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Quantum Mechanical Effects in Acid-Base Chemistry
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Received 00th January 20xx, Acid-base chemistry has immense importance for explaining and predicting the chemical products when mixing an acid and

Accepted 00th January 20xx a base. However, the traditional chemistry theories used to describe chemical reactions do not take into account the effect

DOI: 10.1039/X0xx00000x arising from the quantum mechanical nature of the acidic hydrogen shuttling potential and its dependence on the acid base
distance. Here, infrared and NMR spectroscopies, in combination with first principles simulations, are performed to
demonstrate that quantum mechanical effects, including both electronic and nuclear quantum effects, play an essential role
in defining the acid-base chemistry when 1-methylimidazole and acetic acid are mixed together. In particular, it is observed
that the acid and the base interact to form a complex containing a strong hydrogen bond, in which the acidic hydrogen atom
is neither close to the acid nor to the base, but delocalized between them. In addition, it is observed that the delocalization
of the acidic hydrogen atom in the complex produces characteristic IR and NMR signatures. The presence of a hydrogen
delocalized state in this simple system challenges the conventional knowledge of acid-base chemistry and opens up new
venues for designing materials in which specific properties produced by the hydrogen delocalized state can be harvested.
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Introduction '- W -
The Brgnsted-Lowry theory, proposed in 1923, establishes that a{:‘ N3
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an acid and a base react by exchanging a proton to form their

conjugated base and acid.¥ 2 This theory has been widely used 2 | VAR i 20 I |
in science to predict and explain the chemistry when mixingan 3§ 15 L 13250 et 1 5L N
acid and a base. The acid-base reaction is typically represented % _|1> | | 2630 om-’ i
by the following chemical equation, é 10 L T 1) _
HA+B 2 A +HB* [1] 5 | | | i
where HA and B are the acid and base, respectively, and A"and 2 5 L 1 sL i
HB* their conjugated forms. The double arrow in Eqgn. [1] w 10) |0}
denotes the presence of chemical equilibrium between the 0 i | L 1 0 I | L ]

species, which is strictly defined by the thermodynamics of the 08 10 12 14 16 1.8 08 10 12 14 16 18
reaction.> 4 Hence, according to the Brgnsted-Lowry acid-base
theory, a solution containing an acid and a base can only exist
as a mixture of the four components, where the ratio between  Fig. 1. Geometries and potential energy surfaces along the O-H stretch
the reactants and products is defined by the equilibrium coordinate of an acetic acid dimer (left) and an acid-base complex (right) from ab

A . initio computations in gas phase. In the top panels, silver, red, blue and white
constant. It is possible to argue that the Brensted-Lowry theory  represent C, 0, N and H atoms, respectively. The dotted line shows a
should only be used in the context of aqueous solutions and the  conventional hydrogen bond, and the orange spheres represent the ring polymer
difference in the acidity constants of HA and HB*, defined as beads of the fieloc'allze.d proton: In the bottom panels, |0>and |1.> represent the

ground and first vibrational excited states of the system, respectively.
ApKa=pKa(HB*)-pKa(HA), directly represents the equilibrium or
equivalently the propensity of the reaction to shift in either
direction. Instead, for binary mixtures of non-aqueous solvents
the reaction should be expressed in terms of the autoprotolysis
of the components,
A"+ HB* 2HA+B [2]

where HA and B are the conjugate acid and base of the ionic

Aoy (A) Aoy (A)

species, respectively. In this case, the equilibrium constant is
expressed as Ks=[HA][B] (See Ref. 5) because the Ks values can
be directly determined from potentiometric studies without
requiring the pKas of the components in the different solvents.®
Moreover, as ApKa in aqueous solutions and the pKs (or
equivalently Ks) describe the propensity of the binary mixture
to being ionized, a system with a large positive (negative) value
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Fig. 2. Spectroscopic and theoretical features of the complex formed from acetic acid and 1-methylimidazole. (a) ATR-FTIR spectra of the mixture of acetic acid and 1-
methylimidazole for different molar ratios of acetic acid (Xua). Spectra with a more expanded axis can be found in the Fig. S1. (b) Radial distribution functions between
the oxygen atom of the hydroxyl group in acetic acid and the unsubstituted nitrogen atom of the imidazole ring (red highlighted atoms of the cartoon) from AIMD
simulations at different concentrations. (c) Distribution of the rotation angles between the acid and the base from AIMD simulations. (d) IR spectrum in the 2000 —
3500 cm™ region derived from AIMD simulations (X4,=0.67), the contributions of the different components: acetic acid (HAc) and 1-methylimidazole (MIm), and the

experimental for comparison.

