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lon pair formation is a fundamental concept in chemistry. The
association between ions of opposite charge is widely used in
synthesis and catalysis. In contrast, there is little evidence for the
formation of cationic or anionic dimers in solution. We report the
strength and distribution of doubly hydrogen bonded cationic
dimers (c*=c¥) in carboxy-functionalized ionic liquids [HOOC-
(CH,),-pylINTf,] with n = 2, 4, 5, 6, 7, and 9, probed by NMR solid-
state spectroscopy. The two OH.--O—C H-bonds of the cationic
dimers resemble the archetype H-bond motif known for formic acid.
Herein, we clarify how the propensity for the formation of (c*=c")
H-bonds depends on the alkyl chain length between the pyridinium ring
and the carboxy group of the cations. For n = 9, the H-bond population is
primarily dominated by cationic dimers (c*=c"). Obviously, cooperative
H-bond attraction is not only able to compensate for the repulsive
Coulomb forces but also to ignore the H-bond accepting capabilities
of the counter anion completely. In this regard, we provide the first
evidence for quasi-isolated cationic dimers in solution that are stabilized
by strong and directional (c*=c") H-bonds being as strong as the (m—m)
H-bonds between molecular mimics of the IL cations.

Introduction

Hydrogen bonds are ubiquitous in nature and of fundamental
importance for the liquid and solid structure of water as well as
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An archetype of hydrogen bonding observed in
cationic dimers of carboxy-functionalized ionic
liquids by means of NMR solid state spectroscopy
— reminiscent of salt bridges, peptides and DNA7

2 Lasse Hunger,” Loai Al-Sheakh,®

*3¢ and Ralf Ludwig () *°<°

for the stability and function of proteins and DNA." The base
pairs in double-stranded DNA are held together by double
and triple hydrogen bonds (H-bonds), protecting it from
disruption.” In order to understand the fundamental properties
of these multiple H-bonds, the dimers of formic acid and acetic
acid in the liquid and gaseous state became the focus of
intensive research. The H-bond energy of these archetypes of
binding motif ranges between 60 and 70 kJ mol '.>"® Due to
cooperation effects, the two H-bonds are stronger than the
double of the individual H-bonds. Here, most H-bonds pair up
two neutral molecules. However, there are also a range of
systems where one or the other species is electrically charged
such as zwitterions in peptides.” This is in particular true for
ionic liquids, which consist solely of cations and anions.*™*
Therein, we usually find a cation proton donor and an anion
acceptor. Thus, H-bonds are charge-assisted following the
conventional wisdom that opposite charges attract, but like
charges repel. The question has arisen as to whether a pair of
molecules can engage in an attractive H-bond if both entities
are of like charge, despite the chemical intuition that two
subunits ought to strongly repel one another. Theoretical
studies showed that the paired complexes of like charged ions
are higher in energy than those of the isolated ions but create a
shallow local minimum on the surface.”*® The most stable
pair of cations could be calculated for a pair of carboxylic acids,
each containing a cationic NH;" tail. A pair of two equivalent
H-bonds of type OH- - -O hold this dimer together with R(H- - -O)
at 1.962 A." The presence of true H-bonds is confirmed by the
geometry and NMR 'H chemical shifts. Recently, we succeeded
in realizing such a scenario in carboxy-functionalized ionic
liquids (ILs). We synthesized ILs [HOOC-(CH,),-py][NTf,] with
varying number of methylene groups CH, (n = 1, 2, 4) for
distancing the carboxy group COOH from the positively
charged pyridinium ring as shown in Scheme 1. This way, the
repulsive Coulombic forces were reduced and the two H-bonds
OH. - -0 between the cations could be strongly enhanced."” This
archetype structural motif of acetic dimers was observed in the
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Scheme 1 lonic liquids 1-(carboxyalkyl)pyridinium bis(trifluoromethyl-

sulfonyl)imide [HOOC-(CH,),-pylINTf,] with n = 2, 4, 5, 6, 7, 9 considered
in this work. They comprise (A) carboxy-functionalized (HOOC-(CH),-
py*) cations and (B) weakly interacting (NTf,™) anions; (C) it is expected
that the structural motif of the doubly hydrogen bonded cationic dimers
(HOOC-(CHa),-py)2 is formed in these ILs. (D) Doubly H-bonded dimers of
carboxylic acids represented by the molecular mimics of the IL cation.

