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The pronounced ability of water to form a hyperdense hydrogen (H)-bond network among itself

is at the heart of its exceptional properties. Due to the unique H-bonding capability and

amphoteric nature, water is not only a passive medium, but also behaves as an active participant

in many chemical and biological reactions. Here, we reveal the catalytic role of a short water

wire, composed of two (or three) water molecules, in model aqueous acid–base reactions

synthesizing 7-hydroxyquinoline derivatives. Utilizing femtosecond-resolved fluorescence

spectroscopy, we tracked the trajectories of excited-state proton transfer and discovered that

proton hopping along the water wire accomplishes the reaction more efficiently compared to the

transfer occurring with bulk water clusters. Our finding suggests that the directionality of the

proton movements along the charge-gradient H-bond network may be a key element for

long-distance proton translocation in biological systems, as the H-bond networks wiring acidic

and basic sites distal to each other can provide a shortcut for a proton in searching a global

minimum on a complex energy landscape to its destination.

Introduction

Water is a fundamental medium to many chemical and

biological processes.1–3 The classical role of water has been

regarded as a dielectric solvent, which affects energetics of

molecules, accelerating or decelerating certain reactions involved.

Recently, the importance of ubiquitous water not only as a

nonspecific, passive dielectric medium, but also as an active

participant in reactions has been pointed out.2 A single water

molecule has been reported to function as a catalyst in chemical

reactions.4–6 In more complicated biological reactions in, e.g.,

cytochrome c oxidase, purplemembrane proteins, green fluorescent

proteins, or some enzymes, hydrogen (H)-bond bridges involving

water molecules (water wires) have been suggested to be essential

for the proton conduction von Grotthuss mechanism.6–9 However,

due to the complicated feature of proteinous systems, mechanistic

understanding of the role of water H-bond networks in reaction

dynamics still remains to be elucidated at a molecular level.

Proton-transfer reactions in aqueous solutions may involve

different trajectories and mechanisms, depending on the

reactivities of acids and bases, the configuration of H-bond

networks, the number of water molecules between acid and

base, and solvent fluctuations.10–20 In this regard, the proton

translocation in bifunctional heteroaromatic molecules, featuring

both proton donor and acceptor groups distal to each other, can

serve as a simplest model reaction to experimentally examine the

catalytic function of water wires.17–20 7-Hydroxyquinoline

(7HQ) and related probe molecules are excellent candidates

among those because proton donating and accepting groups are

at well-defined positions forming proton-transfer coordinates.21–26

Upon photoexcitation to the first excited singlet state (S1),

the enol and the imine groups of 7HQ become more acidic and

basic, respectively, relative to those in the ground state, driving

excited-state proton transfer to occur.21 Two different isomers

of cis-7HQ and trans-7HQ, depending on the orientation of

the enol group with respect to the imine group, can exist

(Chart 1).25–27 The cis-7HQ in both polar aprotic and

nonpolar solvents can form a cyclically H-bonded complex

with protic guest molecules, with which proton relay from the

acidic to the basic site of the probe molecule takes place, resulting

in the production of a keto tautomer.23 In protic solvents,

however, the presence of both rotamers and the possible

interruption of H-bond networks in the cyclically H-bonded

Chart 1 Structures of probe molecules.
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complex can complicate observations and, thus, interpretation of

the prototropic tautomerization dynamics.24–26

To decipher the catalytic roles of water wires in aqueous

acid–base reactions, it is desired to reduce such complexities.

Here, we have carefully designed two chemical probes,

8-methyl-7HQ (8Me7HQ) and 6-methyl-7HQ (6Me7HQ), as

a model system to study proton conduction in water (Chart 1).

The former has the enol group in the trans configuration and

cannot undergo proton relay along a water wire because a

methyl group at the 8 position hampers the formation of the

cyclically H-bonded complex with water molecules.25 In this

case, the two prototropic groups are hydrated independently

and only intermolecular acid–base reactions are suggested to

occur with independent water clusters around each functional

group (see Scheme 1). In contrast, steric hindrance at the 6 position

imposes preferential formation of the cis rotamer. As such, the

molecular design of 6Me7HQ can favor the formation of a

cyclically H-bonded complex with a water wire, which catalyzes

proton translocation from the acidic group to the basic group.