to explain cases such as the mixture of acetic acid and 1-
methylimidazole.” In aqueous solutions, acetic acid is a weak
acid with a pK, of 4.75,% and 1-methylimidazole is a weak base
with a pKp of 6.99,% and their mixture reacts spontaneously.
However, without the aqueous environment, an equimolar
binary mixture of acetic acid and 1-methylimidazole does not
present appreciable amounts of either imidazolium or acetate
ions,” in agreement with its negative pKs.® The lack of ionic
species in these mixtures indicates the absence of proton
transfer and ionization of the neutral molecular species (left
direction in Egn. [2]). However, the acetic acid and 1-methyl
imidazole mixtures have high ionic conductivities comparable to
strong acids, and they have been referred to as pseudo-protic
ionic liquids because of the lack of ionization.” ® Note that this
behaviour is not limited to the selected acid-base pair and has
been observed in other binary mixtures.1®

This article reports the formation of a previously
uncharacterized chemical species in mixing acetic acid and 1-
methylimidazole that can serve as a molecular framework for
explaining the fascinating physico-chemical behaviour, such as
their ionic conductivity, of similar acid-base mixtures. Here the
hydroxyl group of the acetic acid directly interacts with the
unsubstituted nitrogen atom of the imidazole ring, forming an
acid-base hydrogen bonded complex (top right panel of Fig. 1).
Notably, the hydrogen bond in this acid-base pair has a
significantly reduced distance between the O and N atoms, and
leads to a different potential energy surface in which the acidic
hydrogen atom participating in the hydrogen bond is more
delocalized (Fig. 1). This quantum mechanical phenomenon is
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similar to the effect of reducing the length for a quantum
particle confined in a 1D square potential (i.e., particle in the
box).

Hydrogen atom delocalization has often been observed in
short and strong hydrogen bonds in the active site of enzymes
11-14 and excess proton and conformationally rigid molecules in
solutions,*>1° but the hydrogen bond complex observed in this
work is highly intriguing because the donor and acceptor are
two different molecules in solutions where the dynamical
structural fluctuations of the two molecules play a major role in
determining the geometries and energetics of the complex. It
also reveals that electronic and nuclear quantum effects help
delocalize the proton conferring an additional stabilization
energy to the acid-base complex.

Finally, the formation of a molecular species, rather than
ionic species, with a delocalized hydrogen atom in a mixture of
simple acids and bases challenges the traditional and current
knowledge of acid-base chemistry, since in those theories the
acidic hydrogen can only be localized either close to the acid or
the base, but not shared in between the two participating
moieties. In other words, the Brgnsted-Lowry theory does not
contemplate the possibility of a molecular species in which the
hydrogen is shared between an acid and a base.