solid state, the bulk liquid and even in the gaseous phase,
although one anion was removed from (2,1) complexes.'®

For understanding the nature of hydrogen bonding, in
particular between ions of like charge, important questions
arise, which will be properly addressed experimentally in the
present study. How strong are the H-bonds between the two
carboxy-functionalized cations compared to those between two
neutral molecules in carboxylic acids? Are we able to further
enhance the H-bond strength in the cationic dimers by increas-
ing the alkyl chain length? What kind of influence does the
variation of methylene groups have on the H-bond popula-
tions? Can we control the type and strength of H-bonds in
liquids? The answers are of fundamental interest for under-
standing the nature of H-bonding between ions of like charge,
not in ionic liquids only, but for similar H-bonds present in
salt-bridges, peptides and DNA.

Synthesis of carboxy-functionalized ionic liquids

For addressing these fundamental issues, we synthesized and
characterized carboxy-functionalized ILs n-(carboxyalkyl)pyridi-
nium bis(trifluoromethylsulfonyl)imide [HOOC-(CHy),-py][NTf,]
with an increasing number of methylene groups CH, (n = 2, 4,
5, 6, 7, and 9) in two reaction steps as shown in Scheme 2. First, we
prepared 1-(n-carboxyalkyl)pyridinium bromides with n = 2, 4, 5, 6,
7, and 9 as follows: pyridine was dissolved in acetonitrile and the
solution was added dropwise to solid n-bromocarboxylic acids
under vigorous stirring at 278 K. The resulting crystalline
compounds were filtered and washed several times with aceto-
nitrile and acetone. Then, they were dried under vacuum at
333 K and kept under argon. In the subsequent metathesis
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Scheme 2 Reaction scheme for the synthesis of the ionic liquids 1-(car-
boxyalkyl) pyridinium bis(trifluoromethylsulfonyl)imide [HOOC-(CHy),-
pylINTf,] with n = 2, 4,5, 6, 7, 9. X symbolizes the halogens Cl or Br.

reaction, equimolar amounts of lithium bis(trifluoromethane-
sulfonyl)imide and the n-(carboxyalkyl) pyridinium bromides
were dissolved in water, resulting in an upper aqueous and a
lower organic layer. The latter includes the 1-(n-carboxyalkyl)-
pyridinium bis(trifluoromethylsulfonyl)imide product and trace
amounts of lithium bromide, which have been removed by wash-
ing several times with water. The residual amount of the Br-anion
was determined using the reaction with silver nitrate. Finally, the
samples were dried under vacuum at 333 K. The ILs [HOOC-
(CH,),py|[NTf,] with n = 2, 4 could be crystallized."® (see also
ESI IT) The recently published X-ray structures showed the charac-
teristic double hydrogen bonding motif between the two carboxyl
groups of the cations, despite the repulsive Coulomb forces
between the positively charged pyridinium rings.® In contrast,
the weakly interacting bis(trifluoromethylsulfonyl)imide anions
are not involved in hydrogen bonding with any of the cations in
contrast to recently studied hydroxy-functionalized ILs."*>* How-
ever, the newly synthesized ILs with n = 5, 6, 7, 9 could not be
crystalized. Instead, the carboxy-functionalized ILs with longer
alkyl chains n > 4 could be supercooled and finally formed glasses
as given by the DSC thermograms in Fig. 1 (see also ESI III1). The
glass transition temperatures could be reproduced for different
heating and cooling rates and are around 220 K for all ILs.

