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ABSTRACT: Imidazole, being an amphoteric molecule, can act both as an acid and as a base.
This property enables imidazole, as an essential building block, to effectively facilitate proton
transport in high-temperature proton exchange membrane fuel cells and in proton channel
transmembrane proteins, enabling those systems to exhibit high energy conversion yields and
optimal biological function. We explore the amphoteric properties of imidazole by following the
proton transfer exchange reaction dynamics with the bifunctional photoacid 7-hydroxyquinoline
(7HQ). We show with ultrafast ultraviolet-mid-infrared pump−probe spectroscopy how for
imidazole, in contrast to expectations based on textbook knowledge of acid−base reactivity, the
preferential reaction pathway is that of an initial proton transfer from 7HQ to imidazole, and only
at a later stage a transfer from imidazole to 7HQ, completing the 7HQ tautomerization reaction.
An assessment of the molecular distribution functions and first-principles calculations of proton
transfer reaction barriers reveal the underlying reasons for our observations.

Amphoterism is the ability of molecules to act both as an
acid and as a base. An example is water (H2O) that can

both donate a proton, becoming a hydroxide anion (OH−),
and accept a proton, forming the hydronium ion (H3O+). In a
similar way, amphoterism governs the acid and base properties
of other protic solvents such as alcohols (ROH) and amines
(RNH2) and heterocyclic aromatic molecular systems like
imidazole (C3N2H4). Another example is offered by
ampholytes, molecules that have both acidic and basic groups,
such as the amino acid H2N-RCH-CO2H, where tautomerism
between a neutral form and a zwitterionic form is augmented
with additional anionic and cationic forms. Amphoterism
efficiently facilitates proton transport pathways by consecutive
proton exchange steps, making it a key factor in the underlying
microscopic mechanism of the von Grotthuss mechanism in
water1−9 and in other protic solvents.10,11 In the von Grotthuss
picture, the excess proton “jumps” sequentially along the
solvent molecules at a pace much faster than what the Stokes−
Einstein hydrodynamic diffusion model predicts for an
individual protonated solvent molecule. Proton exchange is
also understood to occur in a sequential von Grotthuss-like
fashion in acid dissociation12−16 and in acid−base neutraliza-
tion reactions in protic solvents,17−22 as well as for proton
transport in phosphoric acid,23 imidazole,24 and imidazole
derivatives.25,26 Imidazole derivatives can be major constitu-
ents in hydrogen fuel cells,27,28 for instance, as excellent proton
carriers in high-temperature proton exchange membrane fuel
cells (HT-PEMFC).29 Finally, imidazole, being the functional
group of the amino acid histidine, is a crucial building block in
numerous biological systems, efficiently enabling energy
transport,30 signal transduction,31 or pH regulation.32−34

In this Letter, we report our findings for imidazole as a
means for ultrafast proton transport in a methanol solution.
The reasons behind the particular choice of the two molecular
compounds (methanol and imidazole) for the proton-
conducting material are possibly not immediately obvious. In
the context of (industrial) proton exchange membrane fuel
cells, liquid water is a very common choice as the proton
conductor, and in practice, it is realized in the form of water
channels in an otherwise hydrophobic polymer matrix with
sulfonic acid end groups (the famous NAFION material
concept). These materials reach their functional limits at the
boiling point of liquid water, which is why considerable effort
is being dedicated to finding water-free proton-conducting
materials. In contrast to water as such, midsized organic
molecules (such as imidazole and hydroxylated alkanes) could
be attached directly as side chains to the polymer backbone,
which would reduce or eliminate the functional degradation
due to evaporation at increased temperatures. In our
experimental and computational setup, a direct consideration
of polymers is not possible, which is why we resort to the
corresponding molecular systems. The vision is that learning
the local mechanisms of protonation dynamics in these
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materials will enable or improve the rational design of real
(polymeric) water-free proton-conducting materials.
For our purposes, we use 7-hydroxyquinoline (7HQ) to

initiate proton transfer reactions and follow the dynamics using
femtosecond UV-pump-IR-probe spectroscopy. The objective
is to measure the reaction dynamics of “tight” contact and
“loose” solvent-separated reaction pairs that can be prepared
under well-defined conditions. The underlying mechanisms of
proton transfer dynamics of such “tight” and “loose”
photoacid−carboxylate complexes have been found to occur
on time scales of hundreds of femtoseconds and several
picoseconds, respectively. This difference in time scales is
understood to be due to a single-step event with possible
solvent shell rearrangements in the case of “tight” reaction
pairs,35 whereas a sequential mechanism from a proton-

