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a b s t r a c t 

A series of ionic compounds based on the dicationic vitamin B1 structure have been synthesized and 
characterized. A set of perfluoroalkyl-based anions, each with a distinct structure, were paired with 
the cations and the solid-state structures of the salts were analyzed via single-crystal X-ray diffrac- 
tion. Phase transitions and thermal stability of the compounds were examined via dynamic scan- 
ning calorimetry and thermogravimetric analysis. It was found that the salt of the cyclical anion, 1,3- 
disulfonylhexafluoropropyleneimide [NCyF] −, exhibited higher thermal stability while displaying compa- 
rable phase transition temperatures as compared to the linear anionic congeners. The cations within the 
[NCyF] − compound were found to interact as paired dimers, a form which is not observed in the other 
ionic species. Hirshfeld surface analyses supplemented with computational studies of the compounds is 
used to rationalize and evaluate the distinct properties of the compounds arising from changes in anion 
geometry. 

© 2021 Elsevier B.V. All rights reserved. 

1. Introduction 

The medical and health benefits of vitamin B1 [VB1] (or thi- 
amine/thiamin) have been well documented in the literature. It 
is considered an essential vitamin and has been the subject of 
decades, and perhaps centuries, of research [1] . Thiamine, and its 
related phosphorylated structures, play an active role in various 
enzymatic pathways and catalytic cycles which have been detailed 
and summarized through various reviews [1–4] . 

Of particular importance in biological pathways is the structure 
of the substrates involved in the cycles. For instance, thiamine has 
been shown to exhibit various unique conformations in the solid- 
state referred to as F, S , or V configurations [5] . The distinctions 
between the configurations are defined by ranges of torsion an- 
gles which, in turn, define the plane-angles of the thiazolium and 
pyrimidinium rings in the cation. Substitutions at the C2 carbon, 
the presence of phosphate groups at the O53 position (see Fig. 1 ), 
and anion geometry have been shown to affect the preference for 
a specific conformation of the cation [ 5 , 6 ]. The three different con- 
formations of thiamine produce different pockets wherein anions 
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interact forming bridges between the thiazolium and pyrimidinium 

ring [ 7 , 8 ]. These three pockets are referred to as anion-holes and 
are aptly named anion-hole I, II, and III. The anion-holes are the- 
orized to play a role in the host-guest properties of the cationic 
moiety which, in turn, influences the enzymatic processes involv- 
ing thiamine as well as influence the structural properties of the 
ionic complex as a whole [ 1 , 9–11 ]. 

Aside from its purely biological value, the host-guest prop- 
erties of thiamine have been applied to catalysis. Recently, Tian 
et al. used a derivative of thiamine, in addition to several other 
thiazolium-based compounds, as catalysts for polymerization reac- 
tions [12] . Within their work, interactions between alcohols and 
carbonyl functional groups on monomers were theorized to inter- 
act with specific portions of the thiazolium ring, specifically the π
cloud and the C2—H positions on the cationic ring, aiding in the 
overall performance of their catalytic system. These interactions, 
both with the π clouds of thiazolium rings [ 13 , 14 ] as well as the 
C2—H position [15] , are well established as relevant points of in- 
teractions. Applying a thorough understanding of anion geometry, 
charge polarization, and atomic composition can lead to the for- 
mation of task-specific thiamine-based ionic compounds [16] . 

The most encompassing definition of the term ionic liquid (IL), 
is “A liquid comprised entirely of ions” [17] . One of the earliest 
reports of air and moisture stable ILs came from Wilkes and Za- 
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Fig. 1. (top) Dication from 1 depicting the labelling scheme used herein, based on 
previously reported structures. [6] (bottom) Structures and abbreviations of the an- 
ions for compounds discussed herein. 

worotoko with their synthesis and characterization of 1-ethyl-3- 
methylimidazolium tetrafluoroborate or [Emim][BF 4 ] [18] . This was 
followed by Fuller et al. with their report of using the hexaflu- 
orophosphate anion to produce [Emim][PF 6 ] [19] . To date, both 
the [BF 4 ] − and [PF 6 ] − anions remain as some of the most stud- 
ied anions for the production of ILs [20] . Another popular set of 
anions for ILs is bis(trifluoromethane)sulfonimide ([TF 2 N] −) and 
bis(pentafluoroethanesulfonyl)imide ([BETI] −) [ 20 , 21 ]. These an- 
ions contain perfluoroalkyl chains which, along with the sulfonyl 
groups, help to disperse the negative charge of the anionic ni- 
trogen. Both [TF 2 N] − and [BETI] − ILs have demonstrated favor- 
able properties compared to [PF 6 ] − and [BF 4 ] − based ILs, including 
lower viscosity, higher thermal stabilities, and increased hydropho- 
bicity, albeit at increased costs of raw materials [22–24] . 

The related perfluoroalkyl anion 1,3- 
disulfonylhexafluoropropyleneimide, [NCyF] −, has not seen as 
much application in the field of ILs when compared to [TF 2 N] −

or even [BETI] −. However, a recent study by Kakinuma et al. has 
demonstrated potentially favorable properties of [NCyF] − desir- 
able for applications of task-specific ILs [25] . For instance, an IL 
containing the [NCyF] − anion was used to create fluorescent ILs 
[26] . Further, the [NCyF] - was also applied in the development of 
solid-state conductive materials [27] . 

