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A series of bio-inspired fatty acid-substituted ethyl-nicotinate ionic compounds, 1-(5-carboxypentyl)-3-
(ethoxycarbonyl)pyridin-1-ium ionic compounds ([Nia-OEt-C5COOH] X, X = Br (1), B(Ph)4~ (2), NO3™ (3),
BF4 (4), PFe (5), and OTf (6)) were synthesized. The supramolecular crystal structures of 1 and 2 were
characterized by single crystal X-ray diffraction. The Nia-OEt-C5COOH cations in the two crystal structures
formed dimerized secondary rectangular motifs with weak C-H...O=C hydrogen bonding which extended
into a lipid-like bilayer and a B-sheet-like tape stacking, respectively. Four acidic ionic liquids (AlLs) were
formed by the other anions (3-6) because these anions and the two carbonyl O atoms of the Nia-OEt-
C5COOH cation have small hydrogen bonding acceptor ability differences. In addition, the flexible ester
group of Nia-OEt-C5COOH has a low barrier to the rotation of the C-O-C bonds, making it less rigid and
it has a lower melting point. The four AlLs were characterized by DSC thermal analysis, infrared spectro-
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Introduction

Molecular design is a fascinating field, developing methodolo-
gies to gain desired solid and liquid materials such as crystal
structures and ionic liquids (ILs) for specific applications and
investigations." ® Among the methodologies which attempt
to control the crystal or liquid states of ionic target com-
pounds, one such method involves the use of flexible or rotat-
able functional groups. Because these groups are sometimes
able to disturb the optimal intermolecular interactions be-
tween cationic moieties and anions and result in ionic liquids
rather than solids. Here we report the synthesis of a series of
fatty acid-substituted ethyl-nicotinate ionic compounds with
distinct anions ([Nia-OEt-C5COOH] X, X = Br (1), B(Ph), (2),
NO;s™ (3), BF, (4), PFs (5), and OTf (6)). This study is based
on our previous report on a series of hydrogen-bonded biomi-
metic dimerized rectangular secondary structure motifs
formed by fatty acid-substituted nicotinamide salts,"” which
highlighted the roles of C-H...X (X = N, O, 7 and anions) hy-
drogen bonding because the C-H could replace the N-H as
the hydrogen-bonding donor to form similar rectangular sec-
ondary structure motifs. The initial motivation of this study
was to investigate whether rectangular secondary structure
motifs could be formed when the planar nicotinamide was
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changed to ethyl-nicotinate which has a rotatable ethyl ace-
tate group. The results show that the Br™ (1) and B(Ph), (2)
salts are solids with a C-H-O hydrogen bonded secondary
rectangular motif, however, the NO;  (3), BF, (4), PFs (5),
and OTf (6) ionic compounds are ILs at room temperature.
These four ILs can be classified as being acidic ionic liquids
(AILs). AILs have attracted much attention and have been
used in a wide range of applications involving electro-
chemistry, catalysis, CO, fixation, membranes and
pharmaceutics.'® AILs possess acidic properties and retain
the typical characteristics of ILs. A large number of function-
alized sulfate groups in cations or anions have been reported
in AlLs, but carboxylic acids are rare.®

Experimental

General procedures

"H NMR spectra were recorded with an Agilent DD2-400 in-
strument. Samples were dissolved in DMSO and tetra-
methylsilane was used as an internal standard. Elemental
analyses were carried out with an Elementar vario EL III in-
strument. DSC measurements were performed, under a nitro-
gen atmosphere, with a TA Instruments DSC Q200 instru-
ment. Indium was used as the standard for temperature
calibration. The samples (~3 mg) were encapsulated in
sealed aluminum pans. Single-crystal data collection was car-
ried out with a Bruker SMART APEX II diffractometer
equipped with a SMART CCD array detector with graphite
monochromatized Mo-K,, radiation (1 = 0.71073 A) in the ¢
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and » scan modes. All the structures were solved and refined
by the full-matrix least-squares method (based on F> using all
independent data) using the SHELXS-97 and SHELXL-97 pro-
grams."® Tonic conductivity measurements were carried out
under air using an impedance analyzer (Electrochemical Ana-
lyzer model 600C series). The ionic conductivities were mea-
sured using comb-shaped gold electrodes, as reported by

