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Abstract: We address the cooperative hydrogen bonding interactions in play between the ionic
constituents of ionic liquids (ILs) with particular attention to those involving the attractive
interactions between two cations in the system 1-(2-hydroxyethyl)pyridinium tetrafluoroborate
[HEPy][BF,]. This is accomplished by comparing the temperature-dependent linear infrared
spectra of [HEPy][BF,] with that of the molecular mimic of its cation, 2-phenylethanol
(PhenEthOH). We then explored the structural motifs of these H-bonded configurations at the
molecular level by analyzing the cryogenic ion vibrational predissociation spectroscopy of cold
(~35 K) gas phase cluster ions with quantum chemical methods. The analysis of the OH

stretching bands reveals the formation of the various binding motifs ranging from the common

*OH---BF, interaction in ion-pairs (c-a) to the unusual *OH---*OH interaction (c-c) in linear
and cyclic, homodromic H-bonding domains. Replacing ion-pairs by the molecular (neutral)
analogue of the IL cation also results in the formation of positively charged cyclic motifs, with
the bands of the gas phase cationic cyclic tetramer (HEPy")(PhenEthOH); appearing quite close
to those assigned previously to cyclic tetramers in the liquid. These conclusions are supported
by density functional theory (DFT) calculations of the cationic and neutral clusters as well as
the local structures in the liquid. Our combined experimental and theoretical approach for the
gas and the liquid phases provides important insight into the competition between differently

H-bonded and charged constituents in liquids.
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Introduction

Hydrogen bonding is key to many processes in the chemistry and physical properties of
molecular liquids,[1-10] and this interaction also plays an especially critical role in the rational
design of ionic liquids (ILs), which solely consist of ions.[11-23] Coulomb enhanced hydrogen
bonding between cation and anion in ILs has been examined in a plethora of infrared (IR) and
Raman studies.[24-32] However, in the special case of hydroxy-functionalized ILs, two distinct
types of H-bonds have been reported: one corresponding to the common, Coulomb-enhanced
interaction between cations and anions (c-a), and a second that creates an attractive interaction
between two cations (c-c).[33-41] For these ILs, structural motifs involving H-bonded cationic
clusters were evidenced in the bulk liquid phase by means of linear infrared (IR) measurements,
which displayed two distinct vibrational band envelopes that could be assigned to (c-a) and
(c-¢) hydrogen bond motifs. An interesting, and counterintuitive aspect of the (c-c) hydrogen
bonds is that their characteristic OH stretching bands are more redshifted than those found in
the (c-a) contacts, suggesting that the (c-c) bonds are stronger than those in the (c-a) case.[24-
29] The formation of these (c-c) clusters is mediated by surrounding counter ions and was
observed to become more prominent at lower temperature (~213 K).

Although it is expected that the H-bonds in ILs differ from those that are well studied
in neutral clusters of water or alcohol molecules,[42-46] the diffuse nature of the vibrational
bands from bulk ILs allows only a qualitative picture of the local interactions. Consequently,
our recent classification of the broad, redshifted spectral bands of hydroxy-functionalized ILs
to the formation of (c-c) dimers, trimers and cyclic tetramers was somewhat speculative, being
guided primarily by DFT-calculated frequencies of related clusters.[34-37] Hence, the purpose
of the present study is to combine linear infrared (IR) spectroscopy and cryogenic ion
vibrational predissociation (CIVP) spectroscopy to quantify the spectral signatures of local (c-
a), (c-¢) and (c-m) [m = neutral molecule] H-bond motifs in ILs and molecular liquids (MLs)
by comparing the bands in the liquid phase with those displayed by well defined, composition
selected gas phase cluster ions. The combined experimental approach, together with quantum
chemical calculations, provides a detailed understanding of the interplay among H-bonding
interactions between cations, anions and neutral molecules and allows inferences to be made

about the likely structural candidates that exist in the bulk.
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Strategy of this study

We illustrate the concept of this study in Scheme 1:

(a) Temperature-dependent, low energy vibrational bands in the OH stretching region displayed
by hydroxy-functionalized ILs are attributed to H-bond formation between cations, creating
cationic clusters up to cyclic tetramers (c*)4(a"), that are fully compensated by counter anions
in the neutral bulk system.

