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The rotationally resolved electronic spectra of the electronic origin of the 7-azaindole-�H2O�1 and
of the 7-azaindole-�H2O�2 clusters have been measured in a molecular beam. From the rotational
constants the structures in the S0 and S1 electronic states were determined as cyclic with the pyrrolo
NH and the pyridino N atoms being bridged by one and two water molecules, respectively. Excited
state lifetimes of about 10 ns for both clusters have been found. In the spectrum of the
7-azaindole-�H2O�2 cluster a splitting of the rovibronic band is observed, which can be traced back
to a large amplitude motion, involving the out-of-plane hydrogen atoms of the water chain. Both the
changes of the rotational constants upon electronic excitation and the orientation of the transition
dipole point to a solvent induced state reversal between the La and the Lb states upon
microsolvation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2928637�

I. INTRODUCTION

In a preceding theoretical study on the lowest electroni-
cally excited states of 7-azaindole and the
7-azaindole�H2O�1,2 clusters, the geometries, excitation ener-
gies, transition dipole orientations, and natures of the excited
states have been predicted at the RICC2 and DFT/MRCI
level of theory.1 In the following some of these theoretical
predictions will be tested, using rotationally resolved elec-
tronic spectroscopy of the 7-azaindole�H2O�1,2 clusters.

Laser spectroscopic investigations of the structures and
photophysical properties of azaindole and its hydrogen and
van der Waals bound clusters range back to the early 80s of
the last century. Fuke et al.2 measured mass-resolved ioniza-
tion spectra and fluorescence excitation spectra of
7-azaindole, 7-azaindole�H2O�1,2, and �7-azaindole�2. From
the large spectral redshift �1285 cm−1� they proposed a con-
siderable distortion of the geometry upon electronic excita-
tion of the water clusters.

Kim and Bernstein3 presented mass-resolved excitation
spectra of 7-azaindole and its clusters with Ar, CH4, NH3,
H2O, D2O, CH3OH, and C2H5OH. For the azaindole-water
cluster they deduced a structure in which the water moiety is
bound to the �-system instead of a hydrogen bonded struc-
ture.

Nakajima et al.4 investigated the geometric structures of
7-azaindole�H2O�1–3 and of the 7-azaindole dimer using
laser-induced fluorescence spectroscopy with high resolution
��0.01 cm−1, equivalent to 300 MHz�. They deduced a pla-
nar ring structure of 7-azaindole�H2O�1 from the rotational
analysis of the spectrum and from ab initio calculations. For

the n=2 and 3 clusters, also cyclic hydrogen bonded ring
structures with the water oxygen atoms in the aromatic plane
were suggested.

In the work of Fomer et al. pump-probe experiments
have been performed on the n=2, 3, and 4 water clusters of
azaindole, which yield for the doubly and triply hydrated
clusters biexponential decays with a short component �a few
hundred femtoseconds� and a long component �6 ps�. They
attribute this behavior to a stepwise proton transfer from the
1H to the 7H position in the n=2 and 3 cluster, while a
single exponential decay for the n=4 cluster was believed to
be the signature of a concerted proton transfer.5

Yokoyama et al. performed IR-UV double resonance
spectroscopy on 7-azaindole-water clusters together with ab
initio molecular orbital calculations.6 From their results hy-
drogen bonded single ring structures for the
7-azaindole�H2O�n cluster with n=1–3 was deduced in the
electronic ground state.

The structural changes of the 7-azaindole�H2O�1 cluster
upon electronic excitation were determined from a Franck–
Condon analysis of the emission spectra obtained via pump-
ing of several vibronic bands.7 The distances of both the
O¯H and the H¯N hydrogen bond are found to decrease
upon electronic excitation, accompanied by a distortion of
the monomer geometry.

Dispersed fluorescence spectra of 7-azaindole�H2O�1–3

clusters were presented by Hara et al.8 No visible emission
from the proton transferred tautomers could be observed in
their experiment, excluding the excited state proton transfer
�ESPT� taking place in the gas phase on a time scale com-
parable to the fluorescence lifetime.

The geometrical changes of the 7-azaindole monomer
itself were investigated using rotationally resolved electronica�Electronic mail: mschmitt@uni-duesseldorf.de.
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spectroscopy of four different isotopomers of 7-azaindole9,10

as well as a Franck–Condon analysis.11 In Ref. 9 the nature
of the electronically excited state has been shown to be pre-
dominantly of Lb character. Recently, the excited state dipole
moment of 7-azaindole has been determined by Kang et al.
from the Stark effect in a rotationally resolved LIF
spectrum.12

II. EXPERIMENTAL METHODS

The experimental setup for the rotationally resolved
laser-induced fluorescence is described in detail elsewhere.13

Briefly, it consists of a ring dye laser �Coherent 899-21� op-
erated with Kiton Red, pumped with 7 W of the frequency
doubled output of a diode pumped Yb:YAG disc laser
�TCFKA ELS�. About 600–700 mW of the fundamental dye
laser output is coupled into an external folded ring cavity
�Spectra Physics� for second harmonic generation.

The molecular beam is formed by expanding azaindole
heated to 100 °C and seeded in 300–700 mbars of argon
through a 100 �m hole into the vacuum. The molecular
beam machine consists of three differentially pumped
vacuum chambers that are connected by two skimmers
�1 and 3 mm, respectively� in order to reduce the Doppler
width to 25 MHz. The molecular beam is crossed at right
angles in the third chamber with the laser beam 360 mm
downstream of the nozzle. The resulting fluorescence is col-
lected perpendicular to the plane defined by laser and mo-
lecular beam by an imaging optics setup consisting of a con-
cave mirror and two plano-convex lenses. The fluorescence
is detected by a UV enhanced photomultiplier tube whose
output is recorded by a PC based photon counter IO card.
The relative frequency is determined with a quasiconfocal
Fabry–Perot interferometer. The absolute frequency was de-
termined by recording the iodine absorption spectrum and
comparison the transitions to the tabulated lines.14

III. EXPERIMENTAL RESULTS

A. 7-azaindole„H2O…1

Figure 1 shows the rotationally resolved spectrum of the
electronic origin of 7-azaindole-�H2O�1. The spectrum spans
about 60 GHz and displays a well resolved rovibronic struc-
ture with predominantly ab-hybrid type.

The molecular parameters obtained from a genetic algo-
rithm �GA� based automated fit of the spectrum are given in
Table I, and are compared to the results of various ab initio
calculations for both electronic states. For details about the
fitting procedure using the GA technique see Refs. 15–17.
Although, as in the case of the azaindole monomer,9 a simple
rigid rotor Hamiltonian without axis reorientation was em-
ployed, all intensities and line positions are well reproduced
�cf. Fig. 1�. The slightly negative inertial defect �I and the
negligible change of �I upon electronic excitation ���I�
point to nearly planar structures with at most one hydrogen
atom pointing out of the molecular plane in both electronic
states. The transition dipole moment, determined from the
relative intensities of a and b lines in the spectrum, makes