Results and discussion

The lack of a chemical reaction between acetic acid and 1-
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methylimidazole is readily seen in the IR spectra of the acid-
base mixtures (Fig. 2a). Across the entire range of molecular
ratios spanning Xua of 0.1 to 0.67, the band corresponding to
the asymmetric stretch of acetate, usually located at ~1560 cm~
1,20 is not observed (Fig. S1). Instead, the addition of acetic acid
to 1-methylimidazole leads to the appearance of at least one
very broad band between 2200 cm™ and 3500 cm™ (blue and
red zones in Fig. 2a). This broad band is very visible in the IR
spectrum at low molar fractions of the acid (X4a<0.1) or the base
(Xua>0.9, Fig. S2), but is absent in the pure acid or base. The
intensity of the new IR peak presents a significant temperature
dependence (Fig. S3), strongly suggesting that the broad bands
correspond to the complex and is directly related to acetic acid.
This is because at higher temperature the amount of acid-base
complex is reduced, and correspondingly the complex IR
signatures decreases while those of the acetic acid increases.
Moreover, the new IR band of the complex (blue region in Fig.
1a) shows linear dependence with the acid concentration (Fig.
S2). In addition, a substitution of the acidic hydrogen in acetic
acid with deuterium results in a broad band at 1900 cm™ from
the 2300 cm™ of the pure deuterated acid (Fig. S4), showcasing
the isotopic dependence of the transition frequency of the
complex band, or equivalently, the large participation of the O-
H stretch in this vibrational mode. The dependence of the IR
features with temperature, acid concentration and the isotopic
nature of acidic hydrogen demonstrates that the broad peaks
contain the vibrational signature of a one-to-one acid-base
complex the and 1-
methylimidazole (Fig. 1). It is possible to argue that this broad
band is a mixed vibrational state involving the out of plane C-O-
H bend and O-H stretch,?!23 and does not come purely from the
hydrogen bonded acid-base complex. However, the deuterated
sample has broad band a much lower frequency, which suggest
that this mode contains a large portion of the O-H stretch and
the band is a characteristic IR feature of the complex.

This acid-base complex is not only an intriguing chemical
species with specific IR signatures, but also s
thermodynamically more stable at room temperature than the
acid, the base, and their conjugated pairs as demonstrated by
the lack of chemical reactions. It is important to note that ionic
species are not directly detected in these mixtures via IR
spectroscopy, which is in good agreement with previous
studies” 2 and supports the hypothesis of no traditional acid-
base reaction even when the mixture of has an excess enthalpy
of ~-7 kJ/mol.& 7,24

The hypothesis that the experimental IR features originates
from the formation of an acid-base complex is further validated
by ab initio molecular dynamics (AIMD) simulations. These
simulations reveal the presence of many different hydrogen
bonded structures in the acid-base mixtures. However, in all the
investigated concentrations, 1-methylimidazole always forms a
one-to-one hydrogen bonded complex with acetic acid (Fig. 1).
The AIMD simulations also confirm that the complex is formed
by the direct interaction of the hydroxyl group of the acid with
the unsubstituted nitrogen of the imidazole ring via a hydrogen
bond (Fig. 2b). Notably, it is observed that the acid-base pair
forms a hydrogen bond with a distance shorter than 2.7 A,

formed between acetic acid
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irrespective of the molar fraction of the acid (Fig. 2b),
showcasing that the acid-base complex has a short hydrogen
bond at all concentrations. While this hydrogen bond keeps the
participating molecules at short distances, the complex appears
to have a large number of possible conformations stemming
from the almost free thermal rotation of the acid and the base
around the hydrogen bond (Fig. 2c). In addition, the hydrogen
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Fig. 3. Vibrational mode analyses of representative acid-base complexes from ab
initio calculations in gas phase. (a) Structures of the complexes composed of
acetic acid hydrogen bonded to 1-methylimidazole (left) and their IR vibrational
modes. Left and right panels correspond to two different angular conformations
of the complex as depicted on the top. Note that the IR absorption peaks are from
harmonic frequency calculations, and they are only intended to illustrate the
absorption in the broad 2200 — 3000 cm-1 region. (b) Atomic displacement for
the proton shuttling mode of the complex. The left, center and right modes have
an associated frequency of ca. 1600 cm-1, 1700 cm* and 2200 cm™, respectively.

bonded complexes are not isolated, but generally participating
in extended hydrogen bond networks with up to three other
acid or base molecules.?®