Deuteron quadrupole coupling constants from solid-state
deuterium NMR spectroscopy

The strength and distribution of the H-bond motifs present in
the carboxy-functionalized ILs [HOOC-(CH,),-py][NTf,] with
n=2,4,5,6,7,9 were probed by solid-state deuterium NMR
spectroscopy. For that purpose, hydrogen/deuterium (H/D)
exchange was achieved by mixing the ILs with D,O and remov-
ing water several times until nearly 100% deuteration was
reached as proven by 'H NMR. All samples have been dried
under vacuum (at 3 x 10> mbar) for several days and the final
water concentration (<15 ppm) has been checked by Karl-
Fischer titration.

This journal is © the Owner Societies 2025
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Fig. 1 The DSC thermograms of the ILs [HOOC-(CH,),-pylINTf,] with (a) n
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=5,(b)n=6,(c)n=7and(d) n=9, showing supercooling and finally glass

transitions, indicated by the glass transition temperatures, Ty, between 215 and 220 K.

*H NMR experiments were performed at Larmor frequency
,/21 = 61.42 MHz on a Bruker Avance-400 spectrometer, using
a high-power probe with a 5 mm horizontal solenoid coil.
All ?’H NMR spectra were obtained by Fourier transformation
of quadrature-detected phase-cycled quadrupole echo arising in
the pulse sequence (90§ — 11 — 90 — 72 — acquisition — t),
where t; = 20 ps, 7, = 21 us and ¢ is a repetition time of the
sequence during the accumulation of the NMR signal. The
duration of the n/2 pulse was 1.6-1.7 ps. Spectra were typically
obtained with 50-20 000 scans with the repetition time ranging
from 0.5 to 15 seconds. To ensure reproducibility of the
measurements, prior to each experimental investigation, the
sealed glass ampule with the IL was placed in liquid nitrogen
and then rapidly transferred to the pre-cooled NMR probe. The
measured H NMR spectra are shown in Fig. 2 for (a) ILs n = 2, 4,
(b) ILs n = 5, 6 and (c) ILs n = 7, 9, respectively (see also ESI II7).

The *H NMR spectrum is characterized by two parameters:
the quadrupole coupling constant DQCC, yp = (¢°q..Q/k), and
the asymmetry parameter, 1 = gxx — qy,/q.;, which describes the
principal elements ¢ of the electric field gradient tensor.>*°
The DQCC is a measure of the magnitude of the electric field
gradient at the deuterium site, while the asymmetry parameter
provides information about the shape of the electric field gradient.
For example, an asymmetry parameter of zero suggests a cylindrical

This journal is © the Owner Societies 2025

symmetry of the electric field gradient tensor along the O-D
bond.?® We determined the DQCCs from the solid-state deuterium
NMR powder patterns for all carboxy-functionalized ILs with n = 2,
4,5, 6, 7, and 9 for temperatures of 143 K and 203 K.

We obtained the DQCCs and the asymmetry parameters
from a proper line shape analysis, providing two Pake patterns
for all ILs with n = 2, 4, 5, 6, 7, 9.>”*® For the IL [HOOC-(CH,),-
py|[NTf,] with the shortest alkyl chain length we obtained two
values for the DQCC of 179 kHz and 208 kHz with asymmetry
parameters 1 = 0.12 and 7 = 0.13, respectively (see Fig. 3). The
small DQCC describes the OH- - -O—C H-bonds in the doubly
hydrogen bonded cationic dimers (¢'=c"). This value is signifi-
cantly smaller than about yp = 214-216 kHz of the single
OH- - -0 H-bonds of D,O ice,*?° but in the order of DQCCs
observed for carboxylic acids®*'** and salt bridges in proteins.**
Obviously, two strong cooperative H-bonds easily overcome the
repulsive Coulomb forces between the two cations. The larger
DQCC is assigned to the single OH:--O—S H-bonds between
the cation and the anion in the (c'-c'-a~) complexes (see
Scheme 3). This value agrees with the reported DQCC for the
Coulomb-enhanced (c¢'-a~) H-bonds in hydroxy-functionalized
ILs.** The asymmetry parameters 5 for both types of H-bonds
range between 0.1 and 0.13, typical values for deuterons
involved in linear OH- - -O H-bonds as observed for water and

