similar, or perhaps lower, melting point based on the
longer interactions. However, this is clearly not the case in the
thiazolium-compounds nor in ionic liquids in general. There is a more
complex relationship between melting point and intermolecular inter-
actions which cannot be solely predicted from hydrogen bonding
[17,56].

The C4-Mim|[Br] structure exhibits a higher percentage of H- - - N|
N- - -H reciprocal interactions wherein hydrogen atoms on symmetry
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Fig. 5. C4-Thia cation from the crystal structure (top). The Hirshfeld surfaces mapped with d,,,,, (B) and the shape index (C) are shown along with a representation of the structure with no
mapping as reference (A). The cation from the C,-Mim|[Br] structure along with the mapped surfaces are shown (bottom). Fingerprint plots for both cations are shown at the far right.

Fig. 6. Both cations from the asymmetric unit of the crystal structure of C;6-Thia[Tf,N]. The cations with the Hirshfeld surfaces mapped with d,,,,, and the shape index are shown to the

middle and right respectively. Only one part of the disorder in the cations is shown for clarity.

adjacent cations are interacting with the nitrogen atoms in the ring.
These interactions arise from a set of alkyl chains sitting above one
face of the ring, with the closest interactions coming from the methy-
lene group (C9) and methyl group (C10). The thiazolium structure

Table 2
Percentages of interactions between atoms in the solid-state arising from the cations in
C,4-Thia[Br] and C4-Mim|[Br].

Cation H---All H---H H---Br H---N| H---C| H---S|  S---Br
N---H C---H S...H

CyThia 795 562 125 22 10.1 174 16

Co-Mim 927 750 122 40 85 - -

does display a similar interaction, with the terminal methyl group
(C9) interacting with the nitrogen on the ring. Naturally thiazolium con-
tains one less nitrogen in the ring which would reduce the overall con-
tribution of these interactions, however the presence of this alkyl-cation
interaction in both systems indicates an important intermolecular inter-
action not affected by the atomic composition of the heterocycle ring.
For both structures the point interaction is clearly seen as the red inden-
tations when examining the shape index mapped over the Hirshfeld
surfaces as seen in Fig. 5 [57].

The most significant difference between the two structures comes
from interactions from the sulfur atom. A ‘wing’ type feature, as well
as a smaller spike, of disperse spots arising from S- - -H interactions is
seen in the indicated region in the fingerprint for C4-Thia[Br]. The
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Fig. 7. Fingerprint plots for both cations A (left) and B (right) in the asymmetric unit of the C;6-Thia[Tf-N] crystal structure.

reciprocal set of interactions, thatis H- - - S, is buried within the larger bulk
of the interactions at their respective d; and d. ranges. The shortest inter-
actions, represented by the spike, arise from the hydrogen atoms on the
methylene carbon (C8) interacting with the sulfur at a distance of approx-
imately 3.4 A. Longer interactions with methyl carbons sitting above and
below the plane of the rings interact at distances of approximately 3.5 A.
These H- - -S interactions can be seen as the yellow indentations on the
shape index. Finally, the sulfur and bromide ion are interacting is a o-
hole type interaction with distances of 3.454(2) A to 3.798(2) A to the
nearest symmetry equivalent bromide ions [58,59]. As discussed in the
literature, these o -hole interactions can have significant impact on the
overall properties of molecules, including melting points [60].

The complex relationship of hydrogen bonding in ionic liquids and
their impacts on the physical properties of the compounds is a continu-
ing area of study [61]. In brief, the symmetry, geometry, and composi-
tion of both the cations and anions have a large impact on the
strength and type of hydrogen interactions present within ILs
[1,56,61]. Drawing conclusions based on discussions from the relevant
literature, it is evident that overall the C4-Thia[Br|] compound exhibits
several of the expected cation-anion interactions, both with the hetero-
cycle and the alkyl side chain. However, more experimental crystal
structures coupled with in-depth computational analysis will be re-
quired to establish a firm understanding of the impacts of the sulfur in-
teractions on the solid-state structure of thiazolium-based ILs.

The fingerprint plots and mapped surfaces for both of the cations
found in the asymmetric unit of the C;4-Thia[TF,N] crystals are shown
in Figs. 6. While both cations display similar interactions the fingerprint
plots do highlight some key differences. One difference arises from the
local disorder of the [Tf,N~] anions closest to cation A. This positional
disorder of the anion gives rise to the disperse set of S- - - F interactions.
Despite the disorder, cation B shows more well-defined S---OandS- - -F
interactions with a green spike for both indicated in Fig. 7. In both struc-
tures, however, H- - -H interactions from the alkyl chains comprise the
largest percentage of the total interactions and are easily seen as the
dense, bright green regions in both plots. Interactions from the stacked
alkyl chains are clearly seen when examining the shape index mapped
on the Hirshfeld surface.

Interactions between the cation and anions in C;6-Thia[ Tf,N] display
interesting distinctions when compared with the C4-Thia[Br] structure.
Interactions with the central imide nitrogen of the anion shows the

shortest interactions C5—H in both cations with approximate distances
of 2.5 A. The C2—H hydrogen shows the shortest overall cation—anion
interactions at approximately 2.3 A.

Examining all three of the thiazolium containing cations, that is the
cation from C4-Thia[Br] and the two within C;-Thia[Tf;N], it is evident
that more long-distance interactions are present when compared to the
imidazolium-based structure discussed herein. Interactions with the
thiazoliums are consistently seen up to 2.6 A in both d; or d,, and in
the case of cation A in the C;g-Thia[Tf;N] structure are seen up to
2.8 A. However, similarities in interactions are also noted as the hetero-
cycle hydrogens are prominent points of interactions in all cases.

5. Conclusions

Seven novel ionic compounds were synthesized, and their thermal
and physical properties analyzed. Three of the compounds were
shown to have favorable properties with potential application to
PCMs. Solid-state characterization of the compounds helped to reveal
the impact of the sulfur atom in the thiazolium ring has on the overall
properties of the ILs, both in the solid state and in the liquid state.
Non-covalent interactions with the alkyl chains on adjacent cations as
well as o-hole interactions with anions originating from the sulfur
atom are theorized to account for the higher enthalpies observed in
the phase transitions. While thermal stabilities of the compounds are
lower than the imidazolium congeners, four of the compounds do
exist as room temperature ionic liquids, and two additional compounds
have melting points below 100 °C. Moreover, while activation energies
for viscosity match those expected for hydrogen-bonds, especially be-
tween cations, these o-hole interaction forces between cations and an-
ions may play an additional role in the non-covalent forces dictating the
increasing trend with molecular weights. Such o-hole interactions may
help modulate the strength of H-bonds in the series of investigated
compounds having linear alkyl side chains. Further studies are on-
going to continue to study the structural impact and biological applica-
tion of thiazolium-based ILs. Besides the enhanced biocompatibility of
thiazolium cations over less expensive imidazolium-based compounds,
knowledge of these intermolecular forces and of the resulting physico-
chemical properties of these novel thiazolium ionic liquids may lead
to tailored properties for biomedical, energy, and synthetic applications.
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