Kato et al.*°

General materials and methods

All chemical reagents and solvents were obtained from com-
mercial sources and used without purification. All reactions
were carried out under a nitrogen atmosphere in anhydrous
solvents. The 1-(5-carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-
ium bromide salt 1 was synthesized first by the reaction of
ethyl 3-pyridinecarboxylate with 6-bromohexanoic acid. The
B(Ph),” (2), NO;™ (3), BF, (4), PFs (5), and OTf (6) ionic
compounds were prepared via the reaction of salt 1 with
NaB(Ph), and silver salts (AgX, X = NO; ", BF, , PF, , and OTf"
salts, respectively). The synthetic pathways of these com-
pounds are shown in Scheme 2.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium bromide
salt 1

A solution of ethyl nicotinate (5.03 g, 33.30 mmol) and
6-bromohexanoic acid (6.35 g, 32.58 mmol) was refluxed in
acetonitrile (40 mL) for 72 h and then allowed to cool to
room temperature. A yellow liquid was obtained, and the sol-
vent was removed in a rotary evaporator. The resultant crude
product was recrystallized from ethanol/diethyl ether to give
product 1 as a white solid with a yield of 66%. Needle-shaped
crystals suitable for single-crystal X-ray diffraction were
obtained by the slow diffusion of diethyl ether into the etha-
nol solution. "H-NMR (400 MHz, d®-DMSO, ¢/ppm): 12.03 (s,
1H, -OH), 9.63 (s, 1H, -N-CH), 9.31 (d, 1H, J = 6.3 Hz, -N-
CH), 8.98 (d, 1H, J = 11.0 Hz, -N-CH-CH-CH), 8.29 (dd, 1H, J
= 8.2, 6.3 Hz, -N-CH-CH-CH), 4.71 (t, 2H, J = 7.4 Hz, -N-
CH,), 4.45 (q, 2H, J = 7.3 Hz, -O-CH,-CHj), 2.22 (t, 2H, J =
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Scheme 1 Synthetic pathways of ethyl nicotinate cation with different
anions.
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Scheme 2 Ethyl nicotinate cations serve as a building block to form
secondary rectangular motifs and consequently to construct a lipid-
like bilayer and a B-sheet-like stacking for Br~ (1) and B(Ph); (2) re-
spectively. The different anions used to obtain ionic liquid compounds
for NOs (3), BF; (4), PFg (5), and OTf (6) due to the disturbance of
the rotatable ethoxyl group.

7.2 Hz, -CO-CH,), 1.94 (quin, 2H, J = 7.6 Hz, -CO-CH,-CH,),
1.54 (quin, 2H, J = 7.4 Hz, -N-CH-CH), 1.38 (t, 3H, J = 7.2 Hz,
-0-CH,-CH;), 1.31 (quin, 2H, J = 7.6 Hz, -N-CH-CH-CH).
C NMR (100 MHz, d®-DMSO, §/ppm): 174.48 (C=O0-acid),
162.13 (C=O0-ester), 148.32 (0-py), 146.41 (p-py), 145.51 (0-py),
130.59 (m-py), 128.80 (m-py), 63.05 (CH,-fatty acid), 61.24
(CHy-ester), 33.28 (CH,-fatty acid), 30,70 (CH,-fatty acid),
21.27 (CH,-fatty acid), 14.44 (CHj-eter). Elemental analysis
caled (%) for Cy,H,,BrNO,: C, 48.15; H, 5.91; N, 4.04. Found:
C, 48.57; H, 5.82; N, 4.05.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium
tetraphenylborate (2)