In this study, we dissect ultrafast aqueous acid–base reactions

revealing the catalytic behavior of water wires, with the aid of

femtosecond (fs)-resolved fluorescence spectroscopy. Mechanistic

details on the proton conduction along the H-bonding water

wires are presented.

Experimental section

6Me7HQ and 8Me7HQ were synthesized according to the

conventional Skraup reaction following the procedure previously

reported,25 and subsequently purified twice by column chromato-

graphy. 7HQ (99%) was purchased from Across and used

without further purification. The perdeuterated solvent D2O

was obtained from Sigma-Aldrich and used as received. The

pH and pD of aqueous solutions were adjusted by adding

HCl/NaOH and DCl/NaOD solutions, respectively. All the

pD values were corrected from pH-meter readings. The

concentration of samples was 1 � 10�4 M for steady-state

measurements and time-correlated single-photon counting

(TCSPC) measurements, while it was 5 � 10�4 M for fs-resolved

fluorescence up-conversion measurements.

Static absorption spectra were recorded by using a Cary 50

spectrometer (Varian) with 10 mm quartz cells. Steady-state

fluorescence spectra were measured using a FluoroMax-2

fluorimeter (ISA-Spex) with 10 mm rectangular quartz cells.

The fluorescence spectra were collected in a right-angle geometry

and corrected for spectral sensitivity of the instrument.

fs-Resolved transients were obtained using the fluorescence

up-conversion technique. The output of an amplified Ti-sapphire

laser system (Spectra-Physics, Hurricane X) produced 100 fs

pulses centered at 800 nm (fundamental) at a repetition rate of

1 kHz and energy of 0.8 mJ. All fs-resolved transients were

obtained by the excitation of samples at 330 nm, which is

achieved through an optical parametric amplifier (Spectra-

Physics, OPA-800C) and a combination of nonlinear crystals.

Excitation energy was attenuated to 200 nJ. The up-converted

fluorescence signal was taken at the magic angle (54.71) of the

pump polarization relative to the gate polarization, parallel to

the acceptance axis of the up-conversion crystal, to eliminate

the influence of induced sample anisotropy on the signal. The

temporal response of the instrument was found to be 330 fs.

The fluorescence transients were fit to theoretical functions, using

the IGOR Pro program (WaveMetrics) for the convolution of the

Gaussian instrument response function with a sum of exponential

functions.

Fluorescence lifetimes longer than 500 ps were measured by

utilizing a TCSPC spectrometer (FluoTime 200, PicoQuant)

coupled to a broad-band tunable Ti-sapphire oscillator (MaiTai

HP, Spectra-Physics) as an excitation source. The repetition rate

of excitation was attenuated to 8 MHz using a pulse picker

(Model 3980-5, Spectra-Physics). Desired excitation wavelengths

Scheme 1 Tautomerization pathways in water. (a) 8Me7HQ: because a methyl group at the 8 position hinders the formation of a water wire linking

the acidic enol and the basic imine groups of the probe molecule, independent water clusters around each functional group must participate in the

acid–base reaction. (b) 6Me7HQ: by introducing the steric imposition at the 6 position, a cyclically H-bonded complex can preferentially form with a

water wire, which can catalyze the reaction. kd, kr, and kp are rates for the deprotonation of the enol group, its reprotonation, and the protonation of

the imine group, respectively. kN, kA, and kT denote the relaxation rates of N*, A*, and T*, respectively, at S1 in radiative and nonradiative ways.
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were achieved by the frequency-doubling or -tripling of tunable