The assignment of the IR bands to the formation of the acid-
base complex is confirmed by the IR spectrum computed from
the AIMD simulations of the mixture with Xy4=0.67. In good
agreement with the experimental results (Figs. 2a and 2d, and
Fig. S5), the theoretical IR spectrum presents at least one band
in the 2200-3500 cm™ region. The decomposition of the
simulated IR spectrum shows that the spectral components
below 2750 cm™ originate from 1-methylimidazole and the high
frequency component at 3100 cm™ arises from acetic acid (Fig.
2d). This assignment validates our hypothesis that the
formation of the 1-methylimidazole-acetic acid complex gives
rise to some of the IR bands seen experimentally in the 2200-
3500 cm™ region of the IR spectra. It is important to note that
IR spectrum in the AIMD does not contain mixed states, which
strengthens the hypothesis that the IR signatures in the 2200-
3500 cm™ region arise from the complex. Moreover, it is likely
that the O-H stretch mode is vibrationally coupled to other
modes.?123 As previously mentioned, it is likely that the mode
has a large contribution of the O-H stretch which explains not
only the lack of a pronounced band at ~2000 cm™ in the
simulated spectrum, but also why the AIMD simulation
appropriately captures the IR absorption peak and line shape
even without considering the mixing of the vibrational modes.
Overall, the strong resemblance between the simulated and the
experimental IR spectra (Fig. 2a and 2d, and Fig. S5) strongly
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indicates that AIMD simulations properly capture the molecular
structures of the complexes because the vibrational modes are
very sensitive to their local molecular environment.?® Thus far,
the experimental and theoretical data evidence the formation
of short hydrogen bonds as a result of the formation of the
complex between acetic acid and 1-methylimidazole, which are
observed through their spectral signatures in the IR region.

Recently, the link between short hydrogen bonds and the
appearance of broad vibrational bands at lower frequencies
(1000-2000 cm™?) than the hydroxyl stretch (~3500 cm™) was
demonstrated for the excess proton in solutions.?’3! For
example, a study on the acid aqueous solutions revealed that
molecular species, such as the Zundel cation, present broad IR
peaks in the same spectral regions arising from vibrational
modes directly linked to the shuttling of the excess proton.3% 33
Hence, the broad bands in the IR spectra (Fig. 2a) are attributed
to the acidic hydrogen shuttling modes of the complex upon the
formation of a short hydrogen bond between acetic acid and 1-
methylimidazole. This relation is further confirmed from ab
initio frequency calculations of the vibrational modes for
representative configurations deduced from the AIMD
simulations.

The computed vibrational modes of 6 representative
configurations of clusters in gas phase (Fig. 3a) show that all of
the complexes exhibit strong vibrational absorptions in the
2200-3000 cm™ region, in agreement with the experimental and

Journal Name

simulated IR spectra from AIMD (Fig. 2a and c). Moreover, all
these vibrational modes involve atomic motions directly related
to the shuttling of the acidic hydrogen atom in the acetic acid
molecule (Fig. 3b). The vibrational mode computations of
clusters also reveal the presence of two distinct groups. The first
group corresponds to the hydrogen shuttling modes of the
acidic  hydroxyl group directly interacting with 1-
methylimidazole and has transition frequencies below 2750 cm~
1 (blue lines in Fig. 3a). In contrast, the second group has
transition frequencies between 2750 cm™ and 3100 cm™ (red
lines in Fig. 3a) and is associated with hydrogen shuttling modes
that involve exclusively acetic acid molecules further along the
chains of the hydrogen bond network (Fig. 3a). Remarkably, the
vibrational modes with displacements of the hydrogen atom
parallel to the hydrogen bond (Fig. 3b) have very large transition
dipoles (greater than 3000 km/mol), while the shuttling modes
with perpendicular displacements of the hydrogen atom have
more typical transition dipoles (~500 km/mol).?6 The
uncharacteristically large transition dipole of the hydrogen
shuttling mode explain its mixing with other modes and
overtones.?1-23