A solution of bromide salt 1 (1.00 g, 2.90 mmol) in deionized
water (15 mL) was added to a 15 mL aqueous solution of
NaB(Ph), (1.02 g, 2.96 mmol) at room temperature to give a
yellow-green precipitate. The solid was filtered and washed
with deionized water to remove NaBr. Then, the yellow-green
powder 2 was collected with a yield of 96%. Block-shaped
crystals suitable for single-crystal X-ray diffraction were
obtained by the slow diffusion of diethyl ether into the aceto-
nitrile solution. "H-NMR (400 MHz, d®-DMSO, ¢/ppm): 12.02
(s, 1H, -OH), 9.62 (s, 1H, -N-CH), 9.26 (d, 1H, J = 5.9 Hz, -N-
CH), 8.97 (d, 1H, J = 8.2 Hz, -N-CH-CH-CH), 8.26 (t, 1H, J =
8.0 Hz, -N-CH-CH-CH), 7.10-7.22 (m, 8H), 6.91 (t, 8H, J =
7.4 Hz), 6.77 (t, 8H, J = 7.2 Hz), 4.68 (t, 2H, J = 7.4 Hz, -N-
CH,), 4.44 (q, 2H, J = 7.0 Hz, -O-CH,-CHj), 2.21 (t, 2H, J =
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7.2 Hz, -CO-CH,), 1.93 (quin, 2H, J = 7.0 Hz, -CO-CH,-CH,),
1.53 (quin, 2H, J = 7.4 Hz, -N-CH-CH), 1.37 (t, 3H, J = 7.2 Hz,
-0-CH,-CHj), 1.30 (quin, 2H, J = 7.6 Hz, -N-CH-CH-CH).
3C NMR (100 MHz, d®-DMSO, ¢/ppm): 174.52 (C=O0-acid),
163.56 (q, J = 49.5, ipso-BPh,), 162.11 C=O-ester), 148.26
(o-py), 146.41 (p-py), 145.49 (o0-py), 135.97 (0-BPh,), 130.60
(m-py), 128.78 (m-py), 125.72 (m-BPh,), 121.95 (p-BPh,), 63.06
(CH,-fatty acid), 61.27 (CH,-ester), 33.34 (CH,-fatty acid),
30.71 (CH,-fatty acid), 21.30 (CH,-fatty acid), 12.43 (CH;-eter).
Elemental analysis caled (%) for C3;gH4BNO4: C, 77.95; H,
6.89; N, 2.39. Found: C, 76.47; H, 7.02; N 2.37.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium nitrate
®3)

A solution of bromide salt 1 (1.00 g, 2.90 mmol) in deionized
water (15 mL) was added to a 15 mL aqueous solution of
AgNO; (0.51 g, 3.00 mmol) at room temperature in the dark,
and a yellow-green precipitate of AgBr was observed. The
AgBr precipitate was filtered and the filtrate was collected.
The solvent was then removed by rotary evaporation to obtain
a transparent liquid. The crude product was purified by dis-
solving with ethanol and then precipitating with diethyl ether
to remove excess AgBr. The solution was filtered, and the sol-
vent was removed by rotary evaporation. Finally, the liquid
was washed with ethanol several times until no AgBr precipi-
tated. A transparent liquid was obtained with a yield of 26%.
"H-NMR (400 MHz, d®-DMSO, ¢/ppm): 12.03 (br, 1H, -OH),
9.61 (s, 1H, -N-CH), 9.28 (d, 1H, J = 6.3 Hz, -N-CH), 8.96 (d,
1H, J = 8.2 Hz, -N-CH-CH-CH), 8.27 (dd, 1H, J = 8.0, 6.1 Hz,
-N-CH-CH-CH), 4.69 (t, 2H, J = 7.4 Hz, -N-CH,), 4.43 (q, 2H,
J = 7.0 Hz, -O-CH,-CH;), 2.21 (t, 2H, J = 7.2 Hz, -CO-CH,),
1.93 (quin, 2H, J = 7.6 Hz, -CO-CH,-CH,), 1.53 (quin, 2H, J =
7.5 Hz, -N-CH-CH), 1.37 (t, 3H, J = 7.2 Hz, -O-CH,-CH,),
1.30 (quin, 2H, J = 7.6 Hz, -N-CH-CH-CH). >C NMR (100
MHz, d®-DMSO, §/ppm): 174.50 (C=0-acid), 162.11 (C=0-es-
ter), 148.28 (o-py), 146.39 (p-py), 145.50 (o0-py), 130.59 (m-py),
128.80 (m-py), 63.06 (CH,-fatty acid), 61.30 (CH,-ester), 33.31
(CH,-fatty acid), 30,69 (CH,-fatty acid), 21.30 (CH,-fatty acid),
14.43 (CHgs-eter). Elemental analysis caled (%) for
C1H,0N,0-: C, 51.22; H, 6.14; N 8.53. Found: C, 51.32; H,
6.01; N. 8.43.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium
tetrafluoroborate (4)

