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We review experimental and theoretical investigations of excited-state hydrogen atom transfer
(ESHAT) reactions along unidirectionally hydrogen bonded solvent ‘wire’ clusters. The solvent
wire is attached to the aromatic ‘scaffold’ molecule 7-hydroxyquinoline (7HQ), which offers an
O–H and an N hydrogen bonding site, spaced far enough apart to form two- to four-membered
wires. S1 S0 photoexcitation renders the O–H group more acidic and the quinolinic N more
basic. This provides a driving force for the enol ! keto tautomerization, probed by the
characteristic fluorescence of the 7-ketoquinoline in the molecular beam experiments.
For 7-hydroxyquinoline � (NH3)3, excitation of ammonia-wire vibrations induces the
tautomerization at �200 cm�1. Different reaction pathways have been explored by excited-
state ab initio calculations. These show that the reaction proceeds by H-atom transfer along
the wire as a series of Grotthus-type translocation steps. There is no competition with a
mechanism involving successive proton translocations. The rate-controlling S1 state barriers
arise from crossings of a ��� with a Rydberg-type ��� state and the proton and electron
movements along the wire are closely coupled. The excited state reactant, H-transferred
intermediates and product structures are characterized. The reaction proceeds by tunnelling,
as shown by deuteration of the solvent molecules (ND3) in the wire. The first step of the
reaction exhibits intra/intermolecular vibrational mode selectivity. Substitution of NH3 by
one, two or three H2O molecules in the wire leads to increasing threshold with each additional
H2O molecule, up to >2000 cm�1 for the 7-hydroxyquinoline � (H2O)3 water-wire cluster.
No 7-ketoquinoline fluorescence is observed upon insertion of even a single H2O molecule.
The calculations show that insertion of each H2O molecule into the solvent wire introduces
a high barrier, which blocks any further H-atom transfer.
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1. Introduction

Proton and hydrogen atom transfer reactions in aqueous solutions are involved in a

large variety of chemical and biological processes [1–15]. Hence the measurement, mod-

elling and theory of proton and hydrogen transfers at the atomic level are among the

most important challenges in physical chemistry. Proton transport through transmem-

brane ion channels (‘proton wires’) is of special interest, since the energetics of cells is

intimately connected to the creation, control or utilization of proton gradients across

the cell membranes. Hydrogen-bonded wires of water molecules have been identified

in membrane-spanning proteins such as bacteriorhodopsin [16–21], the photosynthetic

reaction centre [22, 23], the transmembrane channel formed by gramicidin [24–26] and

other voltage-gated proton channels [27]. The enzymes carbonic anhydrase [28, 29] and

alcohol dehydrogenase [29] also contain proton relays along chains of water molecules

embedded in the interior of the protein. The translocation mechanisms along these

‘proton wires’ have become fields of intense theoretical study [5, 6, 8, 24–26, 28–32].
In other cases, however, the existence of a transmembrane water wire does not result

in proton translocation: The aquaporins allow efficient single file transfer of water

molecules through cell membranes [33–35], whereas the translocation of protons

along this water wire is blocked. This proton/water selectivity has been attributed to

orientational effects that are believed to destroy the perfect translocation path along

the water wire, but it has also been pointed out that a large part of the barrier is

the (mostly electrostatic) desolvation penalty of moving the proton charge from bulk

solution to water molecules in the channel interior [36–40].
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Direct molecular-level experimental observation of the motion of protons or

H-atoms along hydrogen-bonded solvent wires would help in understanding the factors

controlling proton conduction. At ambient temperatures this is difficult to achieve

because of the very short times, microscopic length scales, and solvent fluctuations

involved. The development of an atomic-level description of these reactions has long

been of fundamental interest [2–15, 41]. Experimentally, some of the complexity

associated with proton or H-atom transfer along hydrogen bonded solvent wires can

be avoided by isolating and supersonically cooling model cluster systems. Such studies

allow the investigation of reactions with precisely controlled preparation of reactants

and detection of products.
Here we focus on simple model systems in order to understand the basic aspects

of proton and/or H-atom conduction along hydrogen-bonded solvent wires.

We employ the 7-hydroxyquinoline (7HQ) molecule, shown in figure 1, which exhibits

several interesting properties:

(1) It provides a scaffold with two hydrogen bond attachment points, to which
a solvent ‘wire’ may be connected by terminal hydrogen bonds.

(2) The 7HQ scaffold induces a unidirectional (homodromic) hydrogen bond
pattern via its hydrogen bond donor and acceptor groups, see figure 1.

(3) 7HQ exhibits large changes in acid/base properties upon electronic excitation.
In the S1 state the O–H group becomes more acidic and the ring nitrogen
more basic. This allows one to drive the proton (or H-atom) from the O–H
group along the H-bonded solvent wire.

(4) The proton and/or H-atom conduction along the wire results in an excited-state
enol ! keto tautomerization reaction, yielding excited-state 7-ketoquinoline
(7KQ�). Simultaneously, the unidirectional H-bond pattern is inverted, cf.
figure 1.

(5) The keto form is stabilized in the S1 state and therefore its fluorescence
is strongly red-shifted relative to the enol and can be employed to probe the
occurrence of the proton/H-atom transfer reaction.

Below, we discuss and compare results on pure ammonia (NH3) wires, water (H2O)

wires and mixed NH3/H2O wires.

Figure 1. 7-hydroxyquinoline (left) and its tautomeric form 7-ketoquinoline (right). Arrows indicate the
hydrogen bond directionality of the solvent wires (donor to acceptor).
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2. 7-Hydroxyquinoline

2.1. Ground and excited state acid/base properties

Figure 2 shows 7-hydroxyquinoline (7HQ), the 7-ketoquinoline (7KQ) tautomer as well

as the protonated 7H2Q
þ and deprotonated 7Q� forms. The zwitterion Z represents

a different valence bond resonance structure of 7KQ that emphasizes the large dipole

moment of the 7-ketoquinoline tautomer.
Figure 3 summarizes these acid/base properties in a diagram of � (degree of dissocia-

tion) vs. pH for the S0 and S1 states [42]. In aqueous solution the neutral forms 7HQ

and 7KQ exist over a rather narrow range of pH � 6–8. Upon electronic excitation,

the pKa of the O–H group decreases from 8.7 (S0) to �2:7 in the S1 state [42], while

the pKa of the protonated quinolinic N–Hþ site increases from 5.6 in S0 to 13.5 in S1.

Not only is the existence range of the neutral form much wider in the S1 state but the

Figure 3. Degree of dissociation � vs. pH in aqueous solution for the different forms of 7HQ in the S0 and
S1 states.

e

Figure 2. 7-hydroxyquinoline in its enol form (a), the tautomer 7-ketoquinoline (b), the zwitterionic (c),
anionic (d), and cationic (e) forms.
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7HQÐ 7KQ equilibrium lies strongly on the 7KQ side. Excitation of 7H2Q
þ in the pH

range of�2 to 5 leads to formation of excited 7KQ. Similarly, the quinolinic N becomes

so basic in the S1 state that even at pH ¼ 12, 7KQ is formed in the excited state.