(b) Promote the formation of extended H-bond networks by replacing the ion-pairs (c*)(a”) by
molecules (m) in IL/ML mixtures.

(c) Isolate the spectral signatures of local H-bonding motifs in cold, gas phase ions with
precisely controlled compositions with special attention to determine the intrinsic signatures of
cyclic structures in the (¢*)(m); complexes.

(d) Extend the gas phase cluster study to the (c")4(a”); cationic complex to compare with the

bulk spectra from (a).

Our earlier studies showed that the formation of cationic clusters from ILs is enhanced
by weakly interacting anions, polarizable cations with only one interaction site (e.g. one
functional group) and large distances between the functional group and the positive charge
centre of the cation.[34-39] For this reason, we have chosen the 1-(2-hydroxyethyl)pyridinium
tetrafluoroborate [HEPy]|[BF4] (see Scheme 2) as a model IL to study. Specifically, the
[HEPy][BF,] system provides a weakly interacting anion (BF, ), a polarizable pyridinium ring
(Py"), and a hydroxyethyl tether (HE) between the positively charged pyridinium ring and the
OH functional group. This is in contrast to the situation in the 1-(2-hydroxyethyl)-3-
methylimidazolium tetrafluoroborate [HEMIm][BF,] reported earlier, in which the acidic Co)H
at the imidazolium ring allowed for an additional interaction with the anion as well as with their
own OH group or those of other cations, all interactions that would act to suppress cationic
cluster formation.[38,39] The HEPy" cation in [HEPy][BF,4], on the other hand, provides a
single proton donor function with its OH group. To bridge the behavior of ionic liquids to their
molecular analogues, we also follow the spectroscopic consequences when the IL cation is
replaced by the 2-phenylethanol (PhenEthOH) molecular mimic. That modification was chosen
because it likely acts to reduce the attractive and repulsive Coulomb forces at play in the
systems and enhance the cooperative H-bond interactions for spectroscopic analysis. Such
cooperative effects stem from non-pairwise-additive charge transfer and are characterized by
strongly enhanced redshifts in IR spectra as observed with increasing size of water and alcohol

clusters.[42-44]



Physical Chemistry Chemical Physics

Features of cyclic cationic tetramers in the IR spectra of the ionic liquid [HEPy][BF,]

Fig. 1 presents the infrared (IR) spectra of the pure IL [HEPy][BF,] as a function of
temperature between 213 K and 353 K. To avoid congestion from aliphatic and ring CH
vibrational bands and prevent possible overlap with strongly redshifted OH vibrational bands,
these spectra are obtained after subtraction of that from the related OD functionalized IL. The
OH group of the HEPy* cation provides hydrogen bonding either to the BF4 anion, resulting in
(c-a) clusters, and/or to the hydroxyl groups of other cations, giving (c-c) clusters. At the highest

temperature (353 K), we observe a main OH vibrational band at 3549 cm!, which can be easily

assigned to the expected “OH---BF, hydrogen bond between the counter ions. The high
wavenumber indicates that the cation-anion hydrogen bond is relatively weak in spite of the
expected enhancement by their Coulombic attraction. In fact, the implied interaction strength
is on the same order as those of water and methanol in similar ionic liquids with BF,
anions.[18,19] However, the envelope of the observed vibrational band is not symmetric with
extended intensity at the low frequency site. With decreasing temperature, this shoulder evolves
into a distinct vibrational band with a maximum at about 3374 cm! at 213 K while the main
band redshifts by about 14 cm™!. In the usual scenario where H-bonds are expected to become
stronger with decreasing temperature, the OH associated bands intensify and redshift. However,
the growth of a distinct band redshifted by ~175 cm™! clearly indicates the formation of another
class of bound OH groups, with candidates in this case likely corresponding to the (c-a) to (c-
¢) interactions. We note that overtone or combination bands can be excluded in this frequency
range.[34]

