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The paradigm of supramolecular chemistry relies on the
delicate balance of noncovalent forces. Here we present a
systematic approach for controlling the structural versatility of
halide salts by the nature of hydrogen bonding interactions. We
synthesized halide salts with hydroxy-functionalized pyridinium
cations [HOC,Pyl* (n=2, 3, 4) and chloride, bromide and iodide
anions, which are typically used as precursor material for
synthesizing ionic liquids by anion metathesis reaction. The X-
ray structures of these omnium halides show two types of
hydrogen bonding: ‘intra-ionic’ H-bonds, wherein the anion
interacts with the hydroxy group and the positively charged
ring at the same cation, and ‘inter-ionic’ H-bonds, wherein the
anion also interacts with the hydroxy group and the ring system
but of different cations. We show that hydrogen bonding is
controllable by the length of the hydroxyalkyl chain and the
interaction strength of the anion. Some molten halide salts
exhibit a third type of hydrogen bonding. IR spectra reveal
elusive H-bonds between the OH groups of cations, showing
interaction between ions of like charge. They are formed
despite the repulsive interaction between the like-charged ions
and compete with the favored cation-anion H-bonds. All types
of H-bonding are analyzed by quantum chemical methods and
the natural bond orbital approach, emphasizing the importance
of charge transfer in these interactions. For simple omnium
salts, we evidenced three distinct types of hydrogen bonds:
Three in one!
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The paradigm of supramolecular chemistry relies on the differ-
ent nature of noncovalent interactions. Strong and selective
binding between receptor molecules and complementary
substrates is controlled by means of various noncovalent
intermolecular interaction comprised of electrostatic, hydrogen
bonding, van der Waals and donor-acceptor interactions.?™®
Hydrogen bonding is arguably the most important “type” of
such supramolecular phenomena.”® This local and directional
interaction is responsible for condensed phase formation,
biological self-assembly and molecular recognition.”'® Hydro-
gen bonding is also crucial for properties of salts and ionic
liquids, despite the dominating attractive and repulsive Cou-
lomb forces."'™”

Herein, we report a systematic study of halide salts
consisting of hydroxy-functionalized pyridinium cations and
halide anions. These seemingly simple compounds turn out to
be complex solids or liquids that exhibit an unusual versatility
in hydrogen bonding. The various hydrogen bond structures
result from a mélange of intermolecular noncovalent forces in
these ionic systems. The structural motifs are controllable by
variation of the hydroxyalkyl chain length of the pyridinium
cation and the interaction strength of the halide anion, allowing
for different strength and directionality of hydrogen bonding.
Although the solid or molten omnium salts consist solely of
cations and anions, Coulomb interaction is not the driving force
for the versatility of local structures. Instead, we demonstrate
that three types of hydrogen bonding are present in the solid
or liquid states of these halide salts, underlining the importance
of the subtle balance of noncovalent interactions. For the first
time we report three different types of hydrogen bonding in
materials consisting entirely of ions.

In principle, there are several possible modes of interaction
between the halide anions and the hydroxy group as well as
the ring system of the hydroxy-functionalized pyridinium
cations. The delicate competition between the noncovalent
intermolecular forces may result in three types of hydrogen
bonding. Structures A are characterized by ‘intra-ionic’ hydro-
gen bonds (see Scheme 1), wherein the anion interacts with
the hydroxy group and the positively charged ring of the same
cation. Increasing the length of the hydroxyalkyl chain barely
changes the strength of the hydrogen bonds between the
anions and the OH groups but results in less favorable
interaction of the anion with the pyridinium ring (A1 to A3).
Structure B exhibits ‘inter-ionic’ H-bonds, wherein the anion
also interacts with the hydroxy group of the cation but with the
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Scheme 1. Possible modes of interaction between the halide anions X~ and
the hydroxy group as well as the ring system of the hydroxy-functionalized
pyridinium cations [HOC,Py]* with n=2, 3, 4. Structures A are characterized
by ‘intra-ionic’ hydrogen bonds, wherein the anion X~ interacts with the
hydroxy group and the positively charged ring of the same cation. Increasing
the length of the hydroxyalkyl group results in almost remaining strength of
the hydrogen bonds between the anions and the OH groups but less
favorable interaction of the anion with the pyridinium ring (A1 to A3).
Structure B represent ‘inter-ionic’ H-bonds, wherein the anion also interacts
with the hydroxy group and the ring system but of different cations. In
structure C, the hydroxy groups of two pydridinium cations form a
cooperative H-bond, wherein the OH group on one cation binds to the OH
group on the other, which then attaches to the halide anion.

ring system of a different cation. We expect these structures for
halide salts with pyridinium cations possessing longer hydrox-
yalkyl chain lengths (N.>2). Finally, structure C suggests the
possibility that the hydroxy groups of two pydridinium cations
form a cooperative H-bond, wherein the OH group on one
cation binds to the OH group on the other, which then attaches
to the halide anion.