Extreme pHs (<�2:7 for the cation or >13.5 for the anion) are necessary in order to

see fluorescence from either the anionic or the cationic form.
The forms of 7HQ in figure 2(a)–(e) have been extensively characterized by absorp-

tion and fluorescence spectroscopies in non-polar, polar and protic solvents [42–46].

The peak emission of the 7HQ is in the 370–390 nm range, depending on the solvent.

The 7KQ emission is at 525–580 nm, strongly red-shifted relative to the enol. The

emission bands of both H2Q
þ and 7Q� lie in the 430–450 nm range. All four emission

bands can be used as diagnostic probes for proton and/or H-atom transfer reactions.

The changes in acid/base properties of 7HQ upon electronic excitation have also led

to picosecond kinetic studies in various solvents [47–58].

2.2. O–H bond breaking in the pp� and pr� states

The first step of the 7HQ ! 7KQ tautomerization reaction must involve either

homo- or heterolytic dissociation of the O–H bond. Heterolytic bond cleavage results

in proton abstraction, whereas homolytic cleavage leads to hydrogen abstraction.

Excited state hydrogen detachment and hydrogen atom transfer reactions of

hydroxyaromatic and heteroaromatic molecules have been theoretically investigated

by Domcke and Sobolewski [59–65]. They have shown that the 1��� excited states

of heteroaromatic molecules are often coupled to repulsive 1��� excited states along

the O–H or N–H bond stretching coordinate. The 1��� states are dominated by an

excitation of an electron from the � HOMO to the diffuse Rydberg-type �� orbital

shown in figure 4 and are not accessible from the electronic ground state by direct

absorption. They usually induce O–H or N–H bond cleavage, as has been shown in

studies on phenol, phenol �H2O and phenol �NH3, indole, pyrrole, adenine and the

guanine–cytosine base pair [59–69]. Such intersections of ��� with ��� excited states

represent a new type of photochemical reaction pathway [64].

Figure 4. (a) Dominant one-electron excitation of ��� excited state of 7-hydroxyquinoline. The same
contour value was used for the � and �� orbitals. (b) Cross-section of the � orbital through the 7HQ molecular
plane, showing the antibonding character along the O–H bond.
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In order to investigate the importance of ��� excited states for 7HQ photochemistry,
we calculated potential energy curves for the S0 and the lower ��� and ��� excited
states. The O–H distance was kept frozen at different values between 0.9 and 2.4 Å,
all remaining degrees of freedom were allowed to relax for each state individually.
All geometry optimizations were performed using Complete Active Space SCF wave-
functions correlating eight electrons in eight orbitals, i.e. (8,8)-CASSCF. The standard
6-31G(d,p) basis set was augmented with diffuse s and p functions (�s ¼ �p ¼ 0:02)
centred on a floating dummy atom. The position of the dummy centre was optimized
together with the other degrees of freedom. For the ground state and the ��� excited
states, the four � and four �� orbitals that dominate the ��� state wavefunction
formed the active space whereas for the ��� state the least important �� orbital was
replaced by the �� orbital shown in figure 4.

To account for dynamical correlation effects, multireference second-order
Møller–Plesset (MRMP2) calculations were performed at the (8,8)-CASSCF optimized
geometries. The MRMP2 potential energy curves along the O–H bond dissociation
coordinate are shown in figure 5. The ��� potential energy curve crosses both the
��� excited state and ground state curves, giving rise to two conical intersections, as
for indole and phenol [61, 63]. If one takes non-planar geometries into account, avoided
crossings occur. The ��� curve crosses the ��� curve at �11 500 cm�1 above the ���

minimum, which is significantly higher than in phenol [63] and indole [61].
These crossings which are generally found for heteroaromatics can serve as efficient

routes for radiationless relaxation to the electronic ground state. If sufficient
vibrational energy is present in the 1��� state, the system can gain access to the
repulsive 1��� state by means of a pathway ‘around’ the first conical intersection
formed by the crossing of the ��� and ��� states, cf. figure 5. Upon reaching the
second intersection point of the ��� with the S0 state, the funnel formed by the conical
intersection relaxes the system efficiently to the ground state.

As noted above, the O–H bond can be cleaved heterolytically, leading to the 7Q�

anion and Hþ, or homolytically, leading to the 7-quinolinyl radical 7Q. and a
ground-state H(1s) atom. We calculated both 7Q� and 7Q. using the MRMP2
method. The homolytic dissociation is favoured by more than 270 kcal/mol. The sum
of the energies of 7Q. and the H(1s) atom is indicated in figure 5 and connects
smoothly to the ��� potential energy curve. At the MRMP2 level, the 7Q� þHþ

dissociation limit is 98 000 cm�1 above the homolytic limit. Therefore, both the S0

ground and the ��� excited state also undergo homolytic dissociation along the O–H
coordinate and correlate with excited states of the 7Q. radical (not shown in
figure 5). These excited states are essentially described by excitations from the highest
doubly occupied MOs to the singly occupied MO (SOMO excited states), the lowest
of which are in the near infrared.

The �� orbital shown in figure 4 is diffuse or Rydberg-like only at short O–H
distances <1.2 Å; at larger distances, it contracts considerably. As the dummy centre
carries only diffuse functions, whereas the H-atom carries a compact valence 1s plus
2p polarization function set, the size of the �� orbital can be quantified in terms of the
Mulliken atomic populations of these two centres. In figure 6 one clearly sees that the
population of the dummy centre with the diffuse functions decreases rapidly for O–H
distances >1.2 Å and is no longer important for the description of the �� orbital.
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3. The 7-hydroxyquinolineE(NH3)n ammonia-wire clusters: an overview

3.1. Structures and electronic origins

We have investigated the 7HQ � (NH3)n, n¼ 1–4 clusters in the ground and first excited
states with the B3LYP density functional and the 6-311þþG(d,p) basis set. Figure 7
shows the energetically lowest structures. The minimum energy structure of
7HQ �NH3 is Cs symmetric in both the S0 and S1 states. Both the trans- and cis-
rotamer of 7HQ are observed in the molecular-beam environment [70, 75]; the more
stable cis-rotamer is shown in figure 7 while the trans-rotamer is 1.6 kcal/mol less stable.

The most stable structure of 7HQ � (NH3)2 is also Cs symmetric with the H-bond
network of the ammonia wire coplanar to the aromatic frame. The trans- and cis-
rotamer homodromic cyclic isomers with H-bonds from the second NH3 back to the
O–H group are 2.5 and 1.6 kcal/mol less stable than the cis-ammonia wire isomer.

Figure 5. MRMP2 potential energy curves for O–H bond breaking in the electronic ground state and the
lowest excited states of A0 (���) and A00 (���) symmetry of 7-hydroxyquinoline.
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For 7HQ � (NH3)3, an extensive search yielded only three energetically low-lying

isomers. These have been labelled as in [75]: 3ch3 is the ammonia wire isomer, 3cy3

involves a cycle from the O–H group back to the O-atom and 3ch2cy2 involves

a chain of two and a cycle of two ammonia molecules, one molecule joining

both structures. The 3ch3 isomer is calculated to lie 1.2 kcal/mol below 3cy3 and

1.8 kcal/mol below 3ch2cy2. We expect the populations of the 3cy3 and 3ch2cy2
isomers to be small at the supersonic jet temperatures of �10K.