Normal mode computations of clusters in gas phase also
reveal that the broadness of the hydrogen shuttling bands (Fig.
2a) might arise from the dependence of the vibrational
transition frequencies on the geometry of the complex. More
specifically, the hydrogen shuttling frequency is strongly
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Fig. 4. Energy profiles for shuttling the acidic hydrogen for different hydrogen bonded complexes. (a), (b) and (c) show the potential energy surfaces for stretching the
O-H bond in the three hydrogen bonded pairs from ab initio computations in vacuum. (d) and (e) display the free energy surfaces for the different pairs calculated from
the AIMD and AI-PIMD simulations of the pure acid and the solution with Xys of 0.67, respectively. The free energy surfaces are calculated along the proton sharing
coordinate v and the hydrogen bond length R, and are shifted so that their minimal values are 0.
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dependent on the angle between the planes of the hydrogen
bond donor and acceptor (Fig. 2) due to a concomitant
shortening of the complex hydrogen bond (Fig. S6). As a result,
the large number of angular conformations adopted by the
acid-base pair causes the hydrogen shuttling mode to spanin a
~250 cm™ region (Fig. S7). Hence, the exceedingly large
transition dipoles and frequency of the hydrogen shuttling
modes in the acid-base complex make these shuttling modes
easily observed via IR spectroscopy, and the strong dependence
of their with the
arrangement of the complex along with its thermally allowed

transition frequencies geometrical
distribution of angles are likely to contribute to the broad
bandwidth of these shuttling modes.

Previous studies on the excess proton in aqueous solutions
demonstrated that the broad vibrational bands in the IR spectra
were directly associated with the changes in the potential
energy surface of the proton shuttling coordinate.3% 3% The same
effect is observed here for the potential energy surfaces of the
hydrogen shuttling coordinate in isolated cluster of both the
acid dimer and the acid-base complex (Fig. 4a and b). In the case
of the acetic acid dimer, the potential energy surface has a
single minimum with a curvature of 439 kcal/(A2.mol). In
contrast, when acetic acid forms a hydrogen bond with 1-
methylimidazole, the potential energy surface shows a second
minimum with a low barrier of ~5 kcal/mol for transferring the
proton between the donor and acceptor atoms, and the
curvature in its global minimum reduces to 270 kcal/(A2.mol).
While the associated frequency for the hydrogen shuttling
changes from ~3320 cm™ in the acid dimer to ~2600 cm™ in the
acid-base complex, or from ~2410 cm™ to ~1890 cm™ upon
deuteration, and evidences the variations in the curvature of
the potential energy surfaces, the shape of the potential
surfaces explains why the acid-base complex results in a short
hydrogen bond. Unlike the case of the acetic acid dimer (Fig.
4a), the acid-base pair (Fig. 4b) presents a hydrogen transfer
barrier (~5 kcal/mol) comparable to the zero-point energy of
the O-H stretch mode (~4 kcal/mol), which allows the
delocalization of the hydrogen atom in the potential well.
Moreover, the hydrogen delocalization is heightened by
hydrogen bonding to an additional acetic acid, as seen in the
decrease of the proton transfer barrier by ~4 kcal/mol in
potential energy surface for such complex (Fig. 4c) indicating
that electronic effects also play a role in the delocalization
process.

The special characteristics of hydrogen bond in the acid-
base pair are also evaluated from the free energy surfaces of
proton shuttling from the AIMD simulations. In the absence of
a hydrogen bonded 1-methylimidazole, the shuttling of the
acidic hydrogen in an acid dimer (HAc-HAc, Fig. 4d) has two local
minima with a barrier of ~3.6 kcal/mol, indicating that the
proton is positioned close to one of the two acid molecules
forming a normal hydrogen bond. In contrast, the free energy
landscape for the shuttling of the acidic hydrogen is drastically
altered when 1-methylimidazole is part of the hydrogen bond
network. In this case, the barrier for proton shuttling (MIm-H-Ac
of Fig. 4e) is three times lower (~1.1 kcal/mol) than in the pure
acid. Consequently, the acidic hydrogen in the acid-base

This journal is © The Royal Society of Chemistry 20xx

complex has a much larger probability of being delocalized
within the hydrogen bond than in those of the acid-acid pairs.