donating photoacid via the water solvent bridge to the
accepting base necessitates hydrogen bond rearrangements
facilitating the proton hops along the water bridge.17 As the
reaction dynamics time scales of these “tight” and “loose”
complexes are clearly distinct from those of the photoacid
molecules reacting with base molecules after more extensive
configurational and diffusional motions that will involve a large
number of hydrogen bond and solvent shell rearrangements
taking place on time scales of hundreds of picoseconds (or
longer), the latter fraction has time-dependent characteristics
that rather can be regarded as being due to reaction kinetics
without providing detailed insight into the elementary steps
that underlie the proton exchange.
Amphoterism is also at play in the acid−base equilibrium of

7-hydroxyquinoline (7HQ) in the electronic S0 ground state

Figure 1. Comparison of the acid−base reaction pathways between the N and Z tautomers and the ionic A and C species of 7HQ, reacting with (a)
formate ion/formic acid or (b) the amphoteric H2B+/HB/B−, where HB can be imidazole, or the solvent H2O or CH3OH. Excess proton transfer
pathway I can occur with the bases formate anion and imidazole but also with the solvent reacting with 7HQ. Note that for formate solutions
proton vacancy pathway II can occur only with 7HQ exclusively reacting with the solvent, not with formate as the active reaction partner, whereas
for imidazole solutions, both pathways are possible for imidazole and the solvent reacting with 7HQ. The transient UV-pump-IR-probe spectra are
shown as a function of the base added to the deuterated methanol solution at particular pulse delay times for 7HQ reacting with (c) the formate
anion or (d) imidazole. The dashed lines in the plots indicate the transient response recorded at −100 ps, showing the baseline in these
measurements.
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for both aqueous and methanol solutions, where for an
aqueous solution under neutral pH ∼7 conditions both the
neutral (N) and zwitterionic (Z) tautomer occur quantita-
tively, at a low pH of <2 the cationic form C dominates, and at
a high pH of >10 the anionic form A is formed (see Figure
1).36,37 7HQ is a so-called bifunctional photoacid, for which
electronic excitation of the S0 → S1 transition of the neutral
7HQ tautomer N makes the molecule both a photoacid and a
photobase. The pKa value of the OH group decreases by 8
units, making 7HQ a strong acid, whereas the pKb value of the
quinoline nitrogen site changes by 5 units, making 7HQ also a
stronger base. These properties strongly dictate the acid−base
behavior in the first electronic excited state and photoinduced
proton transfer dynamics of 7HQ in protic solvents.11,36−42

Recent results obtained in a combined ultrafast infrared
spectroscopic and ab initio quantum molecular dynamics study
of 7HQ in water/methanol mixtures have shown that on a
microscopic level proton transport takes place from the
proton-accepting quinoline group to the proton-donating
OH group via a methoxide/hydroxide transport mechanism
on a time scale of tens to hundreds of picoseconds.11 Via the
addition of another acid or base, it is possible to change the
preference of the proton transfer pathways from a hydrolysis/
methanolysis (solvolysis) “proton vacancy” mechanism (with
7HQ following the N* → C* → Z* route) to a protolysis
“excess proton” mechanism (with 7HQ transforming from N*
→ A* → Z*). Our first results were obtained with the formate
anion, which promptly accepts the proton from the OH group
of 7HQ upon electronic excitation of the bifunctional
photoacid, when in the proximity of 7HQ under either
“tight” contact reaction pair or “loose” solvent-separated
reaction pair conditions.43 Our results obtained with the
formate anion as an additive did not support a full quantitative
transformation of 7HQ following the N* → A* → Z*
pathway. In this work, we report on the possible role of
imidazole as a mediator in the different proton transport
pathways that 7HQ can follow, as always with a close interplay
with and or even direct involvement of the nearest solvent
molecules. Here we will show that amphoterism is at play with
imidazole, acting both as a proton acceptor and as a proton
donor, as opposed to N-methylimidazole that has been used as
base in proton transfer studies with 7-hydroxy-4-(trifluor-
omethyl)-1-coumarin.44 In the case of amphoteric imidazole,
one cannot a priori assume that the dominant reaction pathway
of 7HQ changes from the solvolysis (methanolysis) to the
protolysis pathway when imidazole is added to a solution of
7HQ in a methanol solution, as imidazole can be the active
reaction partner of 7HQ in both possible acid−base reaction
routes. Whereas empirical free energy−reactivity relationships
will provide clear hints about this matter for “loose” 7HQ−
imidazole reaction pairs, there is no straightforward assessment
available for the “tight” 7HQ−imidazole reaction pairs that
may be envisaged to be present in solutions with high
imidazole concentrations, as proton transfer reactions for
“tight” acid−base reaction pairs may well have a low reaction
barrier or may even be barrierless.
We follow the ultrafast proton transfer dynamics between