fundamental wavelength (700–1020 nm). No sample degradation

was observed through the measurements. All the experiments

were performed at room temperature (24� 1 1C). Further details

of the setup are described elsewhere.28

Results and discussion

Steady-state spectroscopy

7HQ in water can adopt four prototropic forms depending on

pH: a normal form (N), an enol-deprotonated anion (A), an

imine-protonated cation (C), and a tautomer (T).21,24 For the

ground-state equilibria, the pKa values of C and N have been

reported to be 5.4 and 9.0, respectively.21,25 At pH 7.2, 7HQ

exists exclusively as N (67%) and T (29%) in water. In Fig. 1,

the absorption spectra of 7HQ and its derivatives at neutral

pH are displayed to show two bands for N and T at around

325 and 410 nm, respectively. Note that the lowest absorption

bands of A and C at pH 12 and 3, respectively, are identified to

reside at around 345 and 370 nm and their contributions at

neutral pH are negligible.21 The pKa values of C and N for

8Me7HQ have been reported to be 5.6 and 9.5, respectively,

while those for 6Me7HQ to be 5.3 and 9.2, respectively.25

The excitation of 7HQ at 330 nm promotes N to its S1 state

(N*). This gives a fluorescence spectrum showing two main

bands around 390 and 510 nm, which are attributed to N* and

T*, of which the precursor is N*, respectively.21,23–26 T* can

also directly populate from the ground state upon excitation at

330 nm, but its contribution to the steady-state spectrum is not

significant and can be precisely determined from time-resolved

measurements (see below). The difference at around 470 nm

between the fluorescence spectrum with the excitation of

N at 330 nm and that with the Franck–Condon excitation of

T at 400 nm hints the existence of short-lived intermediate

fluorescence.24

The fluorescence spectrum of 8Me7HQ also shows the two

distinct bands of N* and T* at 415 and 540 nm, respectively,

as well as an evident intermediate band at around 490 nm. On

the other hand, the fluorescence spectrum of 6Me7HQ shows

that the intermediate band is greatly suppressed. The lack of

intermediate fluorescence, as opposed to 8Me7HQ and 7HQ,

is attributed to an altered tautomerization mechanism depending

on the H-bonding environment around as revealed by ultrafast

dynamics measurements (see below).

Dynamics of 8Me7HQ

Fig. 2 shows three representative fluorescence kinetic profiles

of 8Me7HQ with the excitation at 330 nm in neutral water: N*

at 415 nm; an intermediate species at 490 nm; and T* at 580 nm.

N* decays biexponentially in 3.2 � 0.3 ps (32%) and 91 � 3 ps

(68%). At 385 nm, a blue wavelength with respect to the peak of

N* fluorescence at 415 nm, an extra 820 fs component (64%)

Fig. 1 Steady-state absorption and fluorescence spectra. pHs chosen

for aqueous 7HQ, 8Me7HQ, and 6Me7HQ are 7.1 � 0.1, 7.4 � 0.1,

and 7.2 � 0.1, respectively. Fluorescence spectra were recorded with

excitation at 330 (solid) and 400 nm (dotted). At a steady state,

tautomer emission (Z 500 nm) prevails and the emission of parent

molecules is evident at B400 nm.

Fig. 2 Dynamics of 8Me7HQ: fluorescence transients of 8Me7HQ in

neutral water (pH 7.4) were obtained following excitation at 330 nm. The

monitored wavelengths and multiexponential fits are given in each panel.
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was also detected. This ultrafast component is absent at

415 nm and is ascribed to solvation. The ratio of the 3.2 ps

component to the B100 ps one is robust at both the wave-

lengths, indicating that 3.2 ps is indeed the timescale of proton

transfer. The majority of T* rises in 109 � 5 ps and the minor

fraction (9%), which forms within our instrumental temporal

response, is ascribed to the Franck–Condon excitation of T

(see above). The decay time of T* is obtained to be 630 ps,

which is attributed to the lifetime of T*. Although the N* and

T* fluorescence contribute to the fluorescence transient at 490 nm

due to spectral congestion, it is found that the intermediate species

rises in 3.4 � 0.3 ps and decays in 130 � 20 ps (40%), indicating

that the intermediate is kinetically coupled to N* and T*. Note

that the significant fraction (68%) of the B100 ps component in

the N* fluorescence is a signature of the establishment of an

equilibrium between N* and the intermediate.