Overall, the measured infrared spectra as a function of temperature are consistent with
the formation of (c-c) hydrogen bonds, resulting in H-bonded clusters of like-charged ions. For
the assignment of the measured IR spectra, we calculated two types of H-bonded clusters, (c-a)
and (c-c), including up to four ion-pairs at the B3LYP-D3/6-31+G* level of theory.[35-39]
These structures were fully optimized and only positive frequencies were found indicating true
minimum structures on the potential energy surface. For (c-a) clusters, only OH frequencies
from H-bonding between cation and anion are present. Although we observe minor cooperative
effects with increasing cluster size from the (c-a) monomer to the (c-a) tetramer, the calculated
frequencies range between 3480 cm! and 3620 cm™! and are contained within the width of the
high energy band envelope with maximum at 3549 cm!, which is therefore assigned to
hydrogen bonding between cation and anion (see Fig. 2). As mentioned above, the OH

frequencies are surprisingly high, considering that hydrogen bonding is enhanced by attractive
4
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Coulomb interaction between cation and anion. The doubly ionic hydrogen bond is not stronger
than the H-bond of an alcohol dimer.[42-45]
The linear clusters (c-c) are characterized by hydrogen bonding between the cations with

the terminal OH group interacting with one of the anions leading to structural motifs

*OH---"OH---BF, . The DFT-calculated frequencies of the 2(c-c) dimer and the 41(c-c) (linear
(c-¢)) tetramer reasonably describe the region of the broad redshifted vibrational band in the
measured IR spectra with substantial intensity between 3200 cm™! and 3480 cm™!. However, the
measured spectral band is best described by the calculated frequencies of a cyclic (4¢(c-c))
tetramer, showing all the features of cyclic tetramers that have been reported earlier for water
and methanol.[42-45] This agreement between the calculated frequencies of linear and cyclic
(c-c) clusters with their neutral counterparts provides a compelling case that cyclic structural

motifs are present in the ILs.

Enhanced cluster formation by adding the molecular liquid PhenEthOH

Next, we test the hypothesis that addition of the molecular liquid PhenEthOH to the
[HEPy][BF,] IL enhances the H-bonded domains. This was accomplished by monitoring the
IR spectra resulting from various mixtures (0, 10, 20, 35 and 50 mol%) at T = 293 K, where
only minor (c-c) cluster contributions are observed for the pure IL (see Fig. 1). The results are

displayed in Fig. 3, demonstrating that the addition of PhenEthOH immediately results in

substantial “OH---OH cluster formation, as evidenced by the rapid onset of the characteristic
3374 cm! band observed earlier in the low temperature pure IL (Fig. 1). The calculated
frequencies of the neutral tetramer clusters of the (c-c-m-m) and (c-m-c-m) configurations
correspond well with this band region, with their structures displayed in Fig. S1. To provide
more specific comparisons with the spectral signatures of these local motifs, we now turn to
CIVP spectroscopy to establish the bands displayed by composition-selected cationic clusters

of similar type.

Evidence for cyclic tetramers by means of cryogenic ion vibrational predissociation

(CIVP) spectroscopy

The spectral signatures of various H-bonded motifs can be directly accessed by
measuring the vibrational spectra of cold, mass selected gas phase ions.[28] In the present case,
we measured the spectra of the series (HEPy")(PhenEthOH),, for comparison with the bands
observed in the mixed IL/ML (Fig. 3).
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The vibrational spectra of the mass selected ions were obtained using the so-called
“messenger tagging” method.[52,53] In that approach, linear absorption spectra are acquired
by monitoring photoevaporation of a weakly interacting adduct, in this case N,, using a double
focusing, tandem time-of-flight photofragmentation mass spectrometer described in detail
previously.[54-57]

The spectral evolution of the cold (~35 K) (HEPy")(PhenEthOH),, complexes (n = 1-3)
are compared with that of the isolated HEPy™ cation in Fig. 4. The doublet structure of the free
OH peak is due to the perturbation by the N, adduct as discussed in detail in Fig. S2. The
important result is that the free OH peaks in the bare cation and binary complex (Figs. 4a and
4b) are clearly absent for the n = 2 and 3 clusters (Figs. 4c and 4d), consistent with the
formation of cyclic H-bond arrangements. Moreover, the band envelopes in the n = 2 and 3
spectra fall just on the low energy side of the redshifted transitions observed in both the bulk
IL at 213 K (Fig. 4f) and in the [HEPy][BF,]/PhenEthOH mixture at 293 K (Fig. 4e).