For the 7HQ � (NH3)4 clusters, we investigated four isomers using the same

nomenclature: 4ch4, 4ch3cy2, 4ch2cy3 (not shown in figure 7), and 4bch3 involving

a bifurcated chain. The B3LYP calculations predict small energy differences of

<0.7 kcal/mol between these isomers, thus, we expect several isomers to be present in

the supersonic expansion, in agreement with our experimental observations (see below).
The stability order of the isomers predicted by the B3LYP calculations are indepen-

dently confirmed by comparisons of the experimentally observed 000 origins with the

theoretical excitation frequencies. The latter were calculated by time-dependent density

functional theory (TD-DFT) using the B3LYP functional and the 6-311þþG(d,p) basis

set, as for the binding energy calculations. Figure 8 plots the calculated excitation

energies vs. the experimental 000 bands [74, 76–78]. The correlation between the

TD-B3LYP calculated and experimentally observed electronic origins is very good.

In absolute terms, the calculated transition energies are only 6–7% higher than experi-

ment. The electronic origins of the clusters 7HQ � (NH3)n, with n¼ 0–2 and
7HQ � (H2O)n with n¼ 1–3 are used as reference points to fit the curve in figure 8.

The slight curvature can be rationalized by taking into account that (i) the experimental

excitations are adiabatic while the calculated excitations from the S0 state structures are

vertical; (ii) the vertical excitation from the ground state equilibrium geometry occurs to

Figure 6. Mulliken atomic populations of the �� orbital for the dummy centre (dotted) and for the O–H
hydrogen atom (solid) in the ��� state.
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Figure 7. Minimum-energy structures of 7-hydroxyquinoline � (NH3)n clusters with 1 � n � 4.
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a non-relaxed excited-state geometry and the extent of relaxation is expected to increase
with cluster size.

For the 3ch3 ammonia-wire isomer cluster, the TD-B3LYP predicted origin
frequency is in nearly perfect agreement with experiment. The electronic origins of
the 3ch2cy2 and 3cy3 isomers are predicted to lie 225 cm�1 and 1100 cm�1 to the
blue of the 3ch3 isomer, indicated in figure 8. Indeed, no signals have been observed
for these less stable isomers.

3.2. Resonant two-photon ionization spectra

The 7HQ � (NH3)n clusters were synthesized and cooled in a 20 Hz pulsed supersonic
expansion of Ne mixed with 0.3–1% NH3. Two-colour resonant two-photon ionization
(2C-R2PI) spectra were measured by crossing the jet with excitation and ionization
laser beams in the source of a time-of-flight mass spectrometer. The ionization laser
was tuned above the onset of two-colour photoion signal. The experimental details
are described elsewhere [79, 80].

Figure 9 shows the S1 S0 2C-R2PI spectra of the 7HQ � (NH3)n clusters with
1 � n � 4. Up to n¼ 3, the spectra show discrete and narrow bands with rotational

Figure 8. The calculated time-dependent B3LYP S1 S0 frequencies vs. experimental 000 frequencies
of 7HQ, 7HQ � (NH3)n (1 � n � 3) and the 7HQ � (H2O)n (1 � n � 3) clusters. The values indicated by œ
are used for the parabolic fit. The 7HQ � (NH3)3 isomers marked by � are not observed experimentally.
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contours of 1–2 cm�1 width. The n¼ 1 spectrum exhibits sharp bands from 29 900 cm�1

to >1500 cm�1 higher and the n¼ 2 spectrum from 29 100 to >900 cm�1 higher
frequencies [74, 78]. In contrast, the n¼ 3 spectrum abruptly falls off �200 cm�1

above the S1 S0 electronic origin. This disappearance is due to the onset of a fast
process at �200 cm�1 excess vibrational energy. As discussed below, this process has
been identified as excited state H-atom transfer along the ammonia chain, ultimately
resulting in the enol ! keto tautomerization [81]. For 7HQ � (NH3)4, bands with
much larger widths of 25–70 cm�1 are observed, which are superimposed on a
continuous background. Bach et al. have concluded that the discrete but broad
bands at lower frequencies and loss of vibrational structure at higher frequencies are
due to ultrarapid excited-state processes such as H-atom transfer [77].

Figure 9. Two-colour resonant two-photon ionization spectra of 7-hydroxyquinoline � (NH3)n, 1 � n � 4.
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4. Excited-state hydrogen atom transfer in 7-hydroxyquinolineE(NH3)3

4.1. UV–UV depletion and fluorescence action spectra

Figure 10(a) shows the low-frequency part of the S1 S0 2C-R2PI spectrum of

7HQ � (NH3)3 in more detail: About 200 cm�1 above the origin, the narrow vibronic

bands disappear, with traces of band structure at þ256 and þ332 cm�1. The UV–UV

depletion spectrum in figure 10(b) is a three-laser experiment: The two lasers for the

2C-R2PI measurement are fixed at the electronic origin and monitor the constant

vibronic ground state population of the cluster. A third hole-burning laser is fired

�100 ns before the 2C-R2PI measurement. If it is tuned to the S1 S0 electronic

Figure 10. Spectra of 7HQ � (NH3)3 in the excited state by three different techniques: (a) two-colour
resonant two-photon ionization spectrum of 7HQ � (NH3)3, (b) UV–UV depletion spectrum of
7HQ � (NH3)3, and (c) fluorescence action spectrum of 7HQ � (NH3)3 at 18 360 cm

�1.
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origin, the ground-state population is depleted, and the resulting ‘dip’ is observed in the
2C-R2PI signal. If the hole-burning laser is scanned, a dip is observed in the R2PI
signal at every vibronic band of the S1 S0 spectrum. The depletion of the ground
state population is proportional to the Franck–Condon factor as in the R2PI spectrum,
so the hole-burning spectrum is an approximate mirror-image of the R2PI spectrum.
The hole-burning spectrum exhibits resonant dips for all S1 S0 vibronic transitions,
even if the excited-state levels are very rapidly depopulated, e.g. by proton transfer,
H-atom transfer or other reactions. Hence the hole-burning technique shows bands
that are not observable in the R2PI spectrum.

Measurements of single vibronic level UV fluorescence from the individual vibronic
bands of 7-hydroxyquinoline � (NH3)3 in figure 10(a) are shown in figure 11. For these
measurements, the UV laser pulse (500 mJ) crossed the jet 5mm downstream from the
nozzle. The fluorescence is dispersed with monochromator and detected with a
photomultiplier. The spectra were corrected for the wavelength dependence of the
monochromator transmission and the photomultiplier sensitivity curve.

The excitation of the S1 ! S0 emission of 7HQ � (NH3)3 at different vibronic bands
in the 0–200 cm�1 region leads to UV fluorescence with a lifetime of �fl �1 ns.