Herein we present the synthesis and analysis series of a se- 
ries of compounds containing the [TF 2 N] −, [BETI] −, and [NCyF] −

anions paired with the dicationic thiamine moiety. The thiamine 
cation presents several unique advantages when compared with 
traditional imidazolium-based dicationic ILs. For example, thiamine 
is a task-Further, the synthesis of the ionic compounds presented 
herein is scalable and simplified to a single metathesis step, by- 
passing the standard alkylation reaction required for imidazolium 

ILs. Finally, thiamine is a generally recognized as safe (GRAS) com- 
pound [28] potentially negating any toxicity or environmental is- 
sues associated with imidazolium-IL systems [29] . 

There is an active need for the development, characterization, 
and evaluation of anions for ionic liquid applications [30] . Un- 
derstanding the structure and interactions of the [NCyF] − anion, 
as well as the impacts of the structurally unique [BETI] − anion, 
and comparing them with the more established [TF 2 N] − anion will 
help with the development of tailored IL systems incorporating ei- 
ther the [BETI] − or [NCyF] − anions. To evaluate the structural im- 
pact of the anions, Hirshfeld surface analysis was performed on 
both the cationic and anionic portions of all structures. Hirshfeld 
surface analysis, in brief, examines intermolecular interactions in 
the crystalline state using a “whole molecule approach” [ 31 , 32 ]. 

These interactions can then be deconstructed into 2D plots, re- 
ferred to as fingerprints, allowing for facile comparison of inter- 
actions and structural features in multiple samples by simplified 
visual inspection. [33] To date the work presented herein repre- 
sents the first Hirshfeld analysis of the thiamineHCl-based dication. 
Thermogravimetric analysis (TGA) and dynamic scanning calorime- 
try (DSC) was also performed on the compounds to examine the 
thermal properties of the salts and evaluate any impact from the 
changes in anion geometry. 

2. Experimental 

Thiamine •HCl and lithium bis(trifluoromethane)sulfonimide 
were purchased from ChemImpex. Lithium 1,3- 
disulfonylhexafluoropropyleneimide was purchased from TCI 
Chemicals. Lithium bis(pentafluoroethanesulfonyl)imide was gen- 
erously donated by Prof. Arsalan Mirjafari at Florida Gulf Coast 
University. Solvents were purchased from Fisher Scientific. All 
chemicals were purchased in the highest purity available and used 
without further purification. 

2.1. Computational Studies 

All computations and resultant data were obtained using the 
Spartan software suite (Spartan’18, Wavefunction, Inc., Irvine, CA 

USA). Initial geometries from the crystal structures of the an- 
ions were loaded into the software and optimized employing the 
ωB97X-D functional [34] with a 6-311 ++ G(d,p) basis set. Vibra- 
tional frequencies were checked for imaginary values to ensure the 
resultant structures were at a minimum. 

2.2. Spectroscopy 

1 H, 13 C, and 19 F NMR spectroscopy was performed on a JEOL 
400 MHz NMR spectrometer. Acetone- d 6 and Methanol- d 4 were 
purchased from Cambridge Isotope Laboratories. 

2.3. Crystallographic Information 

Single crystals of compounds 1 and 2 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 K α wave- 
length ( λ = 1.54178 Å) I- μ-S microsource X-ray tube, laterally 
graded multilayer (Goebel) mirror single crystal for monochroma- 
tization and a Photon II area detector. A single crystal of 3 was an- 
alyzed using a Bruker Quest diffractometer with a fixed chi angle, 
a sealed tube fine focus X-ray tube, single crystal curved graphite 
incident beam monochromator, a Photon100 area detector. Both in- 
struments were equipped with Oxford Cryosystems low tempera- 
ture devices and examination and data collection were performed 
at 150 K. Data were collected, reflections were indexed and pro- 
cessed, and the files scaled and corrected for absorption using 
APEX3 [35] and SADABS [36] . For all structures, the space groups 
were assigned and the structures were solved by direct methods 
using XPREP within the SHELXTL [37] suite of programs and refined 
by full matrix least squares against F 2 with all reflections using 
Shelxl2018 [38] employing the graphical interface Shelxle [39] . H 

atoms were positioned geometrically and constrained to ride on 
their parent atoms. C-H bond distances were constrained to 0.95 Å 

for aromatic and alkene C-H moieties, and to 0.99 and 0.98 Å for 
aliphatic CH 2 and CH 3 moieties, respectively. N-H bond distances 
were constrained to 0.88 Å for planar (sp2 hybridized) NH 2 groups. 
Alcohol O-H bond distances were constrained to 0.84 Å. Methyl 
and alcohol H atoms were allowed to rotate, but not to tip, to best 
fit the experimental electron density. U iso (H) values were set to a 
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multiple of U eq (C) with 1.5 for CH 3 and 1.2 for C-H and CH 2 units, 
respectively. 