The important advantage of comparisons with cluster results is that the isolated, cold
systems can be accurately treated with electronic structure methods. This allows us to extract
detailed structural information about how the local interactions are reflected in the spectra. The
calculated (B3LYP-D3/6-31+G*) structures and redshifts in the OH stretches of the
(HEPy")(PhenEthOH),, - o_s clusters are presented in Figs. S3 and 5, respectively.[40-43] These
structures indeed correspond to homodromic H-bonded cyclic arrangements, which are
analogous to those adopted by neutral cluster systems like methanol and water.[58,59] Such
cycles are known to exhibit increasingly red-shifted OH stretching fundamentals with
increasing size. The average (intensity-weighted) step-wise redshifts of the suite of OH
vibrational transitions calculated for the cationic clusters are compared with the experimentally
observed band energies in Fig. S. This behavior provides strong evidence that the observed low
energy features in the bulk spectra are indeed assigned to the formation of extended, cyclic H-
bonded motifs.

The H-bonding propensities in the cationic networks are interesting in that they raise the
issue of whether binary interaction between a cationic OH group acts preferentially as an H-
bond donor or acceptor when interacting with a neutral alcohol. This issue is directly addressed
in the (HEPy")(PhenEthOH) binary complex, where it can adopt two possible structures
(*OH---OH vs. OH:---*OH) which correspond to cationic H-bond donor and acceptor,

respectively. The calculated bands of these combinations are compared to the neutral alcohol

dimer, (PhenEthOH), (Fig. 5). The "OH---OH structural motif is characterized by significant

charge transfer from the oxygen lone pair into the "OH anti-bonding orbital, which is
6
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particularly strong here because the OH belongs to the positively charged, and hence more
acidic cation. In contrast, the OH---*OH linkage is weakened because the oxygen lone pair on
the cation is less basic. Thus, the “OH---OH binary complex is the most energetically favorable

configuration as opposed to OH---*OH, giving rise to a large redshift (260 cm™') and is detected
in the gas phase (Fig. 4b).

The character of the binary *OH---OH interaction has a profound impact on the
spectrum of cyclic H-bonded networks that contain a single embedded cation, as the cation is a
much better donor that it is an acceptor. This manifests as a splitting in the bands. Such an effect
is illustrated by comparing the (HEPy")(PhenEthOH); system with the symmetric (neutral)
(PhenEthOH), tetramer in Fig. 6. The single OH feature around 3340 cm™') that is calculated
for the (PhenEthOH), tetramer (Fig. 6¢), splits into four distinct bands spanning a wide range
between 3231-3470 cm™! (Fig. 6b). The lower energy bands correspond to displacement of the
OH group on the cation, whereas the highest frequency transition belongs to the OH of the

neutral molecule in the weak OH---OH" linkage (labeled v,,, in Fig. 6b), discussed for the

binary complex. Note that the dominant bands in the experimental spectrum for this cluster
covers the same frequency range as the broad redshifted OH vibrational band of the 50 mol%
IL/ML mixture (Fig. 4e), but appears ~90 cm! below that observed for the 213 K IL (Fig. 4f),
which is also consistent with the elimination of the repulsive interactions in the gas phase
species. Taken altogether, these observations provide compelling evidence for the formation of
cyclic H-bonded domains in the bulk IL at low temperature (see Scheme 1), which would have

been more challenging to accomplish by isolated, purely ionic complexes (Fig. S4).

Conclusion

We analyzed liquid phase complexes and gaseous cationic clusters of [HEPy][BF,] and
the molecular mimic of its cation, 2-phenylethanol (PhenEthOH) by means of infrared
spectroscopy, cryogenic ion vibrational predissociation spectroscopy, and quantum chemical
calculations. Theoretical analysis of the resulting infrared spectra reveals the assignments of
the OH stretching bands to the different binding motifs. Dimers, linear and cyclic tetramers
with (c-c) cooperativity were inferred based on the vibrational spectra of neat ILs, but the

spectra of ternary cationic complexes in the gas phase were dominated by bands characteristic

of the "OH---BF, (c-a) interactions. However, replacing the ion-pairs with the molecular
mimics of the IL cation yields features signalling OH network formation in both the positively

charged cyclic tetramers (HEPy*)(PhenEthOH); and in mixtures of the ionic and molecular