Phys. Chem. Chem. Phys., 2025, 27, 5949-5955 | 5951
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Fig.2 (A) 2H NMR spectrum at 183 K and line shape analysis for

carboxy-functionalized ionic liquids [DOOC-(CH;),-PylINTf,] with n = 2.
(B) 2H NMR spectrum at 143 K and line shape analysis for carboxy-
functionalized ionic liquids [DOOC-(CHy),-PylINTf] with n = 4.
(C) H NMR spectrum at 143 K and line shape analysis for carboxy-
functionalized ionic liquids [DOOC-(CH,),-PylINTf,] with n = 5. (D)
2H NMR spectrum at 143 K and line shape analysis for carboxy-func-
tionalized ionic liquids [DOOC-(CHy),-PylINTf,] with n = 6. (E) 2H NMR
spectrum at 143 K and line shape analysis for carboxy-functionalized ionic
liquids [DOOC-(CH,),-PylINTf.] with n = 7. (F) 2H NMR spectrum at 143 K
and line shape analysis for carboxy-functionalized ionic liquids [DOOC-
(CH)o-PylINTf,] with n = 9. Experimental spectra are shown with black
lines, simulated spectra are shown with red lines and deconvoluted
simulated spectra are shown with blue and pink lines (specie 1 and specie
2 correspondingly). Q denote the DQCCs, 5 the asymmetry parameters,
and p the relative populations (fractions) of the (c*=c*) and (c*-c*-a")
bound species. Number 1 is referred to (c*-c*-a™), and number 2 to
(c*=c*) H-bonded cations and anions.

5952 | Phys. Chem. Chem. Phys., 2025, 27, 5949-5955

View Article Online

PCCP
0O (c'c-a)
(c*-c*-a) 5
220_ “(C+=C+) B 1 ini
O L
| H (¢*=c")
9@ Fatty acids
N 200 ~
X
\D
X bee | .
18 - i
| | | | | | | | | 3 i
2 3 4 5 6 7 8 9
[DOOC-(CH,) -pylINTf,]
Fig. 3 (a) Measured and deconvoluted DQCCs of carboxy-functionalized

jonic liquids [DOOC-(CH,),-pylINTf,] withn = 2, 4, 5, 6, 7, 9 for tempera-
tures 143 K (closed symbols) and 203 K (open symbols), respectively. The
DQCCs for the (c*—a~) H-bonds (open symbols) decrease from 210 kHz
down to 190 MHz with increasing number of methylene groups. Due to
the strong double H-bonds in the cationic dimers (ct*=c™), the DQCCs are
lower but also decrease with the same trend from 180 kHz down to
170 kHz. We also added the measured DQCC for doubly H-bonded dimers
(m=m) of phenylacetic acid, phenylpropanioc acid and phenylbutanoic
acids, representing molecular mimics of the carboxy-functionalized
cations in the ILs. (b) For comparison we show the DQCCs for D,O
ice (1),2939 carboxylic acids (2),°%2 salt bridges in proteins (3)** as well
as for (c*—c™) (4) and (c™—a™) (5) H-bonds in hydroxy-functionalized ILs.>*

alcohols.*® With increasing alkyl chain length 7, in the cationic
dimers (c'=c") the DQCC decreases from 179 kHz to 169 kHz,
indicating stronger H-bonding caused by reduced Coulomb
repulsion between the positively charged rings in the cations.
Similar is observed for the DQCCs in the OH---O=S H-bonds
between the cation and the anion in the (¢'-¢'-a~) complexes.
The (c*-a~) H-bonds are enhanced due to weaker repulsive
forces between the neighboring cations. This observation also
underlines, why we do not consider the regular Coulomb
enhanced H-bonds within isolated (¢'-a”) ion pairs: in such
case, a larger size of the alkyl spacer would decrease the
Coulombic attraction within the pair and thus decrease the
H-bonds strength, leading to higher DQCC values. Observation
of the opposite trend indicates that no individual (¢'-a~) ion
pairs exist, in favor of (c'-c'-a~) complexes. We know from
recent IR experiments that (c'=c') bonds are stronger than
(c"-a”) H-bonds resulting in significant redshifts of the CO IR
stretching frequencies.'® Thus, we conclude that the larger
DQCCs of about 200 kHz are related to Coulomb enhanced
(c'-a”) ion pairs, whereas the smaller DQCC of about 180 kHz
characterizes the (‘c==c") interaction in cationic dimers. The
asymmetry parameters stay almost the same with n and only
slightly decrease as expected for stronger H-bonds towards n =9
(see Figure S2, ESIt). Several references in the literature dis-
cussed a linear dependence between proton chemical shifts,
0'H, and deuteron quadrupole coupling constants, DQCCs, for