In compound 2 , both anions were refined as disordered. All 
disordered moieties were restrained to have similar geometries. 
Methylethylketone and ether solvate molecules are disordered with 
each other, with oxygen atoms being in similar positions (and H- 
bound to an N-H group). CH 2 -CH 3 distances were restrained to be 
similar to each other in both solvate molecules. U ij components of 
ADPs for disordered atoms closer to each other than 2.0 Å were 
restrained to be similar. Subject to these conditions the occupancy 
ratio refined to 0.627(4) to 0.373(4) for the anion of S2A/S3A, to 
0.9433(14) to 0.0567(14) for the anion of S2B/S3B, and to 0.533(6) 
to 0.467(6) for the MEK/ether disorder. In compound 3 , anions are 
extensively disordered. One ion is located in a general position and 
was refined as disordered over two alternative orientations. Indi- 
cations for additional disorder are present for this site, but due 
to the low prevalence (largest Q peak = 0.66 e/ ̊A 3 ) this additional 
disorder was ignored. The other two anion sites are located on in- 
version centers, inducing 1:1 disorder as the ions are incompati- 
ble with inversion symmetry. Additional disorder needed to be in- 
cluded to properly fit the observed electron density, and both sites 
were thus refined as four disordered moieties of which each two 
were symmetry equivalent. All disordered anion moieties were re- 
strained to have similar geometries. U ij components of ADPs for 
disordered atoms closer to each other than 2.0 Å were restrained 
to be similar. Subject to these conditions the occupancy rates re- 
fined to 0.696(2) for the anion in the general position, and to two 
times 0.125(2) and 0.375(2) and two times 0.220(2) and 0.280(2) 
for the sites with inversion symmetry. 

Olex2 was used for structural analysis of the compounds and 
producing images [40] . 

CrystalExplorer17 was used for the calculation of the Hirshfeld 
surfaces and fingerprintplots [41] . 

Complete crystallographic data, in CIF format, have been de- 
posited with the Cambridge Crystallographic Data Centre. CCDC 
2039424, 2039425, and 2039426 contains the supplementary crys- 
tallographic 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 . 

It should be noted that when discussing interactions within the 
crystal structures the D •••A notation is used wherein D and A are 
the donor and acceptor moieties respectively. The | symbol is used 
to indicate reciprocal sets of interactions such as D •••A|A •••D. 

2.4. Thermal Properties 

Phase transitions were measured using a TA instruments Q250 
differential scanning calorimeter. Each sample was placed in an 
aluminum pan and cycled 3 consecutive times from -50 °C to 175 °C 
at a heating rate of 10 °C/min and a cooling rate of 10 °C/min. 
Compound 2 was heated to the same max/min temperatures, but 
at a rate of 2 °C/min. Temperatures for the phase transitions were 
determined using the TRIOS software from TA Instruments. 

Decomposition temperatures were measured on a TA instru- 
ments Q500 thermogravimetric analyzer (TGA) using the default 
dynamic setting for the system and using a platinum pan. On- 
set decomposition temperatures were taken from the first major 
weight loss step as calculated using the TRIOS software from TA 

Instruments. 
Thermal data were plotted and formatted using the OriginPro 

software suite. 
Elemental analyses (C, H and N) were performed by Thermo- 

Scientific FLASH 20 0 0 CHNS elemental analyzer. Analytical calcula- 
tion and the obtained data of all the complexes are presented in 
the experimental portion as C, H, N percentages. All the calculated 
data are consistent with the experimental data which are in agree- 

ment with the general formula obtained from the single-crystal X- 
ray analysis excluding any solvent found in the lattice. 

2.5. Synthetic procedure 

2.5.1. Synthesis of Compound 1, [VB1][TF 2 N] 2 
Thiamine hydrochloride (0.5g, 1 equiv.) and lithium 

bis(trifluoromethane)sulfonimide (1.0 grams, 2.3 equiv.) were 
dissolved into a minimal amount of water at room temperature 
and stirred overnight. The white precipitate that formed was 
filtered and washed repeatedly with cold water. The white solid 
was dried under vacuum for three days and used as is without 
further purification. Yield: 1.1g (89%). Single crystals suitable for 
diffraction were grown from slow diffusion of hexane into a 
solution of the compound dissolved in ethyl acetate. 

1 H NMR (400 MHz; Acetone-d 6 ) δ 9.92 (s, 1H), 8.64 (s, 1H), 
5.94 (s, 2H), 4.51 (t, J = 4.7 Hz, 1H), 3.89 (q, J = 5.3 Hz, 2H), 3.25 
(t, J = 5.5 Hz, 2H), 2.74 (d, J = 4.4 Hz, 6H). 

13 C NMR (101 MHz; Methanol- d 4 ) δ 165.40 (s, 1C), 164.35 (s, 
1C), 147.82 (s, 1C), 143.98 (s, 1C), 138.27 (s, 1C), 125.94 (s, 1C), 
122.75 (s, 1C), 119.56 (s, 1C), 116.37 (s, 1C), 106.25 (s, 1C), 61.20 (s, 
1C), 51.55 (s, 1C), 30.73 (s, 1C), 21.80 (s, 1C), 11.86 (s, 1C). 