8Me7HQ has the enol group in a trans form and is unlikely

to undergo proton hopping along a water wire. Because of the

nature of H-bonds with directionality and well-defined length,

the methyl group at the 8 position hinders the formation of a

cyclically H-bonded complex with a bridging water wire. From

the finding that there are three global lifetimes, i.e., 3.2 ps, 100 ps,

and 630 ps, spanning the whole fluorescence spectrum, in which

the lifetime of T* (630 ps) is not seen at the N* band and the blue

side of the intermediate band, the simplest mechanism is

proposed to be a two-step intermolecular acid–base reaction as

depicted in Scheme 1a. In this scheme, the first step is reversible

whereas the second step is irreversible. This can be translated into

the following differential equation:

d

dt

N�

A�

T�

6664
7775 ¼

�kd � kN kr 0
kd �kr � kp � kA 0
0 kp �kT

6664
7775�

N�

A�

T�

6664
7775

where kd, kr, and kp refer to rates for the deprotonation of the

enol group, its reprotonation, and the protonation of the imine

group, respectively. kN, kA, and kT are the relaxation rates of N*,

A*, and T*, respectively, to their ground states, and kN and kA
are taken to be 3 � 108 s�1 and 1 � 108 s�1, respectively.24 kT is

the reciprocal of the T* lifetime. From the rate equation, kd, kr,

and kp are deduced to be (9.4 � 1.0 ps)�1, (5.3 � 0.5 ps)�1, and

(35 � 4 ps)�1, respectively. Likewise, in D2O, kd, kr, and kp
are obtained to be (13.4 � 1.4 ps)�1, (6.6 � 0.7 ps)�1, and

(128 � 13 ps)�1, respectively.

At neutral pH, the concentrations of hydronium and hydroxide

ions are too low to participate in acid–base reactions at S1.

Because typical diffusion-limited bimolecular rate constants for

hydroxide and hydronium ions are 1� 1010 – 1� 1011 M�1 s�1,29

the timescales of the reactions must be on hundreds of ms to ms.

Therefore, on the timescale spanning ps and ns, the acid–base

neutralization should occur to/from neutral water clusters. At pH

12, the lifetime of A*, which captures a proton from a water

cluster to generate T*, is obtained to be 160 ps, similar to that of

the intermediate species (B100 ps). At pH 2, the lifetime of C*,

which releases a proton to water clusters, is measured to be

r10 ps (data not shown). Accordingly, the identity of the

intermediate is confirmed to be A*.

The formation of A* as an exclusive reaction intermediate

can be rationalized in the frame of intrinsic electronic

energetics of each prototropic species involved. The intermolecular

proton-transfer rates are closely related to the excess stabili-

zation energies of conjugate acid and base that render proton

transfer to be highly exothermic and facile.12,13 The lowest

electronic-transition energy of A* is deduced to be smaller

than that of C* from the lowest-absorption spectral position

of A (27 027 cm�1) and C (28 571 cm�1). This indicates that the

deprotonation of N* is more exoergic than the protonation,

forming A* as an exclusive reaction intermediate.

The kinetic isotope effect (KIE) of 1.4 � 0.2 for the ultrafast

enol deprotonation of N* (kd) to a water cluster nearby and a

relatively large KIE (3.4� 0.5) for the slower imine protonation of

A* (kp) are in line with the free-energy relationship; the more the

reaction is exothermic, the smaller the KIE because the reaction

rate approaches the asymptotic value for isotope-insensitive

solvent motions on the timescale of a few ps.30 The large KIE

of imine protonation supports the idea that the main origin of

the proton is not from diffusion but from a contact neutral

water cluster which has weaker acidity. It follows that the

ejected proton from the enol group of 8Me7HQ diffuses into

bulk water, resulting in stepwise tautomerization via the

formation of transient intermediate A*.