7HQ and imidazole as a function of time upon electronic
excitation of the neutral 7HQ tautomer N at 330 nm. By using
ultrafast infrared spectroscopy, we can follow the dynamical
behavior of the different forms of ampholyte 7HQ in the first
electronic excited state, namely, N* and Z* tautomers and
charged C* and A* species.11,42,43 The IR-active normal

modes specific to each species of 7HQ in the S1 state have
been identified and characterized,42 allowing the acid−base
reaction dynamics along the protolysis or solvolysis pathways
in deuterated methanol (CD3OD) to be distinctly followed11

(see Figure 1) and steered.43 Figure 1 also provides an
overview of the transient UV/IR pump−probe spectra
recorded for the 7HQ−imidazole pair at specific pulse delay
times when particular steps along the possible proton transfer
pathways are anticipated to occur. We show here the spectral
region of 1390−1560 cm−1 where the marker bands for
different charged and tautomer species of 7HQ can be most
easily discerned (a broader spectral range is presented in the
Supporting Information). N* has a strong IR-active transition
at 1475 cm−1; Z* displays two IR-active bands at 1440 and
1530 cm−1, while A* appears with a broad band at 1430 cm−1

but is narrower and frequency downshifted to 1422 cm−1 at
longer pulse delays. The pulse delay-dependent magnitudes of
these marker bands are directly proportional to the transient
population of the 7HQ species in the S1 state. For comparison,
the transient UV/IR pump−probe spectra are depicted with
those of a previously reported experiment on the 7HQ−
formate photoacid−base system43 and the stock solution of
7HQ.11,42

The following observations on proton transfer dynamics of
7HQ, as grasped from the transient response of the IR-active
marker bands of 7HQ obtained with imidazole as a base, are
much like those realized with formate: (1) an initial decrease in
the level of N* and the appearance of A* within the time
resolution, (2) a further decrease in the level of N* and the
appearance of more A* on the time scale of a few picoseconds,
(3) the magnitudes of the early time components of the
decrease in the level of N* and the increase in the level of A*
increase with imidazole concentration, and (4) the magnitude
of the N* marker band decreases further at longer time scales
of hundreds of picoseconds, scaling with the base concen-
tration and approaching zero for the highest base concen-
tration used in these experiments (4.0 M).
Distinctly different behavior can also be deduced from the