0 100 200 300 400
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Figure 11. (a) UV-visible fluorescence spectra of 7-hydroxyquinoline � (NH3)3, excited at the 000, þ155,
þ187, þ200, þ256 and þ461 cm�1 bands. The visible fluorescence spectra are scaled 10�. The UV fluores-
cence from the þ461 cm�1 band cannot be measured due to the fluorescence from the n¼ 2 cluster. (b) Top:
keto fluorescence action spectrum. center: The integrated UV and yellow fluorescence intensities, cf. part (a),
as a function of the vibrational excitation energy. The UV fluorescence from the 000 band is set to 100.
Bottom: 2C-R2PI spectrum of 7HQ � (NH3)3.
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As figure 11 shows, the UV fluorescence drops off rapidly >200 cm�1 above the origin,
in qualitative agreement with the disappearance of the 2C-R2PI signals and confirming
the loss of the excited state enol 7HQ* � (NH3)3 population. Concurrent with the loss of
the UV fluorescence of 7HQ* � (NH3)3, one observed an increase in the yellow fluores-
cence emission [82]. The yellow fluorescence is assigned to the S1 state 7-ketoquinoline
(7KQ�) tautomer, based on extensive observation in bulk protic solvents [42–44, 49].

The fluorescence action spectrum, figure 10(c), was measured by monitoring the
yellow fluorescence of the keto 7KQ � (NH3)3 at 18 360 cm

�1 while scanning the excita-
tion laser over the UV absorption bands of the enol form. This spectrum exhibits the
same characteristic vibronic band pattern of 7HQ � (NH3)3 observed in the UV–UV
depletion spectrum, which implies that excitation of the enol 7HQ � (NH3)3 at all
energies higher than 200 cm�1 above its origin leads to emission from the keto
7KQ��(NH3)3 cluster. Significantly, the onset of discrete bands in the action spectrum
coincide with the highest frequency bands observed in the 2C-R2PI spectrum �200 cm�1

above the origin. The background signal arises from fluorescence of larger clusters
that are produced in the supersonic expansion; these do not show discrete bands
in their 2C-R2PI spectra [76]. The excited state enol ! keto tautomerization
must involve excited state Hþ or H-atom translocation along the (NH3)3 wire to the
quinolinic N-atom.

4.2. Two reaction paths: ESHAT vs. ESPT

We interpret the experimental results shown above using configuration interaction
singles (CIS) calculations of the low-lying excited states. We assume that the observed
excited state enol! keto tautomerization involves either proton or H-atom Grotthus-
type translocation along the (NH3)3 wire to the quinolinic N-atom [81, 83]. The CIS
potential energy curves for proton and H-atom transfer are shown in figure 12. For
H-atom transfer, we find three local minima with an H-atom successively localized
on the first, second and third ammonia molecule, cf. figure 13. These structures are
denoted HT1, HT2 and HT3. The first transition state (TS) between the enol and
HT1 minima is labelled TSe=1, followed by the intermediate transition states TS1/2
and TS2/3. The last transition state TS3=k leads to the excited-state keto cluster.

The calculations predict that the S1 S0 excitation occurs dominantly from the
highest occupied � molecular orbital (MO) on 7HQ. The enol S1 state is a ���

excitation localized on 7HQ. On the other hand, the S4 state is a ��� Rydberg-type
excitation. The S1 and S4 states cross along the H-atom transfer reaction path between
the enol and the HT1-form; in Cs symmetry this leads to a conical intersection, cf.
section 2.2. For non-planar geometries, such an intersection leads to an avoided crossing.
Thus, the TSe=1 barrier predicted by the CIS calculations originates from the crossing of
the ��� and ��� states, which gives rise to a non-adiabatic change of the excited state
wavefunction in the vicinity of TSe=1. The last barrier TS3=k originates from a reverse
crossing between the ��� and ��� states, leading to the ��� excited 7KQ� tautomer.

Excited state hydrogen transfer has been modelled for phenol, indole,
1-naphthol � (NH3)n and phenol � (NH3)n clusters [63, 64, 84–86], for which the lowest
��� excited states are dissociative along the N–H or O–H bond stretching coordinates.
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Here, the ��� state does not primarily lead to cluster dissociation but to H-atom trans-
fers from the hydrogen-bonded O–H of 7HQ along the hydrogen-bonded (NH3)3 wire.

The calculated electronic TSe=1 barrier height is 3720 cm�1; this value should be
regarded as an upper estimate since CIS typically overestimates such barriers
[60, 63, 64]. These calculations predict the enol ! HT1 step to be exoergic by about
2600 cm�1, providing the driving force of the reaction. The HT1, HT2, HT3, and
7KQ forms lie close in energy, with the 7KQ form the lowest. Once the system
passes through the TSe=1 barrier, the two subsequent barriers are surmounted.
Presumably, the H-atom fluctuates over large distances between the HT1 and HT3
forms. The last barrier TS3=k between the HT3 and 7KQ forms is calculated to be
nearly as high as TSe=1 and it must also be passed by tunnelling (as above, note the
overestimate of barrier heights by the CIS method [60, 63, 64]).

The entire enol ! keto reaction is exoergic by 3860 cm�1. The calculated S1$S0

energy difference for the 7-ketoquinoline is 18 020 cm�1, in good agreement with
experimental fluorescence maximum at 18 360 cm�1. At the CIS level, the calculated
energy to remove one NH3 molecule from the wire is about the same as that available
from the exoergicity of the H transfer reaction. Hence, the enol ! keto reaction may
lead to loss of one NH3 molecule from the cluster preceding the keto fluorescence.

Figure 12. CIS calculated reaction profiles for the excited state H-atom transfer (full curve) and proton
transfer path (dashed curve) of 7HQ � (NH3)3. The calculated energies of the enol and the keto form in the S0

ground state are also indicated. The MOs contributing dominantly to the excited state wavefunctions are
shown for the minima along the ESHAT and ESPT profiles. The S0 state enol energy is set to zero and the
S1 state minimum of the enol is offset to match the experimental electronic origin.
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The dominant configuration in the excited wavefunction involves promotion of an
electron from the highest occupied � orbital of 7HQ to the orbitals shown in
figure 12 at different steps of the reaction. For the enol, this is the 7HQ �� orbital,
but for HT1 it is a �� orbital on the newly generated NH4 moiety. Accompanying
this change of excited state character is a transfer of about 0.9 electrons from the
7HQ moiety to the first NH3; i.e. the incipient proton transfer becomes an H-atom
transfer in the vicinity of TSe=1. After passing the TSe=1 barrier, the lowest excited
state retains the ��� character along the translocation coordinate up to TS3=k. The
�� orbital accompanies the H-atom as it moves along the ammonia wire via HT1,
HT2, and HT3, see figure 12. A reverse switch from the NH4 �

� to a �� orbital on
7-ketoquinoline occurs near the TS3=k barrier.

Both the �� ! �� and the �� ! �� crossings lead to large changes of the
S1 ! S0 oscillator strength. In Cs symmetry, fluorescence is allowed from the ���

but forbidden from the ��� state and this selection rule is approximately retained
in C1 symmetry. The calculated S1 ! S0 oscillator strength of the 7KQ ��� state
is f¼ 0.294, whereas for the ���-type states of HT1–HT3 they are f¼ 0.001 to
0.004. This implies that the HT1–HT3 biradicals have long radiative lifetimes
and explains why no fluorescence is experimentally observed from these reaction
intermediates.