Given the quantum mechanical nature of the hydrogen
atom (i.e., nuclear quantum effects) and the extent of the
delocalization deduced from the AIMD free energy surfaces, the
hydrogen atom delocalization is investigated via ab initio path
integral molecular dynamics (AI-PIMD) simulations, which
include both electronic and nuclear quantum effects.3>37 The
resulting Al-PIMD free energy surfaces show that the hydrogen
shuttling potential in the acid-base complex is almost barrier-
less (Fig. 4e). Although a similar decrease in the barrier is
observed for the other hydrogen bond pairs, the hydrogen
shuttling between two acetic acid molecules still maintains its
double well shape even in the presence of 1-methylimidazole
(mixture). These results demonstrate that nuclear quantum
effects of the acidic hydrogen atom play a significant role in the
energetics of the acid-base complex as they lower the hydrogen
shuttling barrier, and consequently, favour the delocalization of
the hydrogen atom within the hydrogen bond.

The energetic stabilization of chemical species via nuclear
quantum effects is not new and has been proposed to play a
major role in the formation of the Watson-Crick base pair.38 The
presence of significant non-classical effects in the acid-base
complex arises from the quantum kinetic energy penalty as a
result from localizing a quantum particle, such as the hydrogen
atom.!? Hence, a decrease of the energy barrier in the hydrogen
shuttling potential not only results in a reduction of the energy
penalty in the system, but also leads to a substantial expansion
of the region where the hydrogen atom can be positioned; i.e.,
delocalization.
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Fig. 5. Experimental and computational 1H NMR chemical shifts of the hydrogen
bonded proton as a function of the concentration of the acid in the mixtures of
acetic acid and 1-methylimidazole. The experimental 2H chemical shifts of the
acetic acid-1d and 1-methylimidazole are also included for comparison.

The delocalization of the acid hydrogen in the acetic acid
and 1-methylimizadole mixtures is also deduced from the 'H
NMR spectra of the different solutions because one of the most
distinctive features of delocalized hydrogen atoms in short
hydrogen bonds is their far downfield *H NMR chemical shifts.'?
Typically, the *H chemical shift for the hydroxyl group of an acid
is around 12 ppm.3° However, when an acidic hydrogen atom is
delocalized within a strong hydrogen bond, the 'H nucleus is
further deshielded resulting in a *H chemical shifts well above
14 ppm and sometimes close to 20 ppm.*® 4! This extreme
behaviour in the chemical shift of the delocalized hydrogen is
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also found in the acetic acid and 1-methylimidazole samples,
where the addition of 1-methylimidazole shifts the chemical
shift of the acid proton from 12 ppm in the pure acid to 15-16
ppm in the mixture (Fig. 5). It is important to note that the
observed chemical shift is an average of the chemical shift of
the possible species,
delocalized acidic hydrogen atom, due to the ultrafast times

in this case delocalized and non-

scale of the chemical exchange of the process as compared to
the NMR time resolution.*? The observed chemical shifts for the
hydroxyl proton are in good agreement with the formation of
species
equivalently, deshielded.

where the hydrogen atom is delocalized, or

Mixtures containing deuterated acetic acid also displays a
large 2H chemical shifts of the deuterium atom, though they are
slightly lower than the corresponding 'H samples (Fig. 5). The
large shift of the 2H

delocalization of the acidic deuterium atom, where their lower

chemical nucleus confirms the
chemical shift as compared to *H evidences the quantum
mechanical effect driven exclusively by a change in the zero-
point fluctuations rather than changes in the interaction
potential between the deuterium atom and the carboxylate
group.*® Computations of the NMR chemical shift for the acidic
hydrogen atom in very dilute (Xy4s=0.02) and concentrated
(Xua=0.67) solutions confirm the large downfield shift in the *H
NMR region of the acid hydrogen seen in the experimental data
(Fig. 5). Hence, the NMR data further validates our hypothesis
that the hydrogen delocalization occurs in the mixture of acetic
acid and 1-methylimidazole because of the presence of a strong
hydrogen bond in the acid-base complex.