Dynamics of 6Me7HQ

6Me7HQ exists mainly in the cis form due to the steric enforcement

by a methyl group at the 6 position (see Scheme 1b). Consequently,

it is facilitated to form a cyclically H-bonded complex with two

(or three) water molecules, relaying a proton from the enol to the

imine group.31 For the tautomerization of cis-7HQ in polar aprotic

solvents, two to three watermolecules have been reported to form a

bridging H-bond wire.23b,31 In the gas phase two to three water

molecules are experimentally and theoretically found to form a

cyclically H-bonded complex with 7HQ.32,33

N* fluorescence at 385 nm shows a biphasic decay

composed of 21 � 1 (71%) and 2.3 � 0.2 ps (Fig. 3). The

2.3 ps decay (29%) still exists at 415 nm, a red wavelength with

respect to the peak of N* fluorescence, and this component

cannot be that of solvation. T* fluorescence at 580 nm rises in

20 � 1 ps (52%) and decays in 3.2 ns; 12% of T* forms in

84 � 10 ps. At 470 nm, presumably a representative wavelength

of intermediate A*, the fluorescence transient is almost flat over

the early time window. The dynamics is dominated by the long

lifetime of T* (66%) with its 20 ps rise being almost cancelled by

the N* decay. The transient also bears minor decay components,

102 � 26 ps (28%) and B2 ps (6%).

As dictated by the molecular design, there clearly emerges a

new prevalent time constant of 20 ps for the concomitant

population change of N* and T* (KIE = 3.8 � 0.2). 2 and

B90 ps components (see Table 1), which are similar to those

for the case of 8Me7HQ, are found to exist as minor ones. This

complex dynamic behavior of 6Me7HQ is attributed to the

bifurcation of the reaction pathway possibly depending on two

different hydration environments around 6Me7HQ in the

ground state at the moment of excitation. Because the population

changes of N* and T* are kinetically coupled on the time scale of

20 ps, we ascribe the 71% of 6Me7HQ to cyclically H-bonded

complexes with water molecules in the form of wires. These

complexes undergo tautomerization via a different reaction path-

way from that of 8Me7HQ without building up the intermediate
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species (Scheme 1b). This dynamic behavior explains the great

suppression of the intermediate fluorescence of 6Me7HQ at

steady state compared to that of 8Me7HQ (see Fig. 1).

The other 29% of 6Me7HQ, on the other hand, decays in

2.3� 0.2 ps, which is similar to the fast decay time of 8Me7HQ

(3.2 � 0.3 ps). The B100 ps component of small population is

also observed as a decay at 470 nm and a rise at 580 nm. At

pH = 13, the lifetime of the A* form of 6Me7HQ is obtained

to be 150 ps. These kinetic similarities to 8Me7HQ point out

that 6Me7HQ with two functional groups independently

hydrated exists as a relatively small population and undergoes

acid–base neutralization with water clusters under a bulk hydration

environment. From the fraction of the cyclic complex, we

deduce DG for the formation of the water-wired complex at the

ground-state equilibrium in water to be �0.5 kcal mol�1.

The initial enol deprotonation of 6Me7HQ to a water

molecule in the wire is found to be significantly slower than

the deprotonation to a water cluster in bulk (20 ps vs. 2.3 ps).

If there were a fast interconversion between the wired form

and the cluster form of water, N* would quickly transfer a

proton to the adjacent water cluster to form the A* inter-

mediate in 2.3 ps. However, we find that the slower pathway is

a dominant channel over the more facile pathway. This

suggests that the water wire linking the acidic and basic groups

is structurally stable enough to survive at least during the

proton-transfer process. This can be rationalized in a way that

the photoinduced delocalization of charge densities on the

acidic and basic groups of a parent molecule involving H-bond

networks34 can induce tight H-bonds along the wire, partially

in place of H-bonding interaction to surrounding bulk water.

Accordingly, the water wire can be regarded as an integrated

chemical part of the H-bonded molecular complex. This extended

resonance character has been witnessed in the enhancement of

oscillator strength in the electronic absorption spectra of 7HQ

when it forms a cyclically H-bonded complex with protic guest

molecules.23

A key question about the tautomerization mechanism along

the wire is whether it occurs in a stepwise or a concerted

manner. In the case of 6Me7HQ there are only N* and T*

bands in the steady-state fluorescence spectrum (Fig. 1, bottom).