A solution of bromide salt 1 (0.51 g, 1.48 mmol) in deion-
ized water (15 mL) was added to a 15 mL aqueous solution
of AgBF, (0.30 g, 1.52 mmol) at room temperature in the
dark, and a yellow-green precipitate of AgBr was observed.
The AgBr precipitate was filtered and the filtrate was col-
lected. The solvent was then removed by rotary evaporation
to obtain a transparent liquid. The crude product was puri-
fied by dissolving with ethanol and then precipitating with
diethyl ether to remove excess AgBr. The solution was fil-
tered, and the solvent was removed by rotary evaporation.
Finally, the liquid was washed with ethanol several times
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until no AgBr precipitated. A transparent liquid was
obtained with a yield of 50%. "H-NMR (400 MHz, d°>-DMSO,
d/ppm): 12.01 (br, 1H, -OH), 9.61 (s, 1H, -N-CH), 9.26 (d,
1H, J = 5.9 Hz, -N-CH), 8.95-8.98 (m, 1H, -N-CH-CH-CH),
8.26 (dd, 1H, J = 8.0, 6.1 Hz, -N-CH-CH-CH), 4.68 (t, 2H, J
= 7.4 Hz, -N-CH,), 4.44 (q, 2H, J = 7.0 Hz, -O-CH,-CHj),
2.21 (t, 2H, J = 7.2 Hz, -CO-CH,), 1.93 (quin, 2H, J = 7.6
Hz, -CO-CH,-CH,), 1.53 (quin, 2H, J = 7.4 Hz, -N-CH-CH),
1.37 (t, 2H, J = 7.2 Hz, -O-CH,-CH};), 1.30 (quin, 2H, J = 7.6
Hz, -N-CH-CH-CH). *C NMR (100 MHz, d®-DMSO, §/ppm):
174.51 (C=O0O-acid), 162.12 (C=O-ester), 148.29 (o-py),
146.40 (p-py), 145.51 (o-py), 130.60 (m-py), 128.79 (m-py),
63.05 (CH,-fatty acid), 61.28 (CH,-ester), 33.29 (CH,-fatty
acid), 30,70 (CH,-fatty acid), 21.29 (CH,-fatty acid), 14.44
(CHs-eter). Elemental analysis caled (%) for C;6H,BF,NOs:
C, 45.31; H, 5.97; N 3.77. Found: C, 45.09; H, 6.23; N, 3.75.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium
hexafluorophosphate (5)

A solution of bromide salt 1 (0.31 g, 0.90 mmol) in deionized
water (15 mL) was added to a 15 mL aqueous solution of
AgPF¢ (0.25 g, 1.0 mmol) at room temperature in the dark,
and a yellow-green precipitate of AgBr was observed. The
AgBr precipitate was filtered and the filtrate was collected.
The solvent was then removed by rotary evaporation to obtain
a transparent liquid. The crude product was purified by dis-
solving with ethanol and then precipitating with diethyl ether
to remove excess AgBr. The solution was filtered and the sol-
vent was removed by rotary evaporation. Finally, the liquid
was washed with ethanol several times until no AgBr precipi-
tated. A transparent liquid was obtained with a yield of 50%.
"H-NMR (400 MHz, d®-DMSO, J/ppm): 12.01 (br, 1H, -OH),
9.62 (s, 1H, -N-CH), 9.27 (d, 1H, J = 5.9 Hz, -N-CH), 8.97 (d,
1H, J = 8.2 Hz, -N-CH-CH-CH), 8.27 (dd, 1H, J = 8.0, 6.1 Hz,
-N-CH-CH-CH), 4.68 (t, 2H, J = 7.6 Hz, -N-CH,), 4.44 (q, 2H,
J = 7.0 Hz, -O-CH,-CH3;), 2.21 (t, 2H, J = 7.2 Hz, -CO-CH,),
1.93 (quin, 2H, J = 7.6 Hz, -CO-CH,-CH,), 1.53 (quin, 2H, J =
7.4 Hz, -N-CH-CH), 1.37 (t, 2H, J = 7.0 Hz, -O-CH,-CH),
1.30 (quin, 2H, J = 7.5 Hz, -N-CH-CH-CH). *C NMR (100
MHz, d°-DMSO, ¢/ppm): 174.49 (C=0-acid), 162.13 (C=0-es-
ter), 148.27 (o-py), 146.41 (p-py), 145.50 (o-py), 130.61 (m-py),
128.79 (m-py), 63.06 (CH,-fatty acid), 61.29 (CH,-ester), 33.01
(CH,-fatty acid), 30,71 (CH,-fatty acid), 21.28 (CH,-fatty acid),
14.42 (CHgz-eter). Elemental analysis caled (%) for
C14H,0F6NO,P: C, 40.88; H, 4.90; N 3.41. Found: C, 40.94; H,
5.11; N, 3.31.