Conclusions

This work showcases an intriguing and previously
uncharacterized chemical species in acid and base mixtures that
stem from the direct and strong hydrogen bond interaction
between acetic acid and 1-methylimidazole, which is not
predicted by the traditional theories of acid-base chemistry.
Unlike conventional hydrogen bonded complexes, this acid-
base pair forms a short hydrogen bond where the acidic
hydrogen atom is delocalized or shared between the donor and
acceptor groups. This species with a delocalized acidic hydrogen
has distinctive features in the IR and H NMR spectra. In
particular, it has a broad vibrational absorption band in the
2250-3000 cm™ region and an exceedingly large downfield
chemical shifts of one of the H nuclei in the complex. The
spectroscopic signatures of the complex are assigned, via
simulations of the system, to the shuttling vibrational mode and
the 'H nuclei of the acidic hydrogen, respectively. More
importantly, the IR and NMR features evidence substantial
changes in the potential energy surface (i.e., curvature and
lengthening of the O-H bond) associated with the formation of
a strong hydrogen bond in the acid-base complex, where the
hydrogen atom is delocalized. In addition, it is also established
from the theory that both nuclear and electronic quantum
mechanical effects play a significant role in defining the
structure and energetic of acetic acid and 1-methylimidazole

hydrogen bonded complex. Overall, our studies on the mixtures
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of acetic acid and 1-methylimidazole highlight the importance
of quantum mechanical electronic and nuclear effects in
defining acid-base chemistry of this pair. However, it is likely
that many other acid and base pairs have this interesting
behavior. To this end, this study showcases the experimental
tools needed (i.e., IR and NMR spectroscopies) and their
corresponding signatures for determining the occurrence of
proton delocalization in such systems.

Materials and Methods

Sample preparation. 1-methylimidazole (99% pure, Alfa Aesar)
was dried over a molecular sieve 4A for 2 days, and acetic acid
(glacial, VWR) and acetic acid-d4 (99.5% D, Acros organic) were
dried by desiccant-anhydrous drierite 10-20 mesh without
indicator for more than a week. Mixtures were prepared by
mixing the acid and the base at different molar ratios. The
drying process and sample preparation process were all
performed in a nitrogen-filled glovebox to minimize water
contamination. The final mixtures were checked by the Karl
Fisher titration to ensure a water content less than ~100 ppm.

Linear infrared spectroscopy. Attenuated total reflection (ATR)
FTIR were performed on a Bruker Tensor 27 spectrometer with
a resolution of 1 cm™ and equipped a room temperature DTGS
detector, mid-IR source (4000 to 400 cm™), a KBr beamsplitter
and a Pike Miracle single-bounce attenuated total reflectance
(ATR) accessory with a ZnSe single crystal. All ATR data were
collected as an average over 16 scans at a resolution of 4 cm™.

NMR spectroscopy. The *H and 2H NMR spectra were collected
on a 9.4 T (400.13 MHz 'H and 61.42 MHz ?H resonance
frequency) Bruker AVANCE IlIl HD Nanobay spectrometer with
Ascend magnet. All the spectra were collected with 16 scans
and a 1 s relaxation delay.

Gas phase ab initio computations. This type calculations
involved geometry optimizations, harmonic vibrational
frequency calculations and potential energy
calculations of clusters at the PBE level,** with the D2 dispersion

surface

correction®® and the 6-311++G(d,p) basis set using the Gaussian
16 software.*® Initial configurations of the clusters were built by
Avogadro with the classical force field MMFF94.47 These
calculations were used as zeroth-order pictures to describe how
the molecular structures of the complex influence the potential
energy surfaces and frequencies of the O-H stretch of the
hydrogen bonded acetic acids, and thus, were performed
without anharmonic corrections.