19 F NMR (376 MHz; Acetone-d 6 ) δ -79.82 (s, 6F). 
Anal. Calcd for C 16 H 18 F 12 N 6 O 9 S 5 : C, 23.25; H, 2.19; N, 10.17. 

Found: C, 23.72; H, 1.76; N, 9.48. 

2.5.2. Synthesis of Compound 2, [VB1][NCyF] 2 
Compound 2 was synthesized following the same procedure 

as for compound 1 with the substitution of Li[NCyF] in place of 
Li[TF 2 N]. Yield: 1.1g. (90%). Single crystals suitable for diffraction 
were grown from slow diffusion of diethyl ether into a solution of 
the compound dissolved in 2-butanone. 

1 H NMR (400 MHz; Acetone-d 6 ) δ 9.87 (s, 1H), 8.61 (s, 1H), 5.90 
(s, 2H), 4.49 (s, 1H), 3.89 (s, 2H), 3.24 (t, J = 5.5 Hz, 2H), 2.73 (d, 
J = 2.3 Hz, 6H). 

13 C NMR (101 MHz; Acetone-d 6 ) δ 165.13 (s, 1C), 163.97 (s, 1C), 
155.70 (s, 1C), 147.86 (s, 1C), 143.56 (s, 1C), 137.87 (s, 1C), 116.82 
(m, J = 24.9 Hz, 1C), 113.86 (m, J = 25.1 Hz, 1C), 111.15—110.51 (m, 
1C), 108.05 (m, J = 25.7 Hz, 1C), 106.67 (s, 1C), 60.86 (s, 1C), 51.33 
(s, 1C), 22.14 (s, 1C), 12.09 (s, 1C). 

19 F NMR (376 MHz; Acetone-d 6 ) δ -120.51 (s, 4F), -126.89 (s, 
2F) 

Anal. Calcd for C 18 H 18 F 12 N 6 O 9 S 5 : C, 25.42; H, 2.13; N, 9.88. 
Found: C, 25.79; H, 1.98; N, 9.72. 

2.5.3. Synthesis of Compound 3, [VB1][BETI] 2 
Compound 3 was synthesized following the same procedure 

as for compound 1 with the substitution of Li[BETI] in place of 
Li[TF 2 N]. Yield: 0.5g (83%). Single crystals suitable for diffraction 
were grown from slow diffusion of hexane into a solution of the 
compound dissolved in isopropyl alcohol. 

1 H NMR (400 MHz; Acetone-d 6 ) δ 9.92 (s, 1H), 8.64 (s, 1H), 
5.93 (s, 2H), 4.51 (t, J = 4.5 Hz, 1H), 3.89 (q, J = 5.1 Hz, 2H), 3.24 
(t, J = 5.5 Hz, 2H), 2.73 (d, J = 4.6 Hz, 6H). 

13 C NMR (101 MHz; Acetone-d 6 ) δ 165.17 (s, 1C), 164.02 (s, 1C), 
155.74 (s, 1C), 147.76 (s, 1C), 143.63 (s, 1C), 137.93 (s, 1C), 123.50 (s, 
1C), 120.64 (t, J = 33.7 Hz, 1C), 117.79 (t, J = 33.7 Hz, 1C), 114.93 (s, 
1C), 112.58 (q, J = 38.1 Hz, 1C), 109.67 (d, J = 38.0 Hz, 1C), 106.78 
(s, 1C), 60.87 (s, 1C), 51.34 (s, 1C), 22.11 (s, 1C), 12.04 (s, 1C). 

19 F NMR (376 MHz; Acetone-d 6 ) δ -79.74 (s, 3F), -118.14 (s, 2F). 
Anal. Calcd for C 20 H 18 F 20 N 6 O 9 S 5 : C, 23.40; H, 1.77; N, 8.19. 

Found: C, 23.85; H, 1.69; N, 7.86. 
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Fig. 2. Asymmetric units for the three structures examined herein shown at 50% probability ellipsoids. Disorder omitted for clarity. Gray - carbon; blue - nitrogen; red –
oxygen; yellow - sulfur; green – fluorine. 

Fig. 3. (Left to right) Cation for reference. Hirshfeld surface mapped with d norm ; Hirshfeld surface mapped with the shape index; Fingerprint of the cation. 

3. Results and Discussion 

3.1. General Cation Discussion 

The three crystal structures collected from the compounds are 
shown in Fig. 2 and the fingerprint plots and surfaces are shown 
in Fig. 3 . Examining the fingerprint plots, several salient features 
are evident for all the cations. For instance, the fingerprint plots of 
all the cations exhibit sharp spikes protruding at d i ≈ 1.1, d e ≈ 0.7 
as well as the reciprocal distances. These spikes correspond to hy- 
drogen bonding interactions and are typical features of fingerprint 
plots [33] . Further, the plots all have an area of high interactions 
indicated by the green regions in the middle of the blue shape. 
However, it can be seen that the interactions comprising these 
green areas are different for each cation, with compound 3 hav- 
ing more interactions in this range indicated by the brighter green 
color relative to the other cations. The interactions in this green- 
shaded region correspond predominantly to longer O ···H|H ···O and 
N ···H|H ···N interactions. 