1-(5-Carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium
trifluoromethanesulfonate (6)

A solution of bromide salt 1 (1.01 g, 2.93 mmol) in deionized
water (15 mL) was added to a 15 mL aqueous solution of
AgOTf (0.77 g, 3.01 mmol) at room temperature in the dark,
and a yellow-green precipitate of AgBr was observed. The
AgBr precipitate was filtered and the filtrate was collected.
The solvent was then removed by rotary evaporation to obtain

This journal is © The Royal Society of Chemistry 2018
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a transparent liquid. The crude product was purified by dis-
solving with ethanol and then precipitating with diethyl ether
to remove excess AgBr. The solution was filtered and the sol-
vent was removed by rotary evaporation. Finally, the liquid
was washed with ethanol several times until no AgBr precipi-
tated. A transparent liquid was obtained with a yield of 60%.
'H-NMR (400 MHz, d®-DMSO, §/ppm): 12.02 (br, 1H, -OH),
9.62 (s, 1H, -N-CH), 9.27 (d, 1H, J = 5.9 Hz, -N-CH), 8.97 (d,
1H, J = 8.2 Hz, -N-CH-CH-CH), 8.27 (dd, 1H, J = 8.0, 6.1 Hz,
-N-CH-CH-CH), 4.68 (t, 2H, J = 7.6 Hz, -N-CH,), 4.44 (t, 2H,
J = 7.0 Hz, -O-CH,-CH;), 2.21 (t, 2H, J = 7.2 Hz, -CO-CH,),
1.93 (quin, 2H, J = 7.6 Hz, -CO-CH,-CH,), 1.53 (quin, 2H, J =
7.4 Hz, -N-CH-CH), 1.37 (t, 2H, J = 7.2 Hz, -O-CH,-CHj,),
1.30 (quin, 2H, J = 7.7 Hz, -N-CH-CH-CH). *C NMR (100
MHz, d°-DMSO, ¢/ppm): 174.48 (C=0-acid), 162.11 (C=0-es-
ter), 148.30 (o-py), 146.40 (p-py), 145.51 (0-py), 130.58 (m-py),
128.80 (m-py), 120.81 (q, CF,S) 63.05 (CH,-fatty acid), 61.27
(CH,-ester), 33.28 (CH,-fatty acid), 30,70 (CH,-fatty acid),
21.27 (CH,-fatty acid), 14.43 (CH;-eter). Elemental analysis
caled (%) for C;5H,0FsNO,S-2H,0: C, 39.91; H, 5.36; N, 3.10;
S, 7.10. Found: C, 40.03; H, 5.78; N, 3.11; S, 6.97.

Results and discussion

1-(5-carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium ionic com-
pounds with distinct anions, Br (1), B(Ph), (2), NO; (3),
BF, (4), PFs (5), and OTf (6), were investigated (Scheme 1).
The Br™ (1) and B(Ph), ~ (2) salts were obtained as single crys-
tals. The detailed crystal data are listed in Tables S1 and S2,

*H13B#1~

2.742A
jo1
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and Fig. S1 and S2.f Scheme 2 shows that the ethyl nicotinate
cations and fatty acid groups of 1 and 2 can form a well-
defined rectangular secondary structure motif with C-H...
O=—C hydrogen bonding. The remaining four ionic com-
pounds (NO;™ (3), BF, (4), PFs (5), and OTf (6)) were inves-
tigated by thermal analysis, FT-IR spectrum and ionic
conduction.

In the crystal of the Br salt (1), the cationic moieties of
the 1-(5-carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium exhibit
linear structures that hydrogen bond to each other in a head-
to-tail manner to form centrosymmetric dimerized rectangu-
lar motifs (Fig. 1a) consisting of the two linear cations with
the weak hydrogen bonded to each other of C7-H7A...
04=—C14 (2.545 A) and C13-H13B...01=C6 (2.742 A). A simi-
lar result was previously reported for the betaine-ester ana-
logues of 1-N-alkyl-3-N"-methyl imidazolium salts [C;, ECy6-
Im]Br.>* The C-H...Br and C-H...O hydrogen bonding leads
the molecular stacking to form layered structures (Fig. 1b).
The two kinds of molecular stacking are discussed in terms
of hydrogen-bonding interaction. In the paired cations, one
is the catemer due to the oxygen of the ester group and the
hydrogen of the pyridine ring. Another is the dimerized rect-
angular structure produced by the oxygen of the carboxylic
group and hydrogen of the ethyl ester group. Furthermore,
there is a n-n interaction between the two cations via the two
pyridine rings (n-n interaction distance of 3.385 A) (Fig. 1c).
For the anion, Br is a strong hydrogen bond acceptor anion
and is located between the pyridinium cations and acid
group to form five hydrogen bonds: one strong O-H...Br

Wﬁ%
WM

R S

Fig. 1 The hydrogen-bonding motif and packing of the Br™ salt (1). (a) The rectangular building block. (b) The layer stacking arrangement with cat-
ions surrounding the Br~ anions. (c) The formation of n-n interactions by two cations of the pyridinium ring. (d) The 2-D network-supramolecular

assembled via nonconventional hydrogen bonds.