For systematic investigations we synthesized 1-(n-hydrox-
yalkyl)pyridinium halides [HOC,Py]X including hydroxy-func-

tionalized pyridinium cations [HOC,Pyl® with n=2, 3, 4 and
halide anions X~ =CI~, Br7, I". Imidazolium, pyridinium, piper-
idinium or pyrrolidinium halides are typically used as precursor
materials for synthesizing ionic liquids by anion metathesis
reactions."®#? The synthesis of the halide salts follows a
literature method and their characterization is described in the
Supporting Information (SI). Although being solid at room
temperature, most of the synthesized halide salts have low
melting points and can be considered as ionic liquids, accepting
the somewhat arbitrarily chosen upper melting point limit of
100°C (see SI).”™ For all halide salts we obtained crystals, which
we characterized by X-ray diffraction. Compound [HOC,Py]l was
directly obtained as liquid and showed characteristic behavior
of supercooled fluids upon cooling and warming.?? We studied
this compound in the liquid state by means of infrared (IR)
spectroscopy, using the OH vibrational mode of the hydroxy
functional groups as sensitive probes of hydrogen bonding. We
also calculated structures with hydrogen bonding motifs as
shown in A, B and C of Scheme1 by means of density
functional theory (DFT) calculations (see SI). The optimized
structures, which are close to the observed configurations in
the X-ray patterns, were analyzed by the NBO approach for
understanding the binding motifs and spectroscopic
signatures.*>3

Firstly, we discuss the structures of the halide salts [HOC,Py]
X depending on the interaction strength of the chloride,
bromide and iodide anions obtained from X-ray analysis (see
Table 1) In the [HOGC,Py]Cl and [HOG,Py]Br halide salts the
d(O--Cl) and d(O--Br) hydrogen bond distances are 3.046 A and
3.202 A, respectively. In ‘intra-ionic’ hydrogen bonds, the anion
interacts with the hydroxy group of the cation and additionally
with the ring system of the same cation (see Figure 1ab,
Scheme A1). The strength of the anion-ring interaction is
indicated by the close distances between the halide anions and
the positively charged range of the ring close to the nitrogen
atoms of about d(N--Cl) =3.813 A and d(N--Br)=3.841 A, respec-
tively. For the [HOGC,Pyll salt we found two H-bond distances
d(O-1), namely 3.478 A and 3.439 A, suggesting two types of
hydrogen bonding with almost identical H-bond strength. The
X-ray structures show that the iodide anion allows for both
‘intra-ionic’ and ‘inter-ionic’ hydrogen bonds, wherein the anion
also interacts with the hydroxy group but with the ring system
of a different cation (see Figure 1¢, Scheme B). That the ‘intra-

Table 1. Intra- and inter-ionic H-bonds distances d(OX), d(OHX) (in A) and H-bond angles £(OHX) (in °) in the halide salts obtained from X-ray structure
analysis. Additionally, the distances d(NX) and d(CX) (in A) for the intra-ionic H-bonded structures are given.

Compound type of H-bond d(O-X) d(OH--X) ¢(OH--X) d(N--X) d(C-+X)

[HOC,PyICI Intra 3.046 2.256 171.7 3.813 3.816

[HOC,PyI1Br Intra 3.202 2405 173.7 3.841 3.880

[HOG,PylI Intra 3.478 2.650 1713 4171 4111

[HOG,PylI Inter 3439 2.651 171.8 5.944 5.953

[HOG;PyICI Inter 3.114 2.291 160.4 - -

[HOC,PyIBr Inter 3.289 2513 169.7 - -

[HOG;PyIBr Inter 3.245 2.445 165.5

[HOC,PylI Inter 3.465 2.662 1733 - -

[HOC,PyICI Inter 3.058 2.248 173.9 - -

[HOC,Py1Br Inter 3.284 2,510 160.9 - -

[HOC,PylI Inter 3.513 2.869 160.4 - -
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Figure 1. X-ray structures of a) [HOC,Py]Cl, b) [HOC,Py]Br and c) [HOC,Py]l,
respectively. Whereas [HOC,Pyll and [HOC,Py]Br only possess ‘intra-ionic’
hydrogen bonds, [HOC,Py]l shows additional ‘inter-ionic’ hydrogen bonds
and thus both hydrogen bonding features. In the ORTEP representation the
atoms are represented by ellipsoids at 50% probability levels. The hydrogen
bonds are denoted by dashed line.