This journal is © the Owner Societies 2025
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Scheme 3 Calculated locally stable H-bond motifs (c*=c*)(@a™), and
(cT—c*-a7)(a") of the neutral quaternary complexes for the ILs 1-(carboxy-
ethyl)pyridinium  bis(trifluoromethylsulfonyllimide  [HOOC—(CH,)g—pylINTf,]
resembling the binding situation in the IL [HOOC—(CH,)g—pylINTf,l. (a) The
structural motif includes the doubly H-bonded cations (c*=c*). (b) In the open
structures, the ring motif of the doubly H-bonded cations (c*=c") is opened
and replaced by an H-bond complex (c*—c*-a~) with one remaining H-bond
(c*—c*) and an additional H-bond (c*—a~) between the cation and anion.

N-H/D and O-H/D functional groups in molecular and ionic
liquids, supporting the role of DQCCs as sensitive probes of
hydrogen bonding.?>

Now we turn to the question of whether the double H-bonds
in the cationic dimers (¢'=c') are weaker than those in
molecular dimers (m=m)? For this purpose, we measured
the DQCC values for phenylacetic acid, phenylpropanioc acid
and phenylbutanoic acids. These molecules are the structural
analogues to the cations of the investigated ILs. The positively
charged pyridinium ring is simply replaced by a phenyl ring.
DQCCs of 180 kHz, 176 kHz and 179 kHz were measured for
the compounds at room temperature, which are only slightly
higher than those observed at lower temperatures for the
corresponding carboxy-functionalized ILs (see Figure S3, ESIT).
Obviously, the Coulomb repulsion between the two polarizable
pyridinium rings is fully compensated by the attractive inter-
action with the NTf,” counterions, resulting in equally strong
(c*=c") and (m=m) H-bonds. As we have seen, this effect is
only moderately enhanced by lengthening the alkyl chain.
We can thus show for the first time that (¢'==c") H-bonds in
cationic dimers can be as strong as those between two neutral
molecules. A suitable physical and chemical environment, in
this case polarizable cations and weakly interacting anions,
creates a molecular island on which H-bonds can form perfectly
and Coulomb repulsion plays no role.

The assignment and interpretation of the DQCCs and asym-
metry parameters is confirmed by calculating (¢"==c¢")(a”), and
(c'~c*-a7)(a”) H-bonded complexes of the ILs along with dou-
bly H-bonded dimers (m=—m) of the molecular mimics of the IL
cations at the B3LYP-D3/6-31+G* level of theory. The resulting
structures and H-bond motifs are shown in the ESIf and
resemble those of the two complexes presented for the IL
[HOOC-(CH,)g-py][NTf,] in Scheme 3.*”7*° The differences
between the calculated DQCCs obtained for the (‘c=c")(a”),

This journal is © the Owner Societies 2025
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and (c'-c'-a~) H-bond motifs range between 15 and 30 kHz and
agree with the measured differences, finally supporting our
interpretation. Moreover, the calculated DQCCs for phenyl-
acetic acid, phenylpropanioc acid and phenylbutanoic acid
(m=—m) dimers are almost equal to the DQCCs obtained for
the (c'=c")(a”), IL complexes, confirming that the (c'=c")
H-bonds and (m=—m) H-bonds are of similar strength, despite
the Coulomb repulsion between the cations (see also ESI IV
and V7).