This journal is © The Royal Society of Chemistry 2018
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hydrogen bond and four weak C-H...Br hydrogen bonds
(Fig. 1b). The weak hydrogen bonds are formed via the ring
hydrogens of the pyridinium cations and the hydrogens of
the carbon closest to the oxygen of the ester group, respec-
tively. This is because of the increased proton donor ability
of the C-H moiety due to the charging of the pyridinium ring
and the higher electronegativity of oxygen. Finally, the two-
dimensional (2D) hydrogen bonding network consists of the
weak hydrogen bonds C5-H5...03=C14 (3.093 A) and C2-
H2...01=C6 (2.482 A). For B(Ph), salt (2), the dimerized
rectangular motifs consist of the two L-shaped cations
connected by the weak hydrogen bonds O6-H16...04—C11
2.609 A (Fig. 2a). Furthermore, the weak C-H...O hydrogen
bonds of the B(Ph), anions form one-dimensional belt struc-
tures with the strong hydrogen bond O-H...O and the weak
hydrogen bond C-H...O for cations. First, the dimeric con-
struction of the carboxylic acids R-COOH involves inter-
molecular bonding via an O-H...O hydrogen bridge (O2-
H2...04=C11 1.784 A) and a C-H...O hydrogen bond (C5-
H17...02-C11 2.922 A). Then, the dimerized rectangular
structure is produced by the hydrogen bond between the
C=O0 group of the carboxylic acid and the hydrogen of the
a-CH, group (06-H16...04=C11 2.609 A) (Fig. 2b). Finally,
there is a weak C-H...O hydrogen bond involving the -CH-
group of benzene for the B(Ph), and carbonyl groups of the
ester functionality. Moreover, many C-H...n interactions can
be formed, both between cations and anions and between an-
ions. The BPh, anions located between the cations and four

(c)

Fig. 2 The hydrogen-bonding motif and packing of the B(Ph); salt
(2). (@) The rectangular building block. (b) The 1-D belt structure layer
stacking with cations. (c) The formation of the C-H...x interactions be-
tween cations and anion.
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benzene rings (R1-R4 in Fig. 2c¢) of each BPh, anion form
six weak C-H...n interactions with the adjacent cations, in-
cluding two Cyjpe-H...n (C13-H5...R1 and C12-H6...R2) and
four C-H...n (C1-H1...R2, C6-H15...R3, C6-H16...R3, and
C6-H15...R4) interactions, as shown in Fig. 2c. C-H...n inter-
actions have been previously reported in similar results using
BPh,” salt.>**

From the quite different molecular conformations and
packing structures of the Br and BPh, salts it can be de-
duced that their hydrogen bonding acceptor abilities play a
vital role. As shown in Fig. 1 and 2, there are four hydrogen
bonding acceptors in the two crystal systems: Br, two car-
bonyl O atoms (carboxylic acid and ester groups) and BPh,"
which are listed in order from strong to weak hydrogen bond-
ing acceptor abilities. As a result, the Br anions dominate
the hydrogen bonding system in the Br  salt, nevertheless,
the carbonyl O atoms (carboxylic acid and ester groups) dom-
inate the hydrogen bonding system in the BPh, salt. This de-
scription can be supported by the formation of COOH...X hy-
drogen bonding because the carboxylic acid H atom is the
stronger hydrogen bonding donor in the two crystal system.
As we have seen in Fig. 1 and 2, COOH...Br and carboxylic
acid dimers were formed in Br and BPh, salts respectively.
However, the preference is not only to bond to the strongest
hydrogen bonding donor, the strongest acceptors also form
the maximum number of hydrogen bonds with the C-H do-
nors of pyridinium rings and o-CH, groups. For this reason,
in salt 1, the Br  anions located between the pyridinium cat-
ions and acid group form five hydrogen bonds (one strong
O-H...Br hydrogen bond and four weak C-H...Br hydrogen
bonds) resulting in a lipid-type bilayer packing (Fig. 1b). Al-
ternatively, in salt 2, the carbonyl O atoms of the acid and es-
ter groups bond to the C-H donors of the pyridinium rings
and the a-CH, groups to form the maximum number of hy-
drogen bonds, thus, a B-sheet-like tape structure was formed.
For ILs 3-6, we suggest that the hydrogen bonding acceptor
abilities and rotatable ethoxyl groups could explain why they

