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Abstract. The 7-azaindole (7-AzI) cluster anions and their H2O adducts were generated by electron attach-
ment to the 7-AzI/7-AzI–H2O clusters, and their electronic properties studied with mass spectrometry and
photoelectron spectroscopy. In the mass spectra of the 7-AzI cluster anions, (7-AzI)−n , monomer anions were
missing due to negative electron affinity (EA), while clusters (n≥ 2) have positive EA, and those having even
n were more abundant than those at odd n. EA increased with cluster size from 0.88 eV at n = 2, and an
even–odd alternation in the EA was seen. The even–odd alternation showed that the 7-AzI dimer acts as
a unit for cluster formation. In the photoelectron spectrum of (7-AzI)−2 at 266 nm, the second peak was ob-
served 2.4 eV above the first peak; this is attributed to the triplet state of the neutral (7-AzI)2. Depending on
the detachment energy, a movable peak, with the detachment of 420–300 nm (2.9–4.1 eV), was additionally
observed between the first and the second peaks; this was thought to be caused by a delayed photoemission
via an electronic excited state of the (7-AzI)−2 anion.

PACS. 36.40.-c Atomic and molecular clusters – 82.30.Nr Association, addition, insertion, cluster formation,
hydrogen bonding – 71.24.+q Electronic structure of clusters and nanoparticles

1 Introduction

Proton-transfer reactions (PTR) are fundamentally im-
portant reactions playing an important role in a variety
of chemical and biological processes [1–3]. Among many
molecules undergoing this type of photoreaction, a dimer
of 7-azaindole (7-AzI) particularly deserves much atten-
tion, because it exhibits a well-documented example of
cooperative double PTR in its excited state [4–15]. How-
ever, there has been hardly any spectroscopic study about
the electronic and geometric structures of the 7-AzI dimer
in the gas phase. The recent development of tunable, ul-
traviolet, high-resolution dye lasers has indeed opened up
a new region of the spectrum to high-resolution studies [16,
17]; this enables us to investigate the geometric struc-
tures of complexes between aromatic molecules and wa-
ters with fully resolved rotational spectroscopy [18, 19]. For
7-azaindole–water complexes, (7-AzI)-(H2O)n (n= 1−3),
we have investigated the geometric structures by laser-
induced fluorescence (LIF) spectroscopy with high reso-
lution (∼ 0.01 cm−1) [20]. However, a very fast PTR often
gives an unresolved rotational envelope, following the un-
certainty principle, and one of the examples involving the
very fast PTR is the 7-AzI dimer [15].

Recently, photoelectron spectroscopy for cluster anions
has been proven to be a powerful technique for studying

the electronic and geometric structures of atomic/molec-
ular clusters in gas phase as a function of size [21, 22], due
to its ability to combine size selectivity with quantitative
spectral sensitivity. Since photodetachment is a process of
transition from the ground state of anions into the ground
state or electronic excited states of the corresponding neu-
trals, the electronic properties of the neutral clusters are
therefore readily observed from the photoelectron spectra.
It is generally possible to derive information on the bond-
ing nature, and thus the geometry, of the clusters from the
analysis of photoelectron spectra.

Furthermore, the geometric structure of 7-AzI clus-
ters intrigues us, because it is capable of self-associating
through hydrogen bonds [23, 24]. Since a 7-AzI cluster
has both donor and acceptor sites for hydrogen bond-
ing, the geometric arrangements can lead to the formation
of cyclic structures and/or open-chain structures. When
H2O molecules are added, the network structures of hy-
drogen bonding are deformed because of additional hydro-
gen bondsl; this is closely related to microscopic solvation
behavior.

In this paper, we report electronic and geometric struc-
tures of 7-AzI and 7-AzI–H2O clusters studied by mass
spectrometry and photoelectron spectroscopy. In the pho-
toelectron spectrum of (7-AzI)−2 , the excitation into the
triplet excited state of the neutral (7-AzI)2 was identified
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and a movable peak, which depends on the detachment
wavelength, was found. Moreover, the most probable geo-
metric structure for 7-AzI–H2O clusters was obtained by
these methods and will be discussed from the viewpoint of
microsolvation.