CASSCF calculations were then performed for the enol, HT1, HT2, HT3, and 7KQ
minima and the TS1=2 and TS2=3 transition states, all in Cs symmetry. In Cs symmetry,
the TSe=1 and TS3=k transition states are conical intersections, where the transition-state

Figure 13. 7HQ � (NH3)3 structures at the stationary points along the H-atom transfer pathway, cf. figure 12.
Note that the lower half of the 7HQ molecule has been cut away for increased detail.
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optimization methods fail. For this reason, the respective energies were not calculated
at the CASSCF and MRMP2 levels.

The CASSCF energies are lower than the CIS energies due to the contributions of
double and higher excitations. The 7KQ form is 3800 cm�1 lower than at the CIS
level. Also, the ��� part of the reaction profile (HT1–HT3) is significantly stabilized
relative to the ��� excited enol and keto forms. This can be rationalized by the biradical
nature of this intermediate region. CASSCF calculations mainly recover the non-
dynamical correlation energy and therefore the closed-shell singlets (enol and keto)
are predicted too high in energy. Although at the CASSCF level the ��� part of the
reaction path from HT1–HT3 is about 10% lower than at the CIS level, the relative
energies and barrier heights are very similar.

With the MRMP2 method, the calculated adiabatic transition energy for the enol is
29 245 cm�1, only 450 cm�1 higher than the experimental 000 band. For the keto cluster
the adiabatic transition energy is 17 180 cm�1, 1200 cm�1 lower than the observed keto
fluorescence maximum. The inclusion of dynamic correlation at the MRMP2 level has
impressive effects relative to the CASSCF calculations. The ��� part of the reaction
profile (HT1–HT3) is moved upward into the vicinity of the CIS energies.
Furthermore, the barriers at TS1/2 and TS2/3 are lowered relative to both the CIS
and CASSCF calculations.

Figure 14. Calculated CASSCF (grey curve) and MRMP2 (black curve) potentials of the excited state
enol ! keto H-atom transfer pathway of 7HQ � (NH3)3.
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The existence and energetics of the excited state proton-transfer (ESPT) paths and
structures have not been addressed in previous investigations of excited-state HAT
reactions [59, 62–64]. We studied the ESPT pathway of 7HQ � (NH3)3 at the CIS
level. Starting with the HT1, HT2, and HT3 equilibrium structures, the systems were
held in the ��� state and optimizations were performed. As shown in figure 12, the
resulting ESPT pathway exhibits a single minimum; since its structure is analogous
to HT2, it is denoted PT2. The proton transferred forms analogous to HT1 and HT3
are transition states that lie �16 kcal/mol above the enol, cf. figure 12; they are denoted
PT1 and PT3. The enol! PT2 reaction corresponds to a synchronous translocation of
the two protons from O ! N1 and from N1 ! N2. The PT1 barrier is 5.2 kcal/mol
higher than the TSe=1 H-atom transfer barrier and is much wider. The PT2 minimum
is 11.7 kcal/mol less stable than the enol. Consequently, the S1 S0 electronic excita-
tion provides no driving force for the ESPT reaction. There is no competition between
PT and HAT in the excited state. That the ��� state reaction involves a proton transfer
is shown by Mulliken population analysis: In the ��� PT2 form, the NH4 moiety carries
a Mulliken charge of þ0.70e, whereas it is �0:41e in the ��� state. In other words, the
charge difference between the two forms is �1. To summarize: the dominant orbital
character of the lowest excited state of the intermediate forms determines whether
the reaction is a proton transfer (the system stays on the ��� state surface) or a
H-atom transfer (the intermediate forms are in a low-lying ��� state).

4.3. The enol ! HT1 reaction coordinate

The intrinsic reaction coordinate (IRC) for the enol!HT1 step of the H-atom transfer
reaction was calculated at the CIS/6-31(þ)G(d,p) level. The IRC is the steepest descent
path in mass-weighted coordinates and is calculated by propagating the system from
the transition state TSe=1 backwards and forwards towards the enol and HT1 minima.

The enol! HT1 reaction profile in figure 15 is plotted as a function of the ‘heavy’
coordinate O� � �NA and of the ‘light’ coordinate �, which mainly involves H-atom
motion. It is defined as the difference (O� � �P) – (P� � �NA), where P is the projection
of the H-atom on the O� � �NA axis. The projection of the IRC onto the potential
energy vs. � plane in figure 15 is similar to the curve obtained if the O–H distance
is used as a driving coordinate [87]. The other two projections (energy vs. O� � �N and
O� � �N vs. �) show the utility of the ‘light’ and a ‘heavy’ coordinates: the reaction
starts at the enol minimum with R ¼ 2:80 Å and � ¼ �0:87 Å. In a first step, both R
and � contract by �0.35 Å and the potential energy rises by �1500 cm�1. In a second
phase, the O� � �NA distance remains constant at 2.47 Å whereas � increases from
�0:5 to þ0.44 Å; this part of the reaction accounts for 60% of the barrier height
(2300 cm�1 out of 3800 cm�1). In the last phase, R increases by about 0.45 Å and �
by 0.3 Å. Most of the barrier is passed along the H-atom transfer coordinate, implying
that tunnelling is very important for this reaction.

4.4. Vibrational mode selectivity

For the 7HQ � (NH3)3 cluster, all overtones and combinations of the intermolecular
ammonia-wire vibrations appear only in the UV–UV depletion spectrum but not in
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the R2PI spectrum. However, several intramolecular vibrational fundamentals are
weakly observed in the R2PI spectrum above the threshold [80], see figure 9. This
implies that the intramolecular vibrations accelerate the ESHAT reaction less efficiently
than the intermolecular modes. This mode selectivity is especially pronounced for the
deuterated cluster d2-7DQ � (ND3)3, for which intramolecular vibronic bands appear
in the R2PI spectrum quite far above the 300 cm�1 reaction threshold, see figure 16.

Within the framework of non-adiabatic proton transfer theory, several models have
been developed that predict a vibrational state dependence of the tunnelling
rates [4, 9, 88–92]. Based on these concepts, one expects that excitation of the
intermolecular ammonia-wire stretching modes allow the cluster to approach TSe=1,
thereby increasing the tunnelling rate.

Figure 17 shows the normal mode eigenvectors that correspond to the strongest
vibronic excitations of the S1 S0 transition. The detailed analyses and mode
assignments for 7HQ � (NH3)3 and 7DQ � (ND3)3 are given in [80]. Briefly, the vibrations
can be grouped into the intermolecular modes �1 (out-of-plane ammonia wire deforma-
tion), �1 (NC–H� � �NQ stretch), �2 (symmetric NA–H� � �NB–H� � �NC–H stretch), �3
(antisymmetric NA–H� � �NB–H� � �NC–H stretch) and �4 (O–H� � �NA stretch). The �3
mode is mixed with the intramolecular out-of-plane deformation �2 and is denoted
�2=�3 below. The �4, �7, and �14 modes are dominantly in-plane intramolecular
vibrations of 7HQ.