Considering hydrogen bond interactions, the cation from 1 is 
unique among the perfluoroalkane structures in that only two 

spikes are observed whereas the other cations all show four unique 
spikes corresponding to the reciprocal sets of shorter O ···H|H ···O 

and N ···H|H ···N interactions. For 2 , cation-cation interactions arise 
from reciprocal bonds between the acidic hydrogen from the al- 
cohol group (O53—H) and the nitrogen on the pyrimidinium ring 
(N3’). The cations, interacting through those atoms, form a pock- 
eted dimer and give rise to the characteristic four-spiked finger- 
print plots. Compound 1 , however, only exhibits cation-cation hy- 
drogen bonding through O53 ···H—N4’1 ( Fig. 4 ), forming a zig- 
zagged arrangement with no dimer formation as is observed for 
2 . Curiously, N3 ′ in 1 does not show any short interactions at all 
which is unique among the structures presented herein. Examining 
the Hirshfeld surface in the region surrounding N3’ in compound 
1 one can see only blue or white shaded regions indicating long 
distance interactions (see Fig. 3 ). In all other structures examined, 
the N3 ′ atom is observed participating in hydrogen bonding with 
another cation. This point of interaction thus seems a point of vari- 
ability to tune intramolecular interactions. 

Compound 3 also displays distinct cation-cation hydrogen 
bonding interactions. The fingerprint plot depicts four spikes po- 
tentially indicating the formation of the dimeric interactions seen 

4 



J. Traver, E. Chenard, M. Zeller et al. Journal of Molecular Structure 1232 (2021) 130046 

Fig. 4. Cation-cation interactions observed in compound 1 wherein a linear ar- 
rangement of cations are linked through N—H •••O hydrogen bonds. 

Fig. 5. Cation-cation interactions observed in compound 3 wherein a ‘pocket’ is 
formed through the arrangement of the hydrogen bonding. 

in 2 ; however, the spikes are not as defined. Two of the spikes 
in 3 are nearly overlapping. The top two prominent spikes both 
correspond to H ···O interactions, with the larger, disperse spike 
arising from H53 to an adjacent anion. The smaller, pointed spike 
arises from an N1’—H ···O53 interaction between cations and is the 
shortest of the cation-cation interactions. These N1’—H ···O53 in- 
teractions link the cations in a manner similar to 1 , with no re- 
ciprocal dimeric interactions from the alcohol groups. The bottom 

N ···H spike is from N3’ ···H—N4’1 interactions with adjacent cations 
while the reciprocal interaction, that is N4’1—H ···N3’, is seen as the 
green region protruding down within the top H ···O spike. These 
interactions represent a cyclical type of hydrogen bonding be- 
tween the two cations arising from nitrogen functionalities, unique 
among all the structures examined herein and gives rise, in part, to 
the unique fingerprint of the cation (see Fig. 5 ). 

While the thiazolium sulfur atom predominantly interacts with 
O and F atoms, both inter- and intra-molecularly, visually these in- 
teractions are often buried within the larger central portions of the 
fingerprint plots making identification of salient features in the fin- 
gerprints for these interactions difficult without examining all of 
the individually deconstructed plots. One exception is compound 1 
wherein S ···F interactions form a sharp spike which partially over- 
laps the C ···O π-interactions (see Fig. 3 ). These S ···F interactions 
are present, however, in nearly all the structures. Given their re- 
peated observation, it is likely these interactions play a role in 
the packing and formation of the solid-state structures, albeit to 
a varying degree in each system given the differences observed in 
the relative percentages of these interactions (see table S1 ). One 
exception is 2 where the thiazolium sulfur does not exhibit any 
significant S ···F interactions. A negligible amount of interactions 
are observed with the anion sitting in the anion-hole I pocket, 
however this accounts for approximately 0.3% of the overall inter- 
actions and is far less than in the other structures. 

With regards to the H ···S interactions, however, all cations dis- 
play regions of H ···S|S ···H interactions wherein the sulfur in the 
thiazolium ring is interacting with a set of adjacent hydrogen 
atoms located on another cation. Examining the indicated regions 
on the fingerprint plots reveals characteristic shapes for these in- 
teractions, emphasizing the unique structural motifs of the three 
compounds. For instance, 1 has a defined wing feature arising from 

S ···H interactions, with the shortest interactions to hydrogens on 
the C2’1 methyl group. Compound 3 , however, shows a spike at 
shorter distances arising from the same S ···H—C2’1 interactions ( d i 
≈ 1.9, d e ≈ 1.2). Additionally, 3 has another set of S ···H interac- 
tions, manifesting as a second spike. These interactions, at d i ≈ 2.5, 
d e ≈ 1.5, are between the methylene hydrogens (C52—H) on a sym- 
metry adjacent cation and only observed within compound 3 . It 
should be noted, however, that these interactions are long-distance 
and their exact contribution to the overall solid-state structure 
should be investigated further. However, these salient features in 
the fingerprint plots are unique and indicative of the distinctive 
arrangement of the cations within 3 . 