Moreover, from the correlation between the N* decay and the T*

rise, the reaction pathway should be either concerted from N*

directly to T* or stepwise with the first step to form a transient

intermediate being rate-limiting. For the latter, the subsequent

second step is subjected to be unresolvable. In the concerted

pathway, all the protons are synchronous and in flight at the

same rate according to its strict definition. This seems unlikely

the case for the proton translocation in 6Me7HQ because of the

asymmetric nature of functional groups in acidity as is revealed

with 8Me7HQ and the many-body involvement. We note that a

previous proton inventory study on 7HQ complexed with a water

wire in polar aprotic environments has shown that the proton

moves in an asynchronous manner.23b,c

The short H-bonding water wire delocalizes high charge

density on the enol and imine groups attenuating the acidity

and the basicity of each functional group. As such, enol

deprotonation and imine protonation can be retarded; a water

molecule, in the wire and adjacent to the acidic enol group,

possesses less activity than the cluster-form in acid–base

reactions as well. On the other hand, the protonation of the

imine group by a hydronium cation during the proton relay is

expected to be faster than that by a neutral water cluster

because of stronger acidity. The timescale of 20 ps is observed

to be slower than the deprotonation to a water cluster [(9 ps)�1]

but faster than the protonation from another cluster [(35 ps)�1].

Therefore, it is plausible to attribute the overall rate [(20 ps)�1]

to that of deprotonation of the enol group (kd) having weaker

photoacidity.

The proton hopping along a water wire for 6Me7HQ occurs

via the rate-determining deprotonation of the acidic enol group

Fig. 3 Dynamics of 6Me7HQ: fluorescence transients of 6Me7HQ in

neutral water (pH 7.2) were obtained following excitation at 330 nm. The

monitored wavelengths and multiexponential fits are given in each panel.

For comparison, the transient of 8Me7HQ at 580 nm is also depicted.

Table 1 Time constants to fit fluorescence kinetic profiles in
Fig. 2 and 3

Time constantb/ps

Rise Decay

Rotamer Solvent
Wavelengtha/
nm t1 t2 t3 t4 t5 t6

8Me7HQ (trans) H2O 415 3.2 91
490 0.49 3.4 130 630
580 4.2 109 630

D2O 415 4.3 308
6Me7HQ (cis) H2O 385 2.3 21

470 20 2.3 102 3200
580 1.56 20 84 3200

D2O 385 9.0 73

a Monitored fluorescence wavelength. b Time constants greater than

500 ps are adopted from TCSPC measurements in this work.
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to produce a hydronium cation experiencing an activation barrier

and KIE of 3.8. The hydrated proton is then transferred, in a von

Grotthuss fashion through the H-bond networks of the water

wire, to protonate the proximate imine group (pKb* = 15.3),24c

barrierless and in a rapid (presumably within several ps) step. For

example, with a typical proton diffusion coefficient of B1.0 �
10�4 cm2 s�1 it takes about 4 ps to travel 5 Å. The lifetime of a

transient hydronium ion has been reported to be several ps in a

proton-relay process involving a weaker acetate base of pKb =

9.25.14,15 The transient hydronium cation complexed with

intermediate A* may be effectively in the Zundel-like configu-

ration, in which the proton is symmetrically shared by two

water molecules, due to strong H-bonds along the wire at the

expense of the interaction with surrounding bulk water

(Scheme 1).11,12 Essentially the above picture is in line with ultrafast

infrared (IR) spectroscopic studies, in which sequential proton

hopping is reported to take place for photoacid–(H2O)n–base

systems.14,15,35

Bifurcation of proton-transfer pathway

The trajectories of proton transfer depending on H-bond

networks in aqueous environments are given in Fig. 4. Upon

electronic excitation, the extended charge delocalization involving

the water wire stabilizes the cyclically H-bonded complex from the

surrounding aqueous bath (Fig. 4b); in this sense, the wire is an

integrated part of the chemical system. Although the initial enol

deprotonation to the water wire is slower than that to a water

cluster, the directionality of proton conduction along the

charge-gradient wire, i.e., a ‘‘push–pull’’ effect,36 renders

successive imine protonation to occur rapidly. This is in

contrast to the accumulation of metastable A* as an intermediate

in the stepwise pathway involving water clusters with imine

protonation being rate limiting. The tautomerization catalyzed

by the wire takes 20 ps, four times shorter than the lifetime of the

intermediate in the reaction with water clusters. This signifies the

catalytic role of a water wire in the prototropic reactions

modulating free energies and barriers (see Fig. 4c).