Intermolecular vibrations with components along the 7HQ–O–H� � �NH3 hydrogen
bond distance directly modulate the tunnelling path for the ESHAT reaction, cf.
section 4.3. On the other hand, excitation of intramolecular vibrations distorts the

Figure 15. Intrinsic reaction coordinate (IRC) connecting the enol and HT1 minima. The potential energy
is plotted against the ‘heavy’ O� � �N coordinate and the ‘light’ � coordinate, see text.
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7-hydroxyquinoline framework but typically does not drive the system toward the TSe=1
barrier [80]. The mode selectivity is closely connected to the ���=��� state crossing:
the modes that accelerate the ESHAT are those that reduce the energy difference
between the ��� and the ��� states. For each vibrational mode, the ��� and ���

potential energy curves were calculated for small displacements along the ��� state
normal-mode eigenvectors. Figure 18 shows the resulting curves for the �1, �2, and �4
intermolecular modes and for the �2=�3, �4, and �7 intramolecular modes, respectively.

For the ��� state, all the potential curves are close to harmonic, albeit with different
curvatures. However, for the ��� state, displacement along the three intermolecular
coordinates leads to monotonic decreases, viz. figure 18. Since the ESHAT
reaction barrier is formed by the crossing of the ��� and ��� states, displacement
along these intermolecular coordinates must lead towards regions with lower barriers.

Figure 16. 2C-R2PI and UV–UV depletion spectra of the deuterated cluster d2-7DQ � (ND3)3. The bands
indicated in grey in UV–UV depletion are not observed in the 2C-R2PI spectrum.
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In contrast, along the �2=�3 and �4 coordinates the PE curves in the ��� state are much
closer to those in the ��� state. Vibrational excitation along these coordinates does not
reduce the ���-��� energy difference significantly. The potential energy curves of �1, �1,
and �14 (not shown here) are similar to those of �2=�3 and �4.

In order to compare the effects of the different modes on an equal footing, we chose
the vibrational displacement in the ��� state to correspond to that of the respective ���

fundamental vibrational frequency. Figure 19(a) shows for 7HQ � (NH3)3 the calculated
energy difference between the ��� and the ��� states plotted against the vibrational
energy in the ��� state. The energy differences are highly specific to the vibrational
mode: Vibrational displacements along the intramolecular modes �1, �2=�3, �4, and
�14, and the intermolecular mode �1 either increase (by less than 100 cm�1) or do not
change the ���-��� energy difference. Hence they will not lower the tunnelling barrier.
On the other hand, the intermolecular modes �1, �2, �4, and the intramolecular mode �7
decrease the ���–��� energy difference by 300–450 cm�1, i.e. excitation of these modes

Figure 17. Low-frequency inter- and intramolecular vibrational eigenvectors of 7-hydroxyquinoline � (NH3)3.
The modes for the deuterated cluster are similar.

Hydrogen transfer in ammonia and water-wire clusters 477

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
5
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



in the ��� state leads to considerable decreases of the barrier height. Similar effects

are predicted for the deuterated cluster, shown in figure 19(b).
The calculated mode-selective effects as well as the changes in mode selectivity upon

deuteration are in good agreement with the experimental results. For 7HQ � (NH3)3 the

three stretching fundamentals �01, �
0
2 and �03 are observed in the R2PI spectrum, while

�04 lies above the reaction threshold and is only observable in the UV–UV depletion

spectrum. All combinations and overtones of �01, �
0
2, �
0
3 and �

0
4 have very short lifetimes

and do not appear in the R2PI spectrum. The intramolecular vibrations �4 and �7 are
weakly observed in the 2C-R2PI spectrum.

For 7DQ � (ND3)3, the disappearance of the vibronic bands in the R2PI spectra sets in

around 300 cm�1, see figure 16. Also, the threshold is not sharp and several vibronic

levels appear around 300 cm�1; e.g. 2�02, �
0
2 þ �

0
2 and �04. The intramolecular mode �07

appears more intensely in the R2PI spectrum than for the non-deuterated cluster and

the �014 mode is detectable, while the UV–UV depletion spectrum shows a number of

intermolecular overtone and combination bands that do not appear in the R2PI spec-

trum above 300 cm�1; e.g. the 2�02 þ �
0
1 combination is only 10% lower in frequency

than �07 and exhibits similar intensity but only �07 remains in the R2PI spectrum. This

clearly shows that the mode selectivity is even stronger for the 7DQ � (ND3)3 cluster

and that the two intramolecular modes �07 and �014 accelerate the ESHAT reaction

considerably less than the intermolecular vibrations.

Intermolecular modes Intramolecular modes

Figure 18. CIS calculated potential along the intermolecular normal coordinates �1, �2, and �4 (left)
and along the intramolecular normal coordinates �2=�3, �4, and �7 (right), for the ��� and the ��� states.
Note the break in the vertical energy scale.
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5. Solvent effects on excited state H-atom transfer: mixed ammonia/water clusters

5.1. Comparison of 7HQE(H2O)3 and 7HQE(NH3)3

Following the description of the effects of excited-state H-atom transfer on the S1 S0

spectra of 7HQ � (NH3)3, we discuss the effects of stepwise substituting NH3 by H2O in

the n¼ 3 solvent-wire cluster. Figure 20 shows the mass-selected two-colour R2PI

spectra of 7HQ � (NH3)3, the 7HQ � (NH3)n�(H2O)m mixed clusters with nþm ¼ 3 and

the water-wire cluster 7HQ � (H2O)3. All spectra are plotted relative to the respective

S1 S0 electronic origins. Figure 20(b) and (c) are hole-burning difference spectra,

since the 2C-R2PI spectrum of 7HQ � (NH3)2 �H2O (not shown) is a superposition of

the spectra of two isomers with origins at 28 348 cm�1 (isomer A) and 28 694 cm�1

Figure 19. Calculated energy differences of the ��� and ��� potential energy surfaces (in cm�1) of the
7HQ � (NH3)3 (a) and 7DQ � (ND3)3 (b) enol clusters, plotted vs. the v¼ 0 ! 1 excitation energy. For each
vibrational mode, the displacement along the positive vibrational coordinate (as shown in figure 17) is chosen
to yield the vibrational v¼ 0! 1 excitation energy in the ��� state. The ���–��� vertical energy difference
is calculated at this displacement.