ionic’ and ‘inter-ionic’ hydrogen bonds are of similar strength is
indicated by the similar H-bond distances d(O--X). Thus the
iodide anion makes the difference for the short-chained
[HOG,PyIX halide salts, switching from ‘intra-ionic’ to ‘inter-
ionic’ hydrogen bonds. The ‘intra-ionic’ hydrogen bond dis-
tances d(O--X) increase in the order 3.046 A, 3.202A and
3.478 A for the chloride, bromide and iodide systems as
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expected for weaker hydrogen bonding due to decreasing
surface charge densities and increasing hydrophobic character
of the anions in this sequence. We show in Table 1 that the
hydrogen bond angles (O, H, X) range between 160° and 171°
for all H-bonds whether they are present in ‘intra-ionic’ or ‘inter-
ionic’ species.

For the halide salts [HOC,PylX with n>2 we exclusively
observe ‘inter-ionic’ hydrogen bonds as shown in Figure 1c and
illustrated in Scheme B. Due to the longer hydroxyalkyl chain
length, the halide anions can no longer form ‘intra-ionic’
hydrogen bonds. The X~-+-HO* hydrogen bond is still present,
but the anion is no longer situated close to the positively
charged nitrogen of the same cation. In order to achieve
maximum interaction of the anion with the hydroxy groups via
hydrogen bonds and with the ring system also, the config-
uration shown in Scheme B is preferred over those illustrated in
Scheme A2 and A3. That the ‘intra-ionic’ hydrogen bonds are
formed in [HOC,PylX (Scheme A1), whereas the formation
‘inter-ionic’ hydrogen bonds is preferred in [HOC;Py]X and
[HOC,PyIX (Scheme B) halide salts, we rationalize by means of
natural bond orbital (NBO) analysis.®>% The structures A and B
show typical strong n,—o*y,; donor-acceptor interactions
between the lone pairs of the halide anions and the OH anti
bond orbital of the hydroxy-functionalized pyridinium cations
as characterized by the second order stabilization energies
AE? . and estimated total charge transfers g for the
X HO" hydrogen bonds. As shown in Figure 2a, for the
example of the calculated halide salts [HOC,Py]lCl with n=2, 3,
4, the sum of the stabilization energies AE?, . of the ‘inter-
ionic’ H-bonded structures only slightly decreases with increas-
ing hydroxyalkyl chain length due to weaker overall cation-
anion interaction. In contrast, the stabilization energies AE?, .
in the ‘intra-ionic’ structure strongly decrease with increasing
hydroxyalkyl chain length. In [HOGC,Py]Cl, the n .—o*;, inter-
action is accompanied by additional n.—o*,. donor-acceptor
interaction resulting from the close distance of the anion to the
positively charged nitrogen at the pyridinium ring. The sum of
both interaction energies allows favoring ‘intra-ionic’ over
‘inter-ionic’ hydrogen bonded species for the short-chained
cations. In contrast, the n,—o*,c donor-acceptor interaction
almost disappears for [HOC;Py]Cl and [HOC,Py]Cl where favor-
able n.—0o*,, interaction is only possible by pushing the anion
away from the positively charged nitrogen (see Scheme A2 and
A3). In Figure 2b we show that the overall stabilization energy
AE?__ . for halide salts [HOC,Py]X is not decreasing in the order
from chloride to iodide as expected and that instead a slight
maximum occurs for [HOC,Py]Br. We find the regular behavior
for n,—o0*y, donor-acceptor interaction for the hydrogen
bonds. The deviation from the expected behavior results from
the n,—o*\¢ interaction between a halide lone pair and the
n,—0*yc anti-bond orbital of the pyridinium ring which is
particularly efficient in the [HOGC,Py]Br system. The X-ray
structure shows that the bromide anion directly lies above the
N—C bond, substantially strengthening this interaction (see
Figure 1b).