Compound 2 displays a series of S ···H peaks, manifesting as 
the spots indicated in the fingerprint plots. The dimeric arrange- 
ment of the cations aligns the thiazolium sulfur with hydrogens 
on C2’1, N4’1, as well as the central thiazolium hydrogen (C2—H) 
on symmetry adjacent cations. As with a number of these observed 
S ···H interactions, these are all long-distance. However, as has been 
shown through previous studies, these interactions can have a sig- 
nificant impact on long range arrangement of molecules, especially 
in biological systems [42–45] . Their recurring presence in all of the 
structures does lead to the conclusion that they play a role in the 
formation of the complexes. 

Prominent H ···H interaction peaks located between the hydro- 
gen bonding spikes are seen in the fingerprint plot of 1 . The short- 
est interactions arise from C41—H interactions with C6’—H on a 
symmetry adjacent cation, in addition to other interactions with 
the ethyl chain hydrogens C51—H and C52—H. The disperse points 
around the H ···H peak, as well as the hydrogen bonding peaks, are 
indicative of reciprocal hydrogen bonding [33] . Compound 3 also 
has a region of H ···H interaction which is notably unique when 
compared to 1 . The H ···H interactions arising from the C35’, C41, 
C51, and C52 moieties are not present in compound 3 wherein it 
is observed that these hydrogens instead are interacting with the 
anions. Finally, the H ···H interactions in 2 arise from interactions 
with the solvent moieties rather than another cation, pointing to 
the potential for using specific solvents to control the degree of 
cation-cation interaction. 

In conclusion, all cations display a set of similar interactions, 
specifically the presence of classical hydrogen bonding and H ···H 

interactions. However, close inspection of the fingerprint plots 
for each structure allows for the determination of unique struc- 
tural motifs. Compound 2 exhibits unique cation-cation interac- 
tions leading to the formation of dimeric structures in the solid- 
state. This motif is not observed in either compound 1 or 3 . These 
observations lead to the conclusion that differences in the geom- 
etry of the anions can facilitate the formation of unique cation- 
cation arrangements. 

4. General Anion Discussion 

The fingerprint plots for the anions from compounds 1 and 2 
are shown in Fig. 6 and the individual interactions and percent 
contributions are listed in table S1 . The [BETI] − anions are sig- 
nificantly disordered making comparisons drawn from their finger- 
prints specious and were thus excluded from surface analysis. 

Examining the features of the fingerprint plots, there are shared 
attributes that are present in all the anions. For instance, as dis- 
cussed with the cations, there are prominent hydrogen bonding 
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Fig. 6. Fingerprint plots for both anions in the asymmetric units of compounds 1 
and 2 . 

peaks. The [TF 2 N] − and [NCyF] − anions, in general, share similar 
interaction percentages ( table S1 ). Further, the relative total per- 
centages of interactions arising from specific atoms share the same 
trend for both anion sets, wherein the interactions arising from 

fluorine atoms are most prevalent, followed by interactions from 

oxygen, and then nitrogen. Curiously, both of the [TF 2 N] − anions 
exhibit shorter O ···H interactions than any of the [NCyF] − anions. 
These observations further emphasize that the overall shape of the 
anions contributes to the unique structural characteristics of the 
compounds rather than simply atomic composition. 

Perhaps the most relevant differences arise from interactions 
with the central imide nitrogen on the anions. The [NCyF] − anions 
show a higher percentage ( ca . 6%) of interactions arising from the 
nitrogen while the [TF 2 N] − anions show only an approximate 3.5%. 
Logically, the [NCyF] − anion would display increased N ···X inter- 
actions given the local geometry around the nitrogen making the 
atom more sterically accessible in addition to the reduced degrees 
of freedom from the cyclical geometry. This conclusion is sup- 
ported by computational studies showing the nitrogen on [NCyF] −

has an exposed area of 10.38 Å 2 while in the [TF 2 N] − anion (in the 
trans orientation) the nitrogen has an exposed area of 9.41 Å 2 . One 
notable deviation in the overall trends of N ···X interactions is with 
the [NCyF] − anion B in compound 2 which shows the lowest inter- 
action percentage of all anions. This may be due to the presence 
of disorder within the anion, however, or is perhaps some more 
complex effect due to the presence of the solvent. 

The [TF 2 N] − anions display overall longer interactions, extend- 
ing out to d i ≈ d e ≈ 3.0 Å with anion A. The [NCyF] − anions, how- 
ever, show more contracted interactions, with the overall shape of 
the [NCyF] − fingerprints appearing more rounded when compared 
to the extended shape of the [TF 2 N] −. This observation correlates 
with the geometries of the two anions, with the [TF 2 N] − being 
more linear as opposed to the ring structure of [NCyF] −. This ob- 
servation, in part, can be explained by the volumes of the Hirsh- 
feld surfaces for the two structures. The [TF 2 N] − anions have an 
approximate averaged surface volume of 211 Å 3 while the [NCyF] −

have an approximate average volume of 207 Å 3 . 