7
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liquids. Most importantly, the cationic cyclic tetramer (HEPy")(PhenEthOH); exhibits
vibrational bands in the OH stretching region that are similar to those previously-assigned[35]
to cyclic tetramers in the broad liquid bands of the IL and the IL/ML mixtures. Our combined
experimental and theoretical approach for the gas and the liquid phases thus provides a
quantitative understanding of the competition between differently H-bonded and charged

constituents in liquids.
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©

Scheme 1. Illustrations explaining the concept of this study. The identification of the
structural motifs can be achieved by liquid and gas phase IR spectroscopies. (a) Cyclic
tetramers (c")4(a")4, fully compensated by counter anions in the neutral bulk system. (b)
Neutral cyclic tetramers (c*),(a”),(m), in the bulk phase, wherein ion-pairs (c¢*)(a") (circled in
(b)) are replaced by molecules (m). (c¢) Positively charged cyclic tetramers (c*)(m); in the gas
phase. (d) Positively charged cyclic tetramers (¢*)4(a”); in the gas phase, with stronger

Coulomb repulsion by removing one counter anion.
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Scheme 2. The 1-(2-hydroxyethyl)pyridinium (HEPy") cation and the tetrafluoroborate (BF, )
anion as constituents of [HEPy][BF,] IL. The molecular mimic of the cation, 2-phenylethanol
(PhenEthOH), has a similar distance between the aromatic ring and the hydroxyl group as

indicated by the red double-headed arrow.
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Figure 1. Infrared difference spectra in the OH stretch region of [HEPy][BF,] as a function of
temperature between 213 K and 353 K. The spectra of the OD functionalized IL are
subtracted from the corresponding spectra of the all-H species to remove the CH stretches of

the pyridinium ring and exclude interference between CH and OH contributions.
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Figure 2. Calculated frequencies [B3LYP-D3/6-31+G*, scaled by 0.985] of (c-a) (open
symbols) and (c-c) (filled symbols) clusters, compared to the IR spectrum of [HEPy][BF,]
(solid black line) as well as the IR difference spectrum of IL-OH/IL-OD (red dashed line) at
213 K. Both linear and cyclic (c-c) configurations were considered. The (c-c) feature of the

bulk liquid spectra is best represented by the cyclic tetramers (4c(c-c)).
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Figure 3. Infrared spectra in the OH stretch region of [HEPy]|[BF,]/PhenEthOH mixtures

measured at different concentrations of 2-phenylethanol at 293 K. Calculated neutral tetramer

cluster structures are provided in Fig. S1.
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Figure 4. Vibrational predissociation spectra of N)-tagged cation HEPy* (black) along with
those of the (HEPy")(PhenEthOH),, clusters with n = 1 (green), n = 2 (blue) and n = 3 (red) at
~35 K. The bulk liquid IR spectra of the 50 mol% mixture of [HEPy][BF,]/PhenEthOH at 293
K (purple) and the pure ionic liquid [HEPy][BF,4] at 213 K (teal). For comparison, the
calculated frequencies of the monomer, dimer and the corresponding cyclic trimer and
tetramers (see Scheme 1(a), (¢) and (d)) are provided whereby the lowest intensities are set to

Z€rO0.
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Figure. 5. Calculated vibrational redshifts for two kinds of binary complexes
(HEPy")(PhenEthOH) compared to the alcohol dimer (PhenEthOH),, and the cyclic clusters
(HEPy*)(PhenEthOH), with n = 2-4. We calculated the shifts relative to the OH stretches of
the bare cation HEPy" (brown squares). The intensity weighted average frequencies (filled red
squares) are guided by the dashed orange line. The single blue square symbolizes the OH red
shift of the alcohol dimer (PhenEthOH),. The experimentally observed bands in the gas phase
spectra appear at the frequencies calculated for the cyclic trimer (HEPy")(PhenEthOH), and
cyclic tetramer (HEPy")(PhenEthOH); (black open circles).
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Figure 6. Vibrational predissociation spectra of Np-tagged (a) (HEPy")(PhenEthOH)j,
compared to (b) its calculated spectrum. Calculated spectrum of (c¢) the cyclic molecular
mimic tetramer (PhenEthOH), is also presented for comparison. The superscripts ‘ip” and ‘op’
in the band labels stands for ‘in-plane’ and ‘out-of-plane’ stretches, respectively. The
structures are provided on the right of the figure and H-atoms connected to carbon atoms are

omitted for clarity.
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