comparison between the 7HQ−imidazole and 7HQ−formate
results at the high base concentration depicted in Figure 1.
Whereas in the 7HQ−formate case the transient A* marker
band indicates that the proton transfer kinetics predominantly
halts at the A* anion, for the 7HQ−imidazole case the reaction
proceeds further. The appearance of the Z* marker bands
occurs on a time scale of hundreds of picoseconds, whereas the
A* marker band has by then frequency downshifted from 1430
to 1422 cm−1 and diminished in spectral breadth, suggesting a
decrease in the transient population of A* on this long time
scale. The initial large spectral breadth and subsequent
narrowing of IR-active marker bands on picosecond time
scales have often been observed for ultrafast photoinduced
reactions45 and ascribed to initial excess vibrational excitation
(i.e., the molecules with increased internal vibrational
population numbers are “hot”), followed by vibrational cooling
by energy dissipation to the solvent shell molecules. Such
phenomena are typically observed for IR-active vibrational
modes of chromophores undergoing photoinduced chemical
reactions. As anharmonic coupling constants have typically a
negative sign, the IR-active fingerprint of initial “hot”
molecules appears to be frequency downshifted, and with the
vibrational cooling process, the spectral narrowing of the IR-
active fingerprint modes is accompanied by a frequency
upshift. However, in the case of 7HQ reacting with imidazole,
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the frequency shift occurs in the opposite direction. An
alternative explanation for our observations on the A* marker
band around 1422−1430 cm−1 on a time scale from
picoseconds to several tens of picoseconds may be found in
a possible distribution of hydrogen bond configurations
directly upon proton/deuteron transfer from 7HQ to
imidazole, converting N* into A*, followed by hydrogen
bond and solvent shell rearrangements. Instead, the two
marker bands of Z* at 1440 and 1530 cm−1 exhibit a small
increase of spectral width with a large pulse delay for a high
imidazole concentration compared to what has been observed
for 7HQ without an added base. The 1470 cm−1 marker band
of the N* species of 7HQ shows a small increase in spectral
width but negligible changes in frequency position with an
increase in imidazole concentration. Even though a normal
mode analysis of the fingerprint modes of the four different
7HQ species, N*, C*, A*, and Z*, has been performed42 and
these normal modes have been found to be predominantly
governed by C−C, C�C, C−N, and C�N stretching
displacements of the C and N atoms in the aromatic quinoline
ring parts and C−H bending motions of 7HQ, a proper
analysis of the role of hydrogen bonding and solvent shell
rearrangements can be performed only when the first solvent
shell molecules are also included in these normal mode
characterizations. Only further in-depth mode analysis of the
IR-active marker vibrations of N*, A*, and Z* as well as an
assessment of the distribution of the configurations of the
7HQ−imidazole reaction pairs and their temporal character-
istics, which can be grasped by ab initio molecular dynamics
simulations, may shed light on the underlying reasons for this
interesting observation.
Whereas in our earlier studies11,42 we have been able to

successfully analyze the observed transient population kinetics
by the time-dependent magnitude of the N*, A*, and Z*

species, we found here that this approach has led to
inconsistent results. The reason is that in these previous
studies the population kinetics predominantly occurred on
longer time scales of hundreds of picoseconds, whereas
possible changes in the band shape and shifts in frequency
position are known to typically take place on subpicosecond
time scales or time scales of a few picoseconds, albeit not
necessarily for all IR-active marker bands.43 To discern the
correct transient population dynamics of 7HQ upon electronic
excitation of the N tautomer at early pulse delay times, the
transient mid-infrared absorption bands have been analyzed
using a Gaussian line shape fitting procedure (for details, see
the Supporting Information). It turns out that this procedure is
necessary to correctly determine the population dynamics of
the A* anion that is generated in the “tight” and “loose”
complexes at the early pulse delay times.
Figure 2 shows the results of our analysis of the transient

population of the N* and Z* tautomer and the A* anion
species in the 7HQ−imidazole reaction. The outcome of the
Gaussian line shape fitting of the 1422−1430 cm−1 marker
band of A* and of the two marker bands of Z* (1437 and 1530
cm−1) is shown in panels a and b of Figure 2 for the 4.0 M
imidazole case, which we have plotted on a logarithmic scale
for the pulse delay x-axis, to accentuate the early time
dynamics. Indeed, the full width at half-maximum (fwhm) of
this band decreases by a factor of 2.5 within 50−100 ps (Figure
2a), which we tentatively ascribe to hydrogen bond
reorganization and solvent shell rearrangement dynamics of
the imidazole/imidazolium units in the 7HQ−imidazole
product pairs on this time scale. Moreover, the integrated
intensity of the A* marker band has a major component
appearing within the time resolution, and an additional
increase on the picosecond time scale (see Figure 2b). Similar
early time components can also be observed in the decay of

Figure 2. (a) Full widths at half-maximum (fwhm) of 7HQ marker bands for the A* and Z* species as a function of pulse delay time for the 7HQ
stock and 4 M imidazole solutions. (b) Integrated areas of the A* and Z* marker bands (at 1422 and 1530 cm−1, respectively), as a function of
pulse delay time. (c) Transient kinetics of the 7HQ N* and Z* tautomers as a function of the DIm imidazole concentration. (d) Absolute
population fractions of the N* and Z* tautomers and the A* anion at a 1 ns pulse delay time, derived from the transient UV/IR pump−probe
spectra, as a function of imidazole concentration. Note that the curves depicted in panels a and b are shown with logarithmic scaling of the x-axis,
whereas in panel c, a normal scaling has been used, to highlight the early time components of “tight” and “loose” complexes in panels a and b and
the long time components in panel c.
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N*, and together with the observations of the increase in the
level of A*, a consistent picture of “tight” contact and “loose”
solvent-separated 7HQ−imidazole reaction pairs emerges, the
relative fraction for these increasing with imidazole concen-
tration. Interestingly, at longer pulse delay times, the integrated
intensity of the A* marker band decays with a time constant
that appears within the error margin of the experimental data
to be identical to the increase in the integrated intensity of the
Z* marker band at 1530 cm−1 (Figure 2b). Additional
components in the decay of N* occurring on a time scale of
hundreds of picoseconds appear to be similar to components