While all the anions exhibit F ···F interactions, the [NCyF] − an- 
ions show distinct spikes in the fingerprints from these interac- 
tions. The [TF 2 N] − anions, however, have a larger percentage of 
F ···F interactions as compared to the [NCyF] − anions despite both 
anions having the same number of fluorine atoms per moiety. This 
observation leads to the conclusion that the [TF 2 N] − containing 
structures should possess more fluorous regions [46] . 

4.1. [NCyF] − Anion Structural Discussion 

The [NCyF] − anion approximates a typical cyclohexane-type 
ring in that it has a preference for a chair conformation which is 
the most commonly observed conformation in the crystal structure 
herein and those reported previously [ 27 , 47 ]. This observation was 
verified using the conformation search algorithm within the Spar- 
tan’18 software package, indicating that the chair conformation is 
the lowest energy conformer of the anion. 

With regards to the two anions within the asymmetric unit of 
2 , anion A is disordered by rotation while anion B exists as a two- 
part disordered system, with one part showing the expected chair 
conformation while the minor moiety is in a twist-boat conforma- 
tion. This twist-boat conformation is interacting with the adjacent 
solvent molecule through C—F ···H hydrogen interactions, these in- 
teractions likely helping to stabilize this conformation of the anion 
through increased favorable interactions [48] . These interactions, in 
part, account for anion B having the highest total percentage of 
F ···H interactions of all anions examined. 

To better understand the [NCyF] − anion, all three of the an- 
ions were modelled computationally and their calculated struc- 
tures contrasted to better evaluate similarities and differences. In 
general, the optimized structures are in good agreement with the 
molecular structures from the crystals. The optimized structure 
shows a S2A—N5A distance of 1.601 Å while the crystal structure 
had a distance of 1.582(3) Å. The concomitant distance, that is 
S3A—N5A, is 1.576(3) Å. The S—O bond distances were also in good 
agreement between the crystal and calculated structures with dis- 
tances of approximately 1.43 Å from the crystals and 1.449 Å cal- 
culated. The N—S—N bond angle was observed to be 119.43(16) °
and calculated at 121.73 °, indicating that the calculated struc- 
ture is a good model for future studies involving the [NCyF] −

anion. 
The electrostatic potential maps for all three anions were cal- 

culated to examine the similarities in local atomic charges (see 
Fig. 7 ). As expected, the most negative regions are around the 
oxygen and nitrogen atoms. Looking specifically at the [NCyF] −

anion, the axial oxygen atoms have charges slightly more nega- 
tive (-0.921 kJ mol −1 ) than the equatorial oxygen atoms (-0.924 
kJ mol −1 ) which is visualized in the coloring around the oxygen 
atoms in the electrostatic potential map. The central nitrogen has 
the most negative charge at -1.209 kJ mol −1 . A cavity of positive 
density (light blue shading) is seen within the ring due to the car- 
bon atoms which range in charge from 0.495 kJ mol −1 to 0.628 kJ 
mol −1 . Examining the ESP maps for all three anions, it is clear to 
see the similarities between the anions, with the negative regions 
surrounding the oxygen atoms, and the positive areas surround- 
ing the carbons. Natural atomic orbital (NAO) analysis [49] of the 
atoms complements the visualized potential map. 

The highest occupied molecular orbitals (HOMO) for each anion 
are also shown in Fig. 5 . All three anions have similar HOMOs, with 
the orbitals principally around the oxygen and nitrogen atoms. This 
explains the interactions between the cations and anions predom- 
inantly arising from the O atoms, as has been investigated previ- 
ously [50] . The calculated orbital energy for the HOMO of [NCyF] −

was found to be -6.4eV, while [TF 2 N] − and [BETI] − were -6.4eV 

and -6.6eV respectively. 
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Fig. 7. (left) Electrostatic potential maps of the anions; (right) Highest occupied 
molecular orbitals. 

Fig. 8. Two orientations depicting the rotation of the ethyl chain in the cis isomer 
of [BETI] - . 

4.2. [BETI] − Anion Structural Discussion 

Compound 3 is one of the few reported structures [51] contain- 
ing a [BETI] − anion reported to date and the first showing the cis 
orientation of the anion making this compound an excellent ex- 
ample to study the solid-state structure and conformation of the 
anion. The asymmetric unit contains one complete anion and two 
halves of a [BETI] − moiety residing on crystallographic special po- 
sitions. All three of the anionic portions are disordered to vary- 
ing degrees. The complete [BETI] − anion is in the cis configuration 
while the anions on the special positions are in the trans config- 
uration. As with the related [TF 2 N] − anion, computational studies 
on the [BETI] − anion predict a preference for the trans configura- 
tion over the cis , albeit the calculations show that [BETI] − has a 
larger energetic preference for trans over cis [22] . 