Populations of (¢*-a~) and (¢"=c") clusters from solid-state
deuterium NMR

NMR solid-state spectra measured in the crystalline or glassy
state provide quantitative information about the populations of
the local H-bond arrangements present in the ILs. In Fig. 4, we
show the populations ¢, of (c’-a~) H-bonds and ¢, of (¢'==c¢")
H-bonds in carboxy-functionalized ionic liquids [DOOC-(CH,),-
py][INTf,] with n = 2, 4, 5, 6, 7, and 9, determined at 143 K and
203 K. In the IL [DOOC-(CH,),-py][NTf,] the two types of
H-bonds are almost present in equal amounts. We find
g1 = 0.55 for (c'-a”) H-bonds and ¢, = 0.45 for (c'==c")
H-bonds, respectively. We now clarify how the propensity for
the formation of (c'=c") H-bonds depends on the alkyl chain
length between two cationic rings and their COOH groups.
With increasing alkyl chain length, the population g; of the
(c"-a”) H-bonds decreases from 0.55 for n = 2, via 0.30 forn =5
down to 0.10 for n = 9 for the benefit of increasing amounts of
(c*=c") H-bonds.

The increase of the (c'==c") H-bonds correlates with the
lowering of the corresponding DQCCs. For n = 9, the H-bond
population is almost solely dominated by cationic dimers
(c"==c"). Obviously, cooperative H-bond attraction is not only
able to compensate for the repulsive Coulomb forces but also

'1 .
0.8
SO @@ (c'c-a) 143K
2‘ 0.6 (c*-c*-a) 203 K
-c_% s B (c'=c") 143K
2l G4 00 (c*=c") 203 K
o L
0.2 -
0 | | | | | | | | |
2 3 4 5 6 7 8 9

Cluster n
Fig. 4 Populations g; of (c*—a~) H-bonds and g, of (c*=c*) H-bonds in
carboxy-functionalized ionic liquids [DOOC-(CH>),-pylINTf,] with n = 2,
4,5, 6,7 and 9, derived from NMR solid-state spectra at 143 K (open
symbols) and 203 K (closed symbols). At n = 9, the population is almost
solely governed by (c*==c*) H-bonds.
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able to ignore the H-bond accepting capabilities of the counter
anion completely. In this regard, we provide the first evidence
for quasi-isolated cationic dimers in solution that are stabilized
by strong and directional H-bonds.

Conclusion

We synthesized and characterized carboxy-functionalized ionic
liquids [DOOC-(CH,),-py]|[NTf,] with an increasing number of
methylene groups n = 2, 4, 5, 6, 7, and 9 for controlling the
Coulomb repulsion between the cations and fostering the
formation of doubly H-bonded cationic (¢c'=c") dimers, resem-
bling the archetype of H-bonding in formic acid. We then
measured DQCCs and population of (¢'-a~) H-bonds and
(c'==¢") H-bonds in the crystalline and glassy states of the ILs
by means of >H NMR solid-state spectroscopy. We observed two
Pake patterns for deuterons involved in (c'-a~) H-bonds and
(c*==c") H-bonds, respectively. The DQCCs of deuterons in the
(c*==c") H-bonds are about 15-30 kHz smaller than those in
(c¢"-a™) H-bonds, indicating stronger H-bonds despite repulsive
Coulomb forces in the first and attractive ones in the latter
case. As expected, (c'=c") H-bonds increase with longer alkyl
chains and finally dominate the H-bond populations solely.
Apparently, the cooperative H-bonding is not only able to
compensate the repulsive Coulomb forces but also to comple-
tely ignore the H-bond accepting abilities of the counter anion.
In this context, we provide the first evidence for quasi-isolated
cationic dimers in solution stabilized by strong and directional
H-bonding. We also measured the DQCCs of phenylacetic acid,
phenylpropanioc acid and phenylbutanoic acids, representing
the molecular analogues of the IL cations for n = 1, 2, and 3.
Their DQCCs were almost similar to those observed for the
carboxy-functionalized ILs, indicating equally strong (c'=c")
and (m=—m) H-bonds. This opens up the prospect of being able
to detect the first isolated cationic dimer, in which the ions of
like charge are held together by two strong hydrogen bonds
despite the repulsive Coulomb interaction between them.
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