We have shown that in the solid state, two types of
hydrogen bonds are present. Both, ‘intra-ionic’ and'interionic’

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 2. a) Calculated halide salts [HOC,Py]Cl with n=2, 3, 4: the sum of the stabilization energies AE?, . of the ‘inter-ionic’ H-bonded structures B (black
squares) only slightly decrease with increasing hydroxyalkyl chain length due to weaker overall cation-anion interaction. In contrast, the stabilization energies
AE?, . in the ‘intra-ionic’ structures (blue circles) strongly decrease with increasing hydroxyalkyl chain length. In [HOC,Py]Cl, the n,—c*y, interaction is
accompanied by additional by n,—o*,. donor-acceptor interaction resulting from the close distance of the anion to the positively charged nitrogen at the
pyridium ring. b) Calculated NBO stabilization energies AE?, . for halide salts [HOC,Py]X with X~ =Cl, Br, I. Against the expectation, the overall stabilization
energies of the ‘intra-ionic’ H-bonded structures (open blue circles) do not continuously decrease in the order Cl, Br to I. NBO analysis provides an explanation.
Whereas the stabilization energies AE?,, . for the ‘intra-ionic’ hydrogen bonds (filled red squares) indeed decrease in the expected way, the overall
stabilization energy for [HOC,Py]Br is enhanced by additional n,.—o0*\ donor-acceptor interaction resulting from the close distance of the anion to the

positively charged nitrogen at the pyridium ring (see also Figure 1b).

hydrogen bonds have in common that they are formed
between the hydroxyalkyl group of the pyridinium cation and
the halide anion, resulting in hydrogen bonding “OH-X~
enhanced by attractive Coulomb interaction (see Figures 1 and
3). Recently, we reported elusive hydrogen bonds between ions
of like charge, observed for hydroxy-functionalized imidazolium
and pyridinium cations in ionic liquids by means of infrared (IR)
spectroscopy.? Beside the normal Coulomb-enhanced hy-
drogen bonds *OH--O~ between cation and anion (c-a), hydro-
gen bonds *OH...0" between the positively charged cations
(c—c) were observed despite the repulsive Coulomb interaction
between ions of like charge. These structural motifs involving
H-bonded cationic clusters were observed in the bulk liquid
phase by infrared (IR) spectroscopy and in the gas phase by
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Figure 3. X-ray structure of [HOC,Py]Br. All halide salts [HOC,PylX with n>2
only exhibit ‘inter-ionic’ hydrogen bonds. In the ORTEP representation the
atoms are represented by ellipsoids at 50% probability levels. The hydrogen
bonds are denoted by dashed line.
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ion
39-42,

cryogenic vibrational predissociation (CIVP)
spectroscopy.***? We observed that the formation of cationic
clusters was enhanced by using polarizable cations with longer
hydroxyalkyl chains as well as weakly interacting anions.®
Thus, for the salts and ionic liquids considered in this study,
[HOC,Pyll should be the best candidate for observing cationic
cluster formation (see structure C in Scheme 1). As reported for
other ILs comprising iodide anions, the liquid can be super-
cooled, allowing for IR measurements over broad temperature
ranges between 373 and 233 K In Figure 4a, we show the IR
spectra in the OH stretch region. We observe broad spectral
bands shifting to lower frequencies and changing their shape
with decreasing temperature. Unfortunately, the vibrational
band describing the hydrogen bonds *OH--X~ covers the broad
frequency range known for cationic clusters from 3550 cm™' for
(c—c) dimers down to 3400 cm™ for cyclic tetramers. Thus, the
(c—c) vibrational modes may be buried under the dominating
(c-a) vibrational band absorbance. Because we know that (c-a)
hydrogen bonds dominate at higher temperatures and (c-c)
hydrogen bonds start to form at lower temperatures, we
subtracted the spectrum recorded at 373 K from all the other
spectra for ‘depletion’ of the spectral features stemming from
(c-a) hydrogen bonds. The difference spectra in Figure 4b show
negative and positive contributions, resulting from “OH--X" at
higher and lower temperatures, respectively. The important
feature is the shoulder around 3250 cm™, significantly en-
hanced with decreasing temperature. In accord with frequency
calculations on (c-a) and (c-c) hydrogen bonding motifs we
assigned this band to the OH group not only interacting with
the anion but additionally forming a hydrogen bond to the OH
of another cation, resulting in (c-c) hydrogen bonding motifs *
OH--*OH--X". Compared to the regular *OH--X~ vibrational
mode, this OH frequency is redshifted due to cooperative
effects. Charge is transferred from the anion to the OH anti-