Within the crystal structure, the cis anion exhibits N—S—N an- 
gles of 118.7 o and 142.4 o (average 130.5 o ) for the two disordered 
portions. The averaged N—S—N angle is slightly larger than the cal- 
culated angle at 125.1 o although the smallest of the observed an- 
gles herein is below the estimated angles from the computational 
study [22] . Further, within the cis anion there exist two orienta- 
tions of the perfluoroethyl chains, with one orientation exhibiting 
a staggered orientation and another a gauche orientation with re- 
spect to the S—C bond ( Fig. 8 ). The N—S—C—C torsion angles for 
the staggered and gauche orientation are 160.8(7) o and 51.1(3) o re- 
spectively. The staggered orientation places the CF 2 fluorine atoms 

Fig. 9. (left) TGA traces for the compounds the perfluoroalkyl compounds and com- 
mercial thiamine HCl as reference; (right) Derivative TGA traces. 

within the two chains in close proximity, with an F ···F distance 
of 2.429(12) Å whereas the same CF 2 moieties are further apart 
in the gauche configuration with an F ···F distance of 2.963(6) Å. 
The gauche conformation, however, does potentially introduce in- 
teractions between the CF 2 and CF 3 fluorine atoms on the oppo- 
site chain with an observed F ···F distance of 3.072(6) Å. No such 
intramolecular F ···F interactions are observed with the trans con- 
figuration. 

4.3. Thermal Properties 

The thermal properties of the three perfluoroalkyl salts were 
examined by TGA and DSC. Examining the TGA plots, a number of 
similar features are observed ( Fig. 9 ). For instance, all compounds 
display complex decomposition curves, marked by a large initial 
decomposition followed by a number of smaller decompositions at 
higher temperatures ending in a plateau. These smaller, secondary 
decompositions are best visualized by the derivative TGA curve 
(dTGA) in Fig. 7 . Finally, all compounds produce a noticeable quan- 
tity of carbonaceous material during decomposition, with the hy- 
drochloride salt having approximately 30% of its weight remaining 
at 500 °C. This points to the conclusion that the cation is mostly re- 
sponsible for the decomposition profiles of these compounds given 
the similarities in the profiles. 

Examining the three perfluoalkyl compounds, 1 and 3 display 
nearly identical traces, with the initial decomposition occurring 
at approximately 290 °C. As expected, this is significantly higher 
than the hydrochloride decomposition which occurs at approxi- 
mately 198 °C. This observation follows the well-established trend 
for halide based ionic compounds having lower decomposition 
temperatures compared with perfluoroalkyl based salts [52] . Exam- 
ining the dTGA curve from 1 and 3 , their initial decomposition step 
is marked by a sharp initial step with a shoulder at slightly higher 
temperatures. This shoulder does not appear as prominent in 2 . 
Compound 2 has a noticeably higher initial decomposition temper- 
ature at 330 °C. 

DSC traces were also collected for the perfluoro alkyl com- 
pounds. As with the TGA data, the phase transitions for the com- 
pounds are quite complex with multiple endo and exothermic 
transitions (see Supplemental Information). While all three com- 
pounds display an initial melting transition ( Fig. 10 ), only com- 
pound 1 displayed subsequent melting transitions over the three 
heating and cooling cycles. It is not uncommon, however, for com- 
pounds to only show a single melting transition in the timescales 
of DSC data acquisition [ 17 , 53 , 54 ]. Compounds 1, 2 , and 3 dis- 
play comparable melting points of ca. 159 °C, 164 °C, and 164 °C re- 
spectively. Further, all three compounds exhibit glass transitions 
on subsequent heating cycles at ca. 24 °C, 33 °C, and 48 °C for 1, 2 , 
and 3 respectively. For reference, commercially sourced [VB1][HCl] 
shows no phase transitions in the range examined (see Supple- 
mental Information). 
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Fig. 10. DSC traces of the 1 st heating cycle for the perfluoroalkyl compounds exam- 
ined. 

5. Conclusions 

A set of three ionic compounds derived from thiamineHCl 
paired with perfluoroalkyl anions have been synthesized and their 
solid-state structures rigorously analyzed by single-crystal X-ray 
diffraction and Hirshfeld surface analysis. It was found that the 
cyclical anion, [NCyF] −, produced a structure with comparable 
melting points but also higher thermal stability as compared to the 
linear anions [TF 2 N] − and [BETI] −. Preliminary computational stud- 
ies on the [NCyF] − anion confirmed a preference for the chair con- 
formation, though an intermediate skew-boat geometry was ob- 
served in one of the anions prompting further studies into the ge- 
ometric preferences for the anion. 

The host-guest properties of the thiamine cation seem to be 
controlled by the structure of the anion present given the noted 
changes in specific interactions, such as with the pyridinium ni- 
trogen atoms and the arrangement of the cations forming dimeric 
structures in 2 while linear type interactions are observed with 
compounds 1 and 3 . Further, 1 crystallizes in the Pbca space group, 
making it only the third reported thiamine-based orthorhombic 
structure [ 55 , 56 ]. 

More rigorous screening for polymorphs and solvated struc- 
tures is currently underway to help expound the results presented 
herein. The preliminary data, however, points toward the [NCyF] −

anion as a viable, yet presently expensive, addition to the perflu- 
oroalkyl anion family of compounds commonly employed in the 
synthesis of ionic liquids. 
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