Hydrogen transfer in ammonia and water-wire clusters 479

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
5
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



(isomer B), respectively [93]. For 7HQ �NH3�(H2O)2 and 7HQ � (H2O)3, hole-burning

experiments show that the spectra in figure 20(d) and (e) are due to single isomers.
The band structure in figure 20(a)–(e) is seen to extend to increasingly higher

vibrational frequencies with increasing H2O content of the cluster. For 7HQ � (NH3)3,

the structure breaks off �200 cm�1 above the origin, for the two isomers of

7HQ � (NH3)2 �H2O it breaks off at �350 cm�1 above their respective electronic origins

and for 7HQ �NH3�(H2O)2 above �500 cm�1. In contrast, the spectrum of

7HQ � (H2O)3 exhibits sharp vibronic bands up to >12 500 cm�1. From this, we can

draw several conclusions. (i) The energy threshold for H-atom transfer depends on

the chemical composition of the solvent wire. Stepwise replacement of NH3 by H2O

increases the energy threshold for H-atom transfer. (ii) The observation of an extended

R2PI spectrum for 7HQ � (H2O)3 shows that no excited-state reaction occurs for

7HQ � (H2O)3 up to an excess vibrational energy of 1500 cm�1. (iii) The fact that

the vibronic band structure of 7HQ � (NH3)3 and all the 7HQ � (NH3)n�(H2O)m mixed

Figure 20. Two-colour resonant two-photon ionization spectra of 7HQ � (NH3)3 (a), 7HQ �H2O(NH3)2
(b-c), 7HQ � (H2O)2NH3 (d), and 7HQ � (H2O)3 (e).
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clusters break off in the range 200–600 cm�1 shows that a single NH3 molecule in the
solvent-wire induces the excited-state reactivity.

As for 7HQ � (NH3)3 above, we have analysed the effects of the composition of the

solvent wire on the ESHAT reaction based on CIS/6-31(þ)G(d,p) calculations.
Figure 21 compares the calculated ESHAT reaction profiles of the pure water-wire
and ammonia-wire clusters, 7HQ � (H2O)3 and 7HQ � (NH3)3. The profiles exhibit the
same types of stationary points, the successive minima corresponding to subsequent

Grotthus-like H-atom translocated structures. The first H-atom transfer along the
water-wire is predicted to be strongly endoergic. Also, the HT1–HT3 intermediates
for the water-wire all lie 6400–6800 cm�1 above the enol minimum, whereas for the
ammonia-wire they lie 2300–3250 cm�1 below the enol. Figure 21 also shows the orbi-

tals that contribute dominantly to the S1 state wavefunctions. As for 7HQ � (NH3)3,
the enol and keto tautomers of 7HQ � (H2O)3 give rise to ��

� type excitations, whereas
the structures HT1–HT3 and the two intermediate transition states are of ��� type.

Figure 21. CIS/6-31(þ)G(d,p) ESHAT reaction profiles for the water-wire 7HQ � (H2O)3 (black) and
ammonia-wire 7HQ � (NH3)3 (grey). Below: Molecular orbitals contributing dominantly to the S1 state
wavefunctions for the important stationary points along the ESHAT profile for 7HQ � (H2O)3.
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In the vicinity of the enol–HT1 barrier TSe=1 and the HT3–keto barrier TS3=k, strong
non-adiabatic ��� $ ��� mixing occurs, and the S1 state wavefunction cannot be
described in terms of single-electron excitations.

5.2. The mixed 7HQE(NH3)2EH2O and 7HQENH3E(H2O)2 clusters

The three stable isomers 3ch3, 3ch2cy2 and 3cy3 found for 7HQ � (NH3)3 [80] were used
to generate starting structures for the mixed clusters. All possible sequence substitutions
were considered, e.g. ammonia–water–water (AWW), water–ammonia–water (WAW)
and water–water–ammonia (WWA) for the 7HQ �NH3�(H2O)2 cluster. The sequence
substitutions of the three isomers results in nine isomers each for 7HQ � (NH3)2 �H2O

and 7HQ �NH3�(H2O)2.
The assignment of the three spectra in figure 20 to specific structure and

sequence isomers is based on the calculated H-bond binding energies, and on the calcu-
lations of the 000 transition frequencies with the TD-B3LYP method, cf. section 3.2.
For the identification of the mixed cluster isomers, we extrapolate the curve of
figure 8 to lower transition frequencies in figure 22. The observed 7HQ �NH3�(H2O)2
electronic origin perfectly matches the calculated transition for the 3ch3–AWW

isomer, but not for the 3ch3–WAW and 3ch3–WWA isomers. For the two observed
isomers of the 7HQ � (NH3)2 �H2O cluster, very good agreement is found for isomer
B with the calculated 3ch3–AWA isomer. The 7HQ � (NH3)2 �H2O isomer A is assigned
as 3ch3–AAW with a slight discrepancy, but still in good agreement with the other

Figure 22. The calculated vertical TD-B3LYP S1 S0 transitions vs. experimental 000 transitions of the
mixed ammonia-water clusters 7HQ � (NH3)n�(H2O)m (nþm ¼ 3). The curve was fitted to the values for
7HQ � (NH3)n (n¼ 0–2) and 7HQ � (H2O)n (n¼ 1–3), see figure 8.
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clusters. These assignments agree perfectly with those obtained from the calculated

relative cluster stabilities.
The calculated ESHAT reaction profile for the 7HQ � (NH3)2 �H2O 3ch3–AWA

cluster is shown in figure 23. It closely follows that of 7HQ � (NH3)3 except for the

central part. Replacement of an NH3 molecule by H2O pushes the potential upwards

by about 6500 cm�1. The HT2 form is no longer a minimum as in 7HQ � (NH3)3 but

a transition state, �3500 cm�1 above the enol.
The enol!HT1 step has a slightly higher barrier and is less exoergic than that of the

ammonia wire. However, the overall enol! keto reaction is calculated to be 130 cm�1

more exoergic than for the 7HQ � (NH3)3 cluster. The calculated ESHAT reaction

profile for the 3ch3–AWW isomer of 7HQ �NH3 �H2O2 is shown in figure 24, together

Figure 23. Left: CIS/6-31(þ)G(d,p) ESHAT reaction profile for the 3ch3–AWA isomer (full line), compared
to that of 7HQ � (NH3)3 (dotted line). Both profiles are referenced to the energy of the enol cluster in the S1

state. Right: minimum energy structure of the 3ch3–AWA isomer.

Figure 24. Left: CIS/6-31(þ)G(d,p) ESHAT reaction profile for the 3ch3–AWW isomer of
7HQ �NH3 �H2O2 (full line), compared to that of 7HQ � (NH3)3 (dotted line). Both profiles are referenced
to the energy of the enol cluster in the S1 state. Right: minimum energy structure of the 3ch3–AWW isomer.
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with that of 7HQ � (NH3)3 for reference. A total of two minima and three transition
states were found along the ESHAT pathway. The enol ! HT1 barrier TSe=1 barrier
is 3960 cm�1, again slightly higher than for the ammonia-wire cluster. However, the
HT1 minimum is raised significantly and the enol ! HT1 exoergicity is reduced
from �2390 cm�1 to �1000 cm�1. No stationary points corresponding to TS1/2 and
HT2 could be found. The HT3 structure is predicted to be a shallow minimum,
6250 cm�1 above the enol form. The overall enol ! keto exoergicity is again very
similar to that of the ammonia-wire cluster.

5.3. Discussion

Figure 25 collects all four ESHAT potentials presented above. Relative to the
7HQ � (NH3)3 cluster, substitution of every NH3 by an H2O molecule raises the
potential minima by 7000–8000 cm�1 and the transition states by 4000–7500 cm�1.