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 4. a) IR spectra of the supercooled ionic liquid [HOC,Py]l in the OH stretch region as a function of temperature between 233 K and 373 K in steps of

10 K. b) IR difference spectra of the supercooled ionic liquid [HOC,Pyll in the OH stretch region as a function of temperature as shown in Figure 4a. From each
IR spectrum, we subtracted the spectrum recorded at the highest temperature of 373 K. The shoulder at about 3250 cm™' shows the occurrence of a new
vibrational mode at lower temperatures assigned to the OH group interacting with both the anion and a neighboring cation.

bond of the first cation and from there to OH anti-bond of the
second cation, enhanced by cooperativity. The *OH--*OH--X~
frequency, expected in the range between 3550 cm™' and
3400 cm™, is not observed so far. However, subtracting the
difference spectrum at 233 K from that at 243 K and that at
223 K from that at 233K and so on, we obtain decreasing
intensity for the (c-a) vibrational band *OH--X~ at 3400 cm™'
and increasing intensities for the (c—c) vibrational bands *OH--*
OH--X" at 3250 cm™' and *OH--*OH--X" at 3500 cm™', respec-
tively (see Figure 5). Thus, we have clear evidence that (c-c-a)
hydrogen bonds are formed at the expense of (c-a) hydrogen
bonds with decreasing temperature in the low T-range. Recent
studies on ionic liquids suggest that we can assign the
vibrational frequencies around 3500 cm™' to (c—c) dimers but
not large cationic clusters.®** The assignment of the exper-
imentally observed IR vibrational frequencies, v, is supported
by the NBO-calculated stabilization energies AE?, .. and
charge transfers g¢r. In Figure 6, we plot both NBO descriptors
versus calculated OH frequencies of the ‘intra-ionic’ complexes
*OH--X~ with X =ClI7, Br, |I”. We obtain linear relations
between the NBO parameters and the IR frequencies. Stronger
hydrogen bonds result in enhanced stabilization energies
AE?__ . and charge transfer g correlated to further redshifted
OH frequencies. The calculated OH frequencies of "OH-+I~ and
*OH--"OH-I~ complexes fit to this curve and reflect the order
of measured frequencies, strongly supporting our assignment
and the existence of (c-c) hydrogen bonds in supercooled
[HOC,PyIlI.

In this work, we showed that, for a well-suited set of
omnium salts comprised of hydroxy-functionalized pyridinium
cations and halide anions, two types of hydrogen bonds are
present in the solid state: ‘intra-ionic’ H-bonds, wherein the
anion interacts with the hydroxy group and the positively
charged pyridinium ring at the same cation, and ‘inter-ionic’ H-
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Figure 5. The difference spectra of the next lower temperature are
subtracted from the difference spectra shown in Figure 4b. (243 K from

233 K, 253 K from 243 K, etc.). We obtain decreasing intensity for the (c-a)
vibrational band *OH--X~ at 3400 cm™" and increasing intensities for the (c-
¢) vibrational bands *OH--*OH--X" at 3250 cm~' and *OH--"OH--X" at
3500 cm™', respectively.

bonds, wherein the anion interacts with the hydroxy group of
the cation and the ring system a different cations. The
appearance of both types of hydrogen bonds is controllable by
the length of the hydroxyalkyl chain and the interaction
strength of the anion. The structures were observed in the X-ray
patterns of the omnium salts and analyzed by the NBO
approach, showing that beside hydrogen bonding, the inter-
action with the positively charged nitrogen atom in the
pyridinium ring plays a role for local structure formation. The

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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liquid [HOC,Pyll with the longest hydroxyalkyl group and the
weakest interacting anion can be supercooled. IR difference
spectra in the OH stretch region reveal that a third type of
hydrogen bonding is possible. At low temperatures, elusive H-
bonds between the OH groups of cations show interaction
between ions of like charge. They can form despite the
repulsive interaction between the like-charged ions and com-
pete with the favored cation-anion H-bonds, which are
enhanced by attractive Coulomb interaction. Overall, we
present omnium salts with low melting temperatures support-
ing the importance of the subtle balance between various types
intermolecular forces and underlining the specific role of local
and directional hydrogen bonds.
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