in the rise of Z* (Figure 2c). Results from exponential fits of
these long time components are summarized in Table S2.
The experimental results clearly display a change in the

reaction dynamics of 7HQ when going from 0.0 M (stock
solution) to 4.0 M imidazole. The N* to Z* tautomerization
accelerates in the presence of imidazole, and a switch from the
solvolysis (methanolysis) “proton hole” pathway toward the
protolysis “excess proton” pathway is apparent upon addition
of more imidazole to the solution. To determine the relative
reaction yields along these two different routes, we have used
the results from the marker band fitting to Gaussian profiles

Figure 3. Average particle density of imidazole (HIm) and methanol (CH3OH) molecules around a cis- or trans-7HQ molecule (see the color
scale) together with the average orientation of the displayed vectors of HIm and CH3OH (see the arrows).
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(see also Figure S3). For the stock solution, we observe an
equilibration of the fraction ( f i) of photoexcited 7HQ−N*
molecules from fN*(τ = 0 ps) = 1 to fN*(τ = 1 ns) = 0.35.
Realizing that for the “proton hole” pathway, with 7HQ
following the N* → C* → Z* tautomerization route, only a
significant transient population of the N* and Z* tautomers
has been observed at any pulse delay for 7HQ in deuterated
methanol (CD3OD),11,42,43 we can then correlate the value of
the observed transient absorbance of the Z* 1540 cm−1 band
with a transient population value: f Z*(τ = 1 ns) = 0.65 [with
f Z*(τ = 0 ps) = 0]. Assuming that the IR cross sections of the
integrated 7HQ marker bands are not affected when going
from the (0.0 M imidazole) stock solution to 4.0 M imidazole
in CD3OD, we learn then that with a 1 ns pulse delay the
fraction of Z* increases to f Z*(τ = 1 ns) = 0.80 ± 0.03 while
that of N* is much smaller [fN*(τ = 1 ns) = 0.03 ± 0.03]. This
means that the value observed for the integrated band intensity
of the A* anion with a 1 ns pulse delay is significant: fA*(τ = 1

ns) = 0.17 ± 0.03. Now comparing the long delay value of the
integrated band value of A* (9.4 ± 0.2) with that of its
maximum value (19.8 ± 0.2) reached at 10 ps, we learn that
under 4.0 M imidazole conditions a transient population build-
up fraction of A* reaches a value of fA*(τ = 10 ps) = 0.36 ±
0.07. This value is consistent with the decrease in the transient
population of N* from f N*(τ = 0 ps) = 1 to f N*(τ = 10 ps) =
0.45 ± 0.05, due to the fast deuteron transfer reaction for
“tight” and “loose” complexes, as derived from the early time
decay components of the N* marker band at 1470 cm−1.
The decay of the integrated area of the A* marker band at

time scales of hundreds of picoseconds correlates well with the
rise of that of the Z* marker band points strongly to the
dominant occurrence of the N* → A* → Z* pathway at 4.0 M
imidazole, yet we cannot unequivocally exclude the possibility
that a significant fraction still follows the N* → C* → Z*
pathway. One could interpret the long time dynamical
behavior of the N*, A*, and Z* marker bands in experimental