Off (6)

) e -
=] o
2 PFs (5)
g gJ\J\ﬁ\
£
= —
o
© BF, (4)
3
I

\ NO; (3)

-—8IO -60 -40 -20 0 20 40 60 80 160
Temperature (°C)
Fig. 3 The DSC thermogram for the NOs (3), BF; (4), PFs (5), and

OTf (6) ILs in the temperature range from 193 K to 373 K at a cooling
and heating rate of 10 °C min™.
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are liquid at room temperature. The difference between the
hydrogen bonding acceptor abilities of the anions (NOj;,
BF,, PFs and OTf) and carbonyl O atoms (carboxylic acid
and ester groups) are small, hence, the disturbance effect of
the rotatable ethoxyl groups is enhanced which enables the
conformation of the ethoxyl nicotinate cations and the pack-
ing to become more flexible and variable, resulting in a lig-
uid state.

Thermal analysis

Thermal analysis of the four ILs, NO; (3), BF, (4), PFs (5),
and OTf (6), was carried out by means of differential scan-
ning calorimetry at a temperature range of 193 K to 373 K.
Fig. 3 shows a thermogram for the four ILs at a cooling and
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heating rate of 10 °C min™. In the cooling cycle, the onset
glass transition temperatures (T,) for NO;™ (3), BF, (4), PFs
(5), and OTf (6) are -52, 61, -39 and -50 °C, respectively.
However, in the heating cycle, cold crystallization (T..) and
melting temperatures (Ty,) were observed for BF, (4) (T =
-66 and T, = —43, -26 °C), PFs (5) (Tec = —41 and Ty, = -35,
21 °C), and OTf (6) (Tee = —67 and Ty, = —22 °C). The ionic
compounds are characterized as ILs by the presence of typi-
cal Tg, Tee and Ty, thermal behaviours.**

IR spectra

In this work, the IR spectra of the solid state Br~ (1) and
B(Ph), (2) as well as the ILs NOs™ (3), BF, (4), PFs (5) and
OTf (6) are shown in Fig. 4. The stretching frequency

—Br(1)
——BPh,(2)
100 4 PP —NO,(3)
. ) —BF,(4)
80 - .
——PF,(5)
8 ——QTf(8)
§ 60 -
€
(%2}
§ 40
|—
20
04
¥ 1 4 I ¥ I ¢ I ¥ 1 bd 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber/cm’'
1730 cm” 1638 cm”

O-H stretching

3080-3150 cm”’ 3000-2865 cm'™'

aromatic C-H stretching

alkyl C-H stretching

C=Ostretchingof C= stretching

ester group /

/
1580 cm”’
Aromatic C=C Bending

1700 cm’
~~ C=0 strectching of

carboxylic acid group

1 T v T
3500 3000 2500 1800 1700 1600

Wavenumber/cm”

Wavenumber/cm’

Fig. 4 FTIR spectra of Br™ (1), B(Ph); (2), NOs™ (3), BF4 (4), PFs (5), and OTf (6) ionic compounds.
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assignments for ILs 3-6 can then be used to identify the hy-
drogen bonding patterns based on the IR spectra of the
solid-state Br~ (1) and B(Ph),” (2) salts in which the stretching
frequencies could correlate to the related hydrogen bonding
motifs observed in the crystal structures. Acid hydroxyl
stretching frequencies appear in the range of 3700 and 3160
cm™'. As shown in Fig. 4(b), the Br™ (1) and two ILs NO; (3)
and OTf (6) have strong and broad bands, however the
B(Ph), (2) and two ILs BF,” (4) and PFs (5) have relatively
weak bands. We suggest that the acid hydroxyl groups of
NO; (3) and OTf (6) are bonded to the anion to form a
C(=O0)OH...O,pion hydrogen bonding like that present in the
Br (1) salt. However, the carboxylic acid groups of the ILs
BF, (4) and PF, (5) form a cyclic carboxylic acid dimer motif
like that in the B(Ph), (2) salt. The aromatic and alkyl C-H
stretching frequencies appear in the ranges of 3150-3080 and
3000-2865 cm',>® respectively. One stretching frequency
around 2980 cm' related to CHj; stretching can only be
found for Br™ (1) and B(Ph), (2) salts in solid but not for the
other four ILS. We suggest that this result is caused by the
ethoxyl groups which are fixed in salts 1 and 2 but free ro-
tated in ILs 3-6. Additionally, the broad peaks show the
mixing of the carbonyl stretching frequency of the ester and
carbonyl acid groups at 1730 cm™" for all the ionic com-
pounds except for the B(Ph),” (2) salt. For B(Ph),” (2),>° the
broad peak is split into two signals at 1730 and 1700 cm ™" be-
cause of the formation of the dimeric carboxylic acid, as
shown in Fig. 2b. The C=N stretching and C—=C bending fre-
quencies for all six ionic compounds were observed at
around 1640 and 1580 cm ™.