Ab initio molecular dynamics simulations. These first principles
simulations were used to sample the liquid configurations and
to compute the free energy potentials of the hydrogen shuttling
mode. AIMD simulations were performed for the liquid
mixtures of acetic acid and 1-methylimidazole using between 62
to 72 molecules to represent the different five concentrations
(see Supplementary Information) using the CP2K package.*® Al-
PIMD simulations were performed for the solution with Xya of
0.67 using CP2K*® for the electronic structure evaluations and
the i-PI software*® for propagating the nuclear motion. The
electronic structure was described using the PBE density
functional** and the D2 dispersion correction*® in accordance
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with a previous work on the same system, which correctly
capture some properties of the system,?> and with this work,
where features of the IR and NMR spectra computed from the
AIMD present a good agreement with the experimental
observations. The Goedecker-Teter-Hutter pseudopotentials>
were used for the core electrons, and the TZV2P-GTH plane-
wave basis set>! with a cut-off of 400 Ry was used to describe
the valence charge density. Periodic boundary conditions were
applied for all the systems. The simulations were performed
with a time step of 0.5 fs in the canonical ensemble at 321 K. In
the AIMD simulations, the Nose-Hoover thermostat®® >3 was
used to control the temperature. In the AI-PIMD simulations,
each atom was represented by 6 ring polymer beads using the
path integral generalized Langevin equation method.>* The
AIMD simulations were performed for a total of 300 ps for the
mixtures with Xya of 0.02, 0.67 and 0.86. The simulation lengths
were 140 ps and 150 ps for the systems with Xya of 0.99 and
1.00, respectively. The Al-PIMD simulations were performed for
50 ps. Note that the PBE density functional was used in the
quantum chemistry calculations and first principles simulations
for their relatively low computational costs, although GGA
functionals could overdelocalize the electrons and protons in
hydrogen bonded systems.>> However, calculations of the
potential energy surfaces using the BLYP density functional®® 57
and the D2 dispersion correction®> showed that the two density
functionals closely match each other (Supplementary
Information).

First principle free energy landscapes. The free energy surfaces
for transferring the proton in a hydrogen bond were computed
for both AIMD and AI-PIMD simulations used different R and v
axis. For a hydrogen bond between two acetic acids, R was
defined as the O-O distance and v as the difference between the
two O-H distances, v = dgiy — doon, While for a hydrogen
bond between acetic acid and 1-methylimidazole, R was the O-
N distance and v = dpy — dyy. Here, a pair was considered
hydrogen bonded if R < 3.5 A and the O-H-O or O-H-N angle is
equal to or above 135°. The free energies were computed as
F = —kgTInP(v,R), where kg is the Boltzmann constant, T is
the simulation temperature, and P(v,R) is the probability of
observing a hydrogen bond with the hydrogen atom at v and
the O-O or O-N distance at R.

IR simulation. The simulated IR spectrum was computed from
the AIMD simulations of the acid-base mixture with Xya of 0.67
using the TRAVIS software.”® From Fermi’s golden rule, the IR
spectrum of a system can be obtained from the Fourier
transform of the molecular dipole time correlation function:
I(w) = Q [7, e (i (0) - q(t))dt, A s the
molecular dipole moment at time t, and Q is a quantum
correction factor to account for the lack of nuclear quantum

where

effects in the dipole moments.>® The molecular dipole moments
were obtained using the maximally localized Wannier function
scheme.®® The Wannier centers were computed every 2.5 fs
from the AIMD trajectories using the CP2K software.*® This
scheme allowed us to decompose the overall IR spectrum into
the contributions from the acetic acid and 1-methylimidazole
molecules. The IR calculations can be further improved using
the simulation trajectories that include both electronic and
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nuclear quantum effects,®! but they were beyond the scope of
this study.

NMR simulations. The average H NMR chemical shifts were
computed from the AIMD simulations and a universal relation
found between the average 'H NMR chemical shift and the
proton position in short hydrogen bonds.'® This relation
establishes that chemical shift is given by 6y =20.5—
16.1(v)?, where (v) is the average hydrogen position in the
hydrogen bond as previously described. Hence, the v values of
all the hydrogen bonds between -1.0 A and 1.0 A, corresponding
to shared hydrogen atoms in short hydrogen bonds, were used
to obtain (v) at each concentration of the acid-base mixture.
More details of the computational methods and analyses are
provided in the Supplementary Information.
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