2 Experimental

The details of the experimental setup have been provided
elsewhere [24]. Briefly, the apparatus consists of a pulsed
cluster anion source, a time-of-flight (TOF) mass spec-
trometer, and a magnetic bottle TOF spectrometer. Under
a supersonic expansion of 7-AzI in a He carrier gas
(∼10 atm), 7-AzI cluster anions were formed by two
methods: either (1) injection of electrons having slow ki-
netic energy or (2) pulsed discharge for the expansion [25].
In the former method, the electrons were produced by
the focus of the second harmonics of an Nd3+:YAG laser
(Quanta-Ray, GCR-12) gently onto a Y2O3 disk surface lo-
cated at ∼ 4 mm downstream from a pulsed valve (400-µm
diameter). In the discharge method, a pulse of ∼ 1 kV
having 20–100-µs duration was applied to an electrode
which located 10 mm downstream from the pulsed valve. In
order to form 7-AzI–H2O complex anions, a trace of H2O
(1–3 Torr) was added into the He carrier gas. The clus-
ter anions were coaxially extracted by applying a pulsed
electric field (∼ 900 eV). After a 1.5-m flight path, the clus-
ter anions were mass-selected by the TOF spectrometer
and the target cluster anion was selected by pulsed de-
flection plates and decelerated to an energy of 10–20 eV
by a potential elevator located in the magnetic bottle
TOF spectrometer. The kinetic energy of electrons pho-
todetached by the outputs of the other Nd3+:YAG laser
(Quanta-Ray, GCR-3) was analyzed by their TOF through
a 70-cm drift tube. As well as the second/third/fourth
harmonics of the Nd3+:YAG laser (532/355/266nm), the
outputs from a Raman shifter with H2 gas (∼ 15 atm),
which were 416.5 nm (1st Stokes of 355 nm), 338.9 nm (2nd
Stokes of 266 nm), 309.3 nm (1st anti-Stokes of 355 nm),
299.1 nm (1st Stokes of 266 nm), 239.5 nm (1st anti-Stokes
of 266 nm), and 218.9 nm (2nd anti-Stokes of 266 nm) were
also used as the detachment laser. The photoelectron sig-
nal was accumulated into a multichannel scaler/averager
(Stanford Research Systems, SR430). The energy of the
photoelectron was calibrated by the measurement of pho-
toelectron spectra of the Au− anion, at three different
wavelengths of 532 nm, 355 nm, and 266 nm, where the
strong line attributed to the 1S0→ 2S1/2 transition could
be observed [26, 27]. The repetition rate was 10 Hz, and
each spectrum typically represents an accumulation of
10 000–30 000 shots.

3 Results and discussion

The geometric and electronic features of 7-AzI cluster an-
ions (Sect. 3.1) and their H2O adducts (Sect. 3.2) will be

Fig. 1. TOF mass spectrum of 7-AzI cluster anions produced
with the pulsed discharge nozzle; the horizontal axis is con-
verted to be proportional to mass. The structure of the planar
7-AzI dimer is also shown at the point where two equivalent
hydrogen bonds are formed.

Fig. 2. Photoelectron spectra of 7-AzI cluster anions (n =
2−7) at 355 nm. Arrow shows the position of electron detach-
ment threshold.

discussed in terms of the use of mass spectrometry and
photoelectron spectroscopy.

3.1 7-azaindole cluster anions

Figure 1 shows a TOF mass spectrum of (7-AzI)−n cluster
anions produced with the pulsed discharge nozzle, which
was almost the same as the mass spectrum obtained by
the injection of electrons into the 7-AzI beam [24]. Analy-
sis of the mass spectrum shows that no hydrogen atoms
are lost, even with this discharge nozzle. This means that
the (7-AzI)−n cluster anions were formed with negligi-
ble fragmentation even in the discharge nozzle. In both
sources, no monomer anion was formed, suggesting that
the 7-AzI molecule itself has a negative value of electron
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Fig. 3. Photoelectron spectra of 7-AzI dimer anions at various detachment wavelength: (a) 532 nm, (b) 416.5 nm, (c) 355 nm,
(d) 338.9 nm, (e) 309.3 nm, (f) 299.1 nm, (g) 266 nm, (h) 239.5 nm, and (i) 218.9 nm. Gray dots show experimental data, and the
gray narrow line shows each deconvoluted component fitted by a Lorentzian function. Solid line shows the best fitted curve for the
experimental data.