For the water-wire cluster, even the first transition state TSe=1 is raised significantly
and the first reaction step is endoergic. Substitution of the central ammonia by H2O in
7HQ � (NH3)2 �H2O AWA leads to a perturbation of the ESHAT potential in the
vicinity of HT2; exchange of the last two ammonia molecules leads to a potential
that closely follows that of the pure water wire cluster in the last part, i.e. between
TS2/3 and keto. The relative energies of the HT1 forms also depend on the chain
composition. The HT1 form of the ammonia wire AAA lies 2390 cm�1 below the

AAA

AWA

AW W

WWW

Figure 25. ESHAT potentials of the solvent-wire clusters: 7HQ � (NH3)3 (AAA), 7HQ � (NH3)2 �H2O
(AWA), 7HQ �NH3�(H2O)2 (AWW) and 7HQ � (H2O)3 (WWW).
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enol, for AWA only by 1820 cm�1 and for AWW by only 1000 cm�1. The HT1 form of
the (H2O)3 water wire WWW lies 6640 cm�1 above its enol form.

The R2PI spectra of the three mixed species AAW, AWA and AWW break off at

increasing vibrational energies between 200 and 700 cm�1, whereas there is no such

indication for the pure water wire. Since the first step of the ESHAT reaction exhibits
similar behaviour for the mixed wires and the pure ammonia wire but differs from the

pure water wire (figure 25), we conclude that the breaking off of the R2PI signal

is linked to the initial enol ! HT1 step. All spectra that break off are solvent
wires with an NH3 molecule hydrogen-bonded to the O–H group of 7HQ, allowing

the formation of a stabilized HT1 form.
For 7HQ � (NH3)3 we concluded from the large difference between the calculated

energy barrier and the observed reaction threshold and from the H/D isotope effect
that the TSe=1 barrier is passed by tunnelling. Among the factors contributing to the

tunnelling rate are: (1) the barrier height, (2) the effective (multidimensional) barrier

width, and (3) the density of vibrational levels on the product side of the barrier at
the energy of the tunnelling state [9]. From the relative energies of the HT1 forms

and from the extent of H-atom delocalization shown in figure 25, we estimate that

the density of product vibrational levels will be largest for the ammonia-wire AAA

cluster, followed by the AWA and AWW clusters.

6. Conclusion

We have combined spectroscopic and quantum chemical methods to study the excited

state hydrogen atom transfer (ESHAT) reactions along hydrogen-bonded solvent
wires. 7-Hydroxyquinoline has proven to be an ideal scaffold and probe molecule for

such studies:

(i) It provides a rigid structure to which hydrogen-bonded solvent wires of
two, three or four solvent molecules such as H2O or NH3 can be attached
in an unidirectional manner.

(ii) 7HQ is simultaneously a photoacid at its O–H group and a photobase at its
ring nitrogen position. S1 S0 photoexcitation of 7HQ provides a means of
generating a driving potential for H-atom transfer from the O–H towards the
N heterocyclic position.

(iii) Passage of an H-atom along the wire converts the enol 7-hydroxyquinoline
to its 7-ketoquinoline tautomer, inverting the hydrogen-bond directionality of
the solvent wire.

(iv) The enol form exhibits UV fluorescence while the 7-ketoquinoline tautomer
fluoresces in the yellow, providing a sensitive means of observing the eventual
H-atom transfer.

We have analysed the low-lying electronic excited states of bare 7-hydroxyquinoline

to understand the H-atom transfer reactions in the solvent-wire clusters. The lowest

excited state of A00 symmetry (���) of 7-hydroxyquinoline is repulsive along the O–H
stretching coordinate; note that this state is not optically accessible from the S0

ground state. It crosses the optically accessible S1 ��
� state of A0 symmetry and at
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large O–H distances even the S0 state potential, becoming the electronic ground state.

The O–H bond is broken homolytically, resulting in a hydrogen atom and

a quinolinyl radical.
In supersonic molecular beams, NH3 molecules can be successively added to 7HQ to

form the ammonia-wire clusters 7HQ � (NH3)n. Their vibronic spectra are resolved by

combinations of laser spectroscopic and mass spectrometric techniques. We find no

experimental evidence for excited state reactivity up to a vibrational excess energy of

�1000 cm�1 for clusters with n � 2. The 7HQ � (NH3)3 cluster also shows sharp struc-

tured vibronic bands and UV fluorescence from the different vibronic bands as the

smaller clusters. However, at excess vibrational energies above �200 cm�1, both the

R2PI and the UV fluorescence excitation spectra break off. Fluorescence action

spectra of the yellow keto fluorescence prove that the 7-ketoquinoline � (NH3)3 cluster

is formed and that enol ! keto tautomerization occurs, mediated by the ammonia

solvent wire. The spectral breaking off represents the energy threshold at which

the excited-state H-atom transfer (ESHAT) rate becomes competitive with the UV

fluorescence rate.
Excited state ab initio calculations were used to model the reaction pathway. These

reveal that the reaction has to be classified as H-atom (and not as a proton) transfer.

The calculations also predict an excited state proton transfer pathway, but this lies

at much higher energy than the ESHAT pathway in the ammonia-wire cluster.
In the ESHAT pathway, an electron moves along with the proton in a Grotthus type

mechanism, forming intermediate NH4 radicals that are distinct local minima along the

reaction profile. The crossing of the optically excited ��� with a higher-lying ��� state
gives rise to a conical intersection, which determines the barrier height for the ESHAT

reaction.
The initial enol ! HT1 step of the ESHAT reaction was also analysed using an

intrinsic reaction coordinate (IRC) approach. This allows one to decompose the first

reaction step into three different phases, involving movement of heavy atoms or of

the H-atom only. As the largest part of the barrier is passed in the light coordinate,

tunnelling is expected to play an important role, in agreement with observation of

the fully deuterated cluster: d2-7DQ � (ND3)3 shows an increased threshold for

D-atom transfer compared to 7HQ � (NH3)3.
Additionally, we observe mode-selective tunnelling for both 7HQ � (NH3)3 and

d2-7DQ � (ND3)3. The low-frequency intramolecular modes of 7HQ enhance the

ESHAT reaction less efficiently than the intermolecular ammonia-wire stretching

modes of similar frequency. The experimentally observed mode-selectivity was

explained by the ability of a given mode to lower the energy difference between

��� and ��� excited states.
Dramatic effects on ESHAT along the solvent wire occur when substituting NH3

by H2O molecules, as in the mixed ammonia-water clusters 7HQ � (NH3)n�(H2O)m,

nþm ¼ 3. The introduction of a single H2O blocks the complete ESHAT reaction,

i.e. the enol ! keto tautomerization pathway. The CIS calculations reveal that

introduction of an H2O molecules gives rise to a high barrier in the reaction profile.

The initial enol ! HT1 step is possible if the first position in the wire is occupied by

one NH3 molecule. These chemical substitution experiments show that the disappear-
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ance of the R2PI signal is due to the onset of injection of the O–H hydrogen atom into
the wire and not to the formation of the keto tautomer.
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