Ionic conductivity of ILs

The ionic conductivity of ILs 3-6 was measured to evaluate
their potential application as electrolytes. Esters are flexible
functional groups due to the rotating C-O-C bonds and
tend to be less rigid and have a lower melting point for
the formation of ILs. The ionic conduction results for
1-(5-carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium ionic com-
pounds with the different anions NO;™ (3), BF, (4), PFs (5),
and OTf (6) were measured using comb-shaped gold
electrodes. The conductivities were measured in the direction
of ion transport along the glass surface.”®>*

The data listed in Table 1 show that ionic conductivity fol-
lows the trend of BF, > PFs > NO; > OTf for the same
1-(5-carboxypentyl)-3-(ethoxycarbonyl)pyridin-1-ium cation.
The best ionic conductivity of 2.283 x 107> Secm™* was
obtained for BF, (4). Generally, this ionic conductivity is rel-
atively low*® compared with the conventional organic electro-

Table 1 lonic conductivity at room temperature of ionic liquids

Anion NO,” (3) BF, (4) PF, (5) OTf™ (6)

o(Sem™)  1.6908 x 10°  0.0228  3.3235x10°  1.6062 x 10>

Measured by impedance measurement.
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lyte LiPF, which has an ionic conductivity of ~107> Sem™
for.>® This small anion has higher mobility in ionic conduc-
tivity>® and is expected to show faster diffusion, with a de-
creasing trend upon increase in the size of the anion and the
interionic interactions. There are many factors that com-
monly affect the transport properties for ionic conductivity,
such as cation and anion sizes,”® electrical charge density,*
temperature,®’ viscosity,>> and molecular interactions** (e.g.,
interionic hydrogen bonds). There are two perspectives of
ionic anions that can be used to explain these ionic conduc-
tivity results. One is that a smaller and lighter anion has a
high ionic conductivity®® because it can easily move in a
fluid. The other is that interionic hydrogen bonds form
against the movement of the anion. In this case, the BF, pre-
sents the highest ionic conductivity of the anions examined
because the BF, anion is not only small in size but also has
the weakest hydrogen bonds compared to the other ILs.
Moreover, Table 1shows that the ionic conductivity of the
PF anion is 3.3235 x 10° Sem™". The PF anion is slightly
larger and exhibits slower mobility than the BF, anion. Fol-
lowing the same trend, both NO;  and OTf anions have
larger sizes and stronger interionic hydrogen bonding than
BF,” and PF, ',** thus they have lower ionic conductivities of
1.6908 x 10~ and 1.6062 x 10~ Scm ™", respectively.

Conclusions

Here, we report a series of fatty acid-substituted ethyl-
nicotinate ionic compounds with the anions Br (1), B(Ph),
(2), NO;~ (3), BF, (4), PFs (5), and OTf (6). The cations of
the two crystal structures of Br (1) and B(Ph), (2) form
dimerized secondary rectangular motifs with weak C-H...
O—C hydrogen bonds and construct a lipid-like bilayer and
B-sheet like tape structures, respectively. For the other four
ionic compounds, NO;™ (3), BF, (4), PFs (5), and OTf (6),
the ester motif disturbs the molecular stacking, reducing the
melting point and causing the formation of ionic liquids.
This result highlights the effects of the hydrogen bonding ac-
ceptor ability of anions and two carbonyl O atoms (acid and
ester) of Nia-OEt-C5COOH cation, and the flexible ester group
on the melting point of the six ionic compounds. We also
hope the results will help in the design of supramolecular ar-
chitectures and low ionic conductivity ILs.
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