Table 1. Thethreshold energy (ET) of (7-AzI)n(H2O)m cluster
anions (n= 2−7) in eV

Cluster size (n,m) ET valuea)

(2, 0) 0.88(12)
(3, 0) 1.20(11)
(4, 0) 1.20(10)
(5, 0) 1.38(13)
(6, 0) 1.36(18)
(7, 0) 1.48(16)

(1, 3) 0.48(16)
(1, 4) 0.75(12)
(1, 5) 0.99(12)
(1, 6) 1.17(14)

a) Numbers in parentheses indicate experimental uncertainties;
0.88(12) represents 0.88±0.12.

affinity (EA). From n= 2 to n= 10, there appears a regu-
lar pattern in their abundance; from even n to odd n+ 1,
there is an intensity gap. This intensity step indicates that
the stability of the species is drastically changed before and
after the step. Namely, cluster anions having even n are
more stable that those having n+ 1. This result strongly
implies that 7-AzI cluster anions are built up with a unit of
7-AzI dimer. In fact, it is well known that a 7-AzI molecule
can form a very stable dimer with two equivalent hydro-
gen bonds. Since 7-AzI possesses both proton donor (N−H
bond) and proton acceptor (N atom) sites, its dimer forms

a planar structure via two hydrogen bonds. It seems rea-
sonable, then, to presume the structure of the 7-AzI clus-
ters to be a stacking of the 7-AzI dimer.

Figure 2 shows photoelectron spectra (PES) of the (7-
AzI)−n cluster anions (n= 2−7) at the detachment energy
of 3.49 eV (355 nm). In the PES spectra, the horizontal axis
corresponds to an electron binding energy,Eb, which is de-
fined as Eb = hν−Ek, where Ek is the kinetic energy of
the photoelectron and hν is the photon energy of the de-
tachment laser. For the assignment of a photodetachment
threshold energy, ET, the slope of the first onset was ex-
trapolated linearly to the baseline of the spectrum; the
values are tabulated in Table 1. A downward arrow indi-
cates the ET value, and the ET value corresponds to the
upper limits of the adiabatic EA. The ET value increases
monotonically with the cluster size of n, and all the spectra
exhibit similar bell-shaped envelopes without any repro-
ducible fine structure. It should be noted that the EA of
the neutral (7-AzI)2 shows an abrupt increase to 0.88 eV as
compared to the negative EA of the monomer. Although
the reason for this is unclear at the present stage, the net-
work of the hydrogen bonding might work as a preferable
site for electron trapping.

When the detachment wavelength was changed into
a shorter one, the second peak was observed at the binding
energy of 3.3 eV. Figure 3 shows the photoelectron spec-
tra of (7-AzI)−2 at various wavelengths of the detachment
laser. This can be assigned to the transition into a triplet
state of the neutral (7-AzI)2, and it has been revealed that
the triplet state is located 2.4 eV above the neutral ground
state of (7-AzI)2. Besides, an additional peak was observed
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between the first and the second peaks at the detachment
of 420–300 nm (2.9–4.1 eV), depending on the detachment
energy. In Fig. 3, gray dots show experimental data, and
the gray line shows each deconvoluted component fitted by
a Lorentzian function. The solid line shows the best fitted
curve for the experimental data. From Figs. 3b to 3f, one
component is conceivable along with the first peak fixed at
Eb = 1.35 eV, but the component moves to the higher bind-
ing energy with the shorter detachment wavelength. The
kinetic energy of the photoelectrons for the movable com-
ponent is almost constant around Ek = 1.4 eV irrespective
of the different detachment energy.

Furthermore, the laser power dependence of the peak
shows that it originates from a one-photon process. This
cannot be explained by usual photoelectron release through
excitation into the electronic state of the corresponding
neutral. It seems probable, then, that the additional peak
is attributable to a delayed photoemission via an electronic
excited state of the (7-AzI)−2 anion, because the movable
peak corresponds to the photoelectron release that occurs
after a very rapid relaxation in the (7-AzI)−2 anion.

As mentioned in the following section, the additional
peak is indeed characteristic of the photoelectron spec-
tra for the cluster anions containing two 7-AzI molecules.
When two 7-AzI molecules are contained, the planar dimer
is readily formed. This result suggests that the electronic
excited state is located 2.9 eV above the ground state of the
(7-AzI)−2 anion, accompanying a very fast relaxation pro-
cess, such as a proton-transfer reaction. Although there is
no guarantee that the process via the excited state of the
(7-AzI)−2 anion should be a unique one, it seems reasonable
that the (7-AzI)−2 dimer exhibits the proton- transfer reac-
tion in the excited state as well as the neutral dimer. For
a definite explanation of the movable peak, the measure-
ment of the electronic absorption for the (7-AzI)−2 anion is
indispensable, this is in progress in our group.