Figure 4. Combined distribution function depicting the probability of finding a certain distance (see the sketch) between 7HQ and CH3OH and
between CH3OH and HIm on the horizontal and vertical axes, respectively.
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observations as being indicative of further fractions of the 7HQ
N* tautomer following the N* → A* → Z* pathway, for
which the first proton/deuteron transfer step takes more time
due to rearrangements of the imidazole molecules toward the
proton/deuteron-donating 7HQ−OH site with possible
interstitial solvent molecules, including partial rotational and
diffusional motions. After these rearrangements, a proton/
deuteron transfer rate may be inferred from free energy−
reactivity relationships (see Table S3), albeit this under the
assumption of spherical shapes for acids and bases without
explicit molecular structure, to model the long time
components in diffusion-assisted photoacid−base reactions in
protic solvents.11,42,43,46−52 On the contrary, the alternative
option of imidazole acting as a proton/deuteron donor toward
the 7HQ−quinoline nitrogen site also must be considered. As
the acidity of imidazole as a proton donor is quite similar to
that of the solvent methanol, one can also argue that a major
fraction of 7HQ still follows the N* → C* → Z* pathway, but
now with the first step initiated by imidazole acting as proton
donor forming the imidazolate anion. On the basis of our
experimental results, we can exclude an ultrafast proton/
deuteron transfer on subpicosecond time scales or time scales
of a few tens of picoseconds for the N* → C* → Z* pathway,
because C* is not observed at these short pulse delay times
and Z* is only formed with a time constant of 150 ps at 4.0 M
imidazole. This implies, even for 4.0 M imidazole conditions,
an absence of “tight” complexes when the preexisting hydrogen
bond between the 7HQ quinoline nitrogen site and N−H
group of imidazole comprises a barrierless proton transfer
reaction coordinate or when these “tight” complexes have a
major abundance it has a major reaction barrier with a 150 ps
reaction time constant as a result. To discern which of these
two options prevails, we now present our results on classical
molecular dynamics simulations and electronic excited state
quantum chemical calculations.
More insight into the geometric aspects of specific 7HQ−

imidazole reaction pair configurations can be obtained from
the atomic and molecular spatial distribution functions of
solvent molecules around 7HQ, which can be derived from
molecular dynamics simulations. Figure 3 shows the average
particle densities of methanol and imidazole around the
hydrogen bond-donating and -accepting sites of 7HQ. These
results show a pronounced occurrence of having the 7HQ−
OH group acting as a hydrogen bond donor, for the cis and
trans configurations of the hydroxyl group, to a specific
methanol or imidazole molecule acting with their lone pairs as
a hydrogen bond acceptor. Here it is good to note that the
distribution of dihedral angle functions of 7HQ is ∼60% cis-
7HQ and ∼40% trans-7HQ, irrespective of the concentration
of imidazole used in our experiments. The dihedral angles have
rather narrow distributions of the cis-7HQ and trans-7HQ
configurations with their maxima in the plane of the 7HQ−
aromatic backbone (see the Supporting Information). As a
result, the spatial distribution functions of methanol and
imidazole are confined to a limited range around the hydrogen
bond-donating and -accepting sites of 7HQ. This fact also
validates the assumption that a planar projection of the solvent
distribution functions, as shown in Figure 3, provides all
essential information in a transparent fashion.
The fact that the magnitudes of the calculated spatial

distribution functions for methanol or imidazole being donors
of hydrogen bonds to the 7HQ hydroxyl and quinoline
nitrogen lone pairs are approximately 3−4 times lower than

those where methanol or imidazole acts as a hydrogen bond
acceptor strongly suggests an accordingly smaller hydrogen
bond interaction strength for these two different types of
hydrogen bonds that 7HQ can have. This also means that in
the context of preformed “tight” contact reaction pairs
imidazole is more likely to act with its nitrogen lone pair as
a base to the 7HQ hydroxyl acidic group than imidazole is to
act with its N−H group as an acid to donate the proton to the
7HQ quinoline nitrogen site. To determine whether a similar
situation occurs for the “loose” solvent-separated reaction
pairs, we computed the two-dimensional distribution functions
from our molecular dynamics simulations (Figure 4). Here,
again, a larger relative occurrence is apparent for those “loose”
complexes where the solvent and imidazole are interacting as
hydrogen bond acceptors to the 7HQ−OH group. Instead, in
the other “loose” complexes, the solvent and imidazole act as
hydrogen bond donors to the 7HQ−quinoline nitrogen. The
combined distribution functions also show that the hydrogen
bond distances are indicative of weak hydrogen bond
strengths,53−56 as expected for 7HQ in the electronic ground
state.
The observed population kinetics obtained from the

experimental ultrafast UV/IR pump−probe results shows
that for high imidazole concentrations the N* → A* → Z*
pathway of 7HQ is the dominant pathway for the “tight” and
“loose” reaction pair fractions. The particle density and
distribution functions derived strongly point to a significant
fraction of imidazole being hydrogen bonded at both the
7HQ−OH and 7HQ−quinoline nitrogen sites for these “tight”
and “loose” reaction pairs. These findings yield a series of new
questions about the relative reaction rates for individual proton
transfer steps. (1) Why is the deprotonation of N* into the
solvent faster toward imidazole than toward methanol? (2)
Why is the protonation of A* at the nitrogen site faster when
taken from imidazole than from methanol as the proton
donor? (3) Why is the protonation at the nitrogen site from
imidazole faster for A* than for N*, whereas the opposite is the
case for methanol?42 To provide insight into these factors that
control the reaction rates of individual steps and the overall
relative importance of the N* → A* → Z* and N* → C* →
Z* pathways, we have determined the proton transfer energy
profiles for the distinct reaction steps for the “tight” hydrogen-
bonded 7HQ−HIm complexes (see Figure 5). For the reaction
path, we used a linear interpolation between the optimized
reactant and product geometries. This path was sampled with
vertical excitation energy calculations at the time-dependent
density functional theory (TD-DFT) level. The solvent
screening effect was incorporated via effective polarizable
continuum methods using both the dielectric constants
corresponding to electronic polarization only (ε∞ = 4.5,57

inspired from the observation that the protonation reaction is
considerably faster than the geometric solvent reorientation
dynamics) and, for comparison, the dielectric constant
corresponding to full solvent relaxation (ε0 = 32.6358). Special
care was taken to correctly follow the proper electronic excited
state energy profile (i.e., the one that corresponds to the S1
state of 7HQ) that does not always represent the lowest
vertical excitation along the reaction path. Our calculations
show that from an enthalpy perspective, the imidazole
molecules are considerably more likely to accept or donate a
proton than are methanol molecules. The reaction barriers
with methanol as the proton acceptor or donor are so much
higher (on the order of 80 kJ/mol) that whenever imidazole is
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present in the solvent, the reaction will preferentially follow
those pathways where imidazole is actively involved as the
proton acceptor [N* + HB → A* + H2B+ (Figure 5a)] or the
proton donor [A* + HB → Z* + B− (Figure 5b)]. In terms of
relative reaction rates, we estimate that the reaction via
imidazole will occur 108 times faster than via methanol,
assuming that the vibrational relaxation after vertical excitation
results in a locally increased kinetic energy of the proton
corresponding to a proton temperature of 600 K. Finally, in the
comparison of proton abstraction by either N* or A* from
imidazole, it follows that the barrier of the A* + HB → Z* +
B− pathway is lower than that of the N* + HB → C* + B−

pathway (with HB being imidazole). In this case, the relative
reaction rates can be estimated to differ by a factor of 50
(considering a relative barrier difference of 10 kJ/mol at a

proton temperature of 300 K, as the reacting proton does not
originate from 7HQ and therefore does not have an increased
temperature).
A close connection between acid−base reaction rates has

been defined by Marcus using the BEBO free energy−
reactivity relation,46 and ultrafast proton transfer studies have
shown that this relationship appears to confirm predicted
proton transfer rates with those derived from experi-
ments.11,49−51 The current understanding is that conclusions
can be drawn about only solvent-mediated proton transfer, i.e.,
for “loose” solvent-separated acid−base reaction pairs.
Interestingly, despite this caveat, an assessment of the acid−
base reactivity of 7HQ with imidazole based on a comparison
of the differences in pKa values, ΔpKa (see Table S3), also
provides for the case of “tight” acid−base reaction pairs a clear
indication of why N* reacts faster with imidazole than with
methanol as the proton acceptor or why A* reacts faster with
imidazole than with methanol as the proton donor and why
abstraction of a proton from imidazole by A* is faster than that
by N*. We argue that with the current energy barrier
calculations we can provide a proper estimate in quantitative
terms of the extent to which a close similarity exists between
the quantum chemical calculations of acid−base reaction pairs
and the semiempirical BEBO free energy relationship.
We note that the energy barriers, the ΔpKa values, and the

observed reaction rates all point to imidazole being a faster
proton transporter than methanol, even though the underlying
mechanisms for proton transport are similar.10,24 We suggest
that the individual steps in charge separation are more
efficiently mediated by the larger aromatic imidazole both as
a proton acceptor and as a proton donor (due to a greater
delocalization of the charge on the imidazole cation and anion,
respectively; this feature also applies for the aromatic 7HQ
molecule) than by methanol where the charge is much more
localized. Ultimately, our findings for the energy barriers of the
individual proton transfer steps with imidazole as the proton
donor and proton acceptor strongly suggest that the N* → A*
→ Z* pathway is followed by those 7HQ molecules that are
already in the “tight” and “loose” reaction pair configurations
and is the more likely route followed by those 7HQ molecules
where larger orientational rearrangements are necessary before
a reaction with imidazole can proceed.
We have attempted to identify the underlying reasons for the

shape of the energy profiles in terms of the degree of charge
delocalization in the solvent molecules (methanol and
imidazole), in view of providing an intuitive qualitative answer
to the three questions about the proton transfer reaction rates.
For this purpose, we have computed the changes in the partial
charges for the A* + HB → Z* + B− reaction for the oxygen/
nitrogen atoms of B. While for methanol the oxygen partial
charge changes from −0.54 to −0.98, the imidazole nitrogen
charge changes from −0.13 to −0.39. Interestingly, the other
nitrogen atom in imidazole remains practically unchanged, and
its partial charge changes from −0.35 to −0.39. The negative
charge is thus equally shared between the two nitrogen atoms,
while in CH3O−, the entire charge is carried by the single
oxygen atom. This illustrates the considerably better intra-
molecular delocalization of the anionic excess charge for
imidazole compared to methanol, which in turn explains why
the proton donation capability is so much better for imidazole.
A similar argument holds for the 7HQ deprotonation
reactions. Along this line of argument, we anticipate similar
effects will play an important role in proton transport in mixed

Figure 5. Energy paths for (a) oxygen site deprotonation onto HB =
CH3OH, HIm (N* + HB → A* + H2B+) and (b) proton abstraction
from HB onto the nitrogen site (A* + HB → Z* + B−) in both cases
with different solvation influences. (c) Energy path for proton
abstraction of HIm onto A* and N*.
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water/imidazole and mixed methanol/imidazole solutions
without the photoacid chromophore, but much less in neat
imidazole or imidazole derivatives.24,26

In conclusion, our joint experimental−theoretical study
illustrates that it is possible to manipulate the pathway of acid−
base proton exchange reactions in a controlled way, exploiting
the different microsolvation properties and proton affinities of
suitably chosen solvent molecules. Here, we have used the
bifunctional photoacid 7HQ in combination with methanol
and imidazole as solvent components, as opposed to the more
common aqueous solvation. In comparison to the water
environment, we observe specific changes in the reaction
pathways and reaction dynamics when 7HQ is transformed
from the N* state to the final Z* state. Previous studies of
proton transfer pathways of 7HQ in methanol have shown that
the acquisition of a proton from the solvent methanol by the
7HQ quinoline nitrogen site is the first and rate-determining
step followed by a fast proton donation by the 7HQ hydroxyl
OH group to the solvent (with the reaction rate of the first N*
→ C* step being 2 orders of magnitude smaller than that of
the second C* → Z* step). Adding imidazole as a reaction
partner quantitatively changes the time ordering of the proton
transfer steps, with ultrafast proton donation of the 7HQ
hydroxyl OH group to imidazole occurring on a subpicosecond
time scale or a time scale of a few picoseconds, and only at
clearly longer time scales does the acquisition of a proton by
the 7HQ quinoline nitrogen site from a nearby imidazole
complete the 7HQ N* → Z* tautomerization reaction. The
sequential N* → A* → Z* pathway has, irrespective of the
7HQ−imidazole reaction pair configurations being “tight”
contact or “loose” solvent-separated, a 2−3 order of magnitude
difference in reaction rates between the first N* → A* step and
the second A* → Z* step. In light of our findings of this large
difference in reaction rates for imidazole as the proton acceptor
compared to imidazole as the proton donor, it would be
interesting to further explore this aspect in those cases in which
imidazole derivatives mediate proton transfer, such as in HT-
PEMFC or transmembrane proton channel proteins.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The Supporting Information includes details about the
experimental setup used;11,42,43 free energy−reactivity assess-
ments (using reported42,59,60 or derived61−63 pKa values);
molecular dynamics simulations with LAMMPS64 and
PACKMOL65 packages, and using optimized potentials for
liquid simulations all-atom (OPLS-aa) force fields,66 restrained
electrostatic potentials (RESP),67 and a Nose−́Hoover chain
thermostat;68−70 trajectory analysis using the TRAVIS,71,72

VMD,73 and Tachyon74 program packages; and proton transfer
energy profiles calculated with ORCA58 on the TD-DFT level
with a solvent polarizable continuum model (CPCM).75
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