It seems that the key factor to differentiate the proton transfer

pathway between 6Me7HQ and 8Me7HQ lies in the number of

water molecules connecting the acidic and the basic groups. In an

aqueous photoacid–base system, it has been reported that the

number of water molecules separating an acid and a base deter-

mines the acid–base neutralizationmechanism.37 For configurations

with acid–base separated by less than four water molecules, diffu-

sion has been reported to play a negligible role in the reaction

because these configurations are already ‘‘reactive complexes.’’

Diffusion dominates the reaction dynamics when four or more

water molecules separate the acid and the base. The present results

are in agreement with the previous study in that the molecular

design of 8Me7HQ with a bulky methyl group at the 8 position

exerts a steric hindrance to orient the acidic enol group farther

away from the basic imine group. Furthermore, the position of the

bulky group is in the middle of the proton-transfer coordinate and

this ought to significantly increase the number of water molecules

separating the acidic and basic groups to interrupt the formation of

the reactive wire configuration.

Before concluding, we note that the bifurcation of tauto-

merization trajectory depending on the hydration environment

Fig. 4 Catalytic role of a water wire in prototropic tautomerization.

(a) Schematic representation of bulk hydration for the acid–base

reaction in water (top) and a pictorial free energy surface (bottom).

Upon photoexcitation, electronic charge redistribution induces strong

photoacidity and photobasicity on the enol and the imine group of the

probe molecule, respectively, driving the reaction to occur. Indepen-

dent water clusters hydrating the two functional groups are involved in

the course of the reaction. The pictorial energy surface is constructed

on the basis of understanding acquired in this study. Multiple minima

depict N*, A*, and T* structures participating in the reaction. The

intermediate A* species can be mapped due to its metastable nature

with the lifetime of B100 ps. (b) Schematic representation of a cyclic

H-bond formation with a water wire, catalyzing the aqueous acid–base

reaction (top), and the corresponding illustration of a free energy

surface (bottom). When the proton-hopping mechanism via water-wire

catalysis is operative, the tautomerization can be accelerated experien-

cing a lower rate-limiting activation barrier without building up

intermediate species. (c) Comparison of energetics with and without

the water-wire catalyst. DGz is an activation barrier for the rate-

determining step in each reaction pathway (solid). Because of the

unstable (short-lived) nature of A* when complexed with a hydronium

ion, the A* structure in the proton relay may be described as a

transition state (dotted).

Fig. 5 Bifurcation of the reaction trajectory for 7HQ. Two promi-

nent timescales (4.6 and 27 ps) are evident in the fluorescence transient

of N* (probed at 395 nm) in neutral water. Fits are deconvoluted

according to two different tautomerization pathways (dotted).
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of precursors accommodates controversial observations made

in the previous studies of aqueous acid–base neutralization of

7HQ.24 In Fig. 5, the two prominent timescales are evident in

the lifetime of N*. The bimodality can now be attributed to the

coexistence of ground-state cis- and trans-rotamers, of which

fractions are effectively frozen in S1 due to the increased

double bond character of a C–O bond,26,27 experiencing

different hydration environments. This leads to branching off

tautomerization into the proton relay along the water wire in

27 � 2 ps38 and the acid–base reaction with independent water

clusters forming the A* intermediate, whose lifetime is 160 ps,

in 4.6 � 0.5 ps.

Concluding remarks

The findings made in this study indicate that the quasi

1-dimensional water wire is a more effective catalyst in the

prototropic tautomerization reaction than bulk water. Although

water can simultaneously solvate both cations and anions, that is

vital for acid–base neutralization to occur, this unique amphoteric

nature of water imposes the retardation of the reaction by

stabilizing an ionic reaction intermediate. On the other hand,

the strong H-bond loop involving a complexed short water wire

can confine a proton, dissociated from a photoacid and leads the

proton to the eventual basic site. In this way, the reaction is

efficiently accomplished without missing the ejected proton into

the 3-dimensional H-bond network of bulk water. The perception

discussed here of directional proton movements may provide

fundamental knowledge for the understanding of a proton-

hopping mechanism in biological systems.
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