3.2 7-azaindole–water cluster anions

Figure 4 shows TOF mass spectra of 7-AzI–water cluster
anions, (7-AzI)n(H2O)−m, produced with the pulsed dis-
charge nozzle, where the horizontal axis is converted to
be proportional to mass. The (7-AzI)n(H2O)−m anions are
hereafter expressed as (n,m)−. From Figs. 4a to 4c, the
concentration of water is qualitatively increased in the
range of 0.1–3 Torr.

For the (1,m)− series, (1, 3)− appears as the first
species, and larger cluster anions can clearly be observed.
The EA of the neutral (1,m) cluster becomes positive
above m = 3. In Fig. 4c, in fact, the peaks of (1,m)−

around 200 amu are distinctly shown for m≥ 4, although
(1, 3)− is indiscernible. Figure 5 shows the photoelectron
spectra of (1,m)− from m = 3 to 6 at 532 nm. All the
spectra exhibit similar broad envelopes, and the thresh-
old energy, ET, increases monotonically with the number
of H2O molecules. The values of ET are listed in Table 1.
If one assumes that the EA increases proportionally to
the number of H2O molecules, the EA of 7-AzI in itself
can roughly be estimated to be −0.5 eV. As reported pre-
viously [20], the high-resolution electronic spectra of the

Fig. 4. TOF mass spectrum of 7-AzI–water cluster anions,
(7-AzI)n(H2O)−m, produced with the pulsed discharge nozzle;
the horizontal axis is converted to be proportional to mass.
From (a) to (c), the concentration of water is increased qual-
itatively. Peaks of the clusters are labeled according to the
notation (n,m), which denotes the number of 7-AzI molecules
(n) and water molecules (m), respectively. The presumed struc-
ture for (2, 4)− is shown in (a).

neutral 7-AzI-(H2O)n, n = 1− 3 clusters have revealed
that the 7-AzI-(H2O)n clusters have planar structures,
with water and the 7-AzI forming ring network structures.
The ring chain, then, might act as an electron trapping in
the (1,m)− clusters.

As shown in Figs. 4a–4c, moreover, (2, 4)− is promi-
nently produced among the 7-AzI–water cluster anions,
and (2, 8)− is observed as an intensity step, especially in
Fig. 4b, although it overlaps with the (3,m)− series. Fur-
thermore, even–odd alternation in peak intensity is weakly
observed up to (2, 8)−; species having an even number
of H2O molecules exhibit more intensity than those hav-
ing an odd number of H2O. The photoelectron spectra
of (2,m)− exhibit similar bell-shaped envelopes to those
of (2, 0)−, suggesting that there is a core of (7-AzI)−2 in
(2,m)−. Based on these features in the mass spectra and
the photoelectron spectra, the results for the n = 2 series
of (7-AzI)n(H2O)−m can be explained as follows: (1) Two
7-AzI exist as the dimer core having two equivalent hy-
drogen bonds; (2) each H2O molecule is attached to every
aromatic ring of (7-AzI)2 up to m= 8; and (3) every two
H2O form their dimers on a surface of 7-AzI molecule.
It can reasonably be assumed that a T-shaped structure
will be formed by the interaction between the H atom in
H2O and a π electron in the aromatic ring of 7-AzI, be-
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Fig. 5. Photoelectron spectra of 7-AzI–water clusters for n= 1
series of (7-AzI)1(H2O)−m (m = 3− 6) at 532 nm (2.33 eV).
Downward arrow indicates the threshold energy of each cluster.

cause a similar structure has been reported in a study of
benzene–H2O [28]. The presumed structure for (2, 4)− is
shown in Fig. 4a. Although an H2O molecule apparently
prefers the proton donor (N−H bond) and proton acceptor
(N atom) sites of 7-AzI rather than the aromatic rings, the
occupation of both sites with the other 7-AzI leads the H2O
solvation into the ring sites. This is probably attributable
to the high binding energy between two 7-AzI molecules,
which is suggested by the larger red shift of the electronic
excitation of the dimer than that of the 7-AzI–H2O com-
plex [20]. For the (1,m)− series, indeed, the mass distri-
butions are relatively smooth; this is probably attributable
to the favorable solvation into the proton donor and/or
proton acceptor sites of 7-AzI. Interestingly, the movable
peak appears also in the photodetachment of (2,m)−; this
is similar to the case of (2, 0)− in Fig. 3. This result is con-
sistent with the assumption that there is a core of (7-AzI)−2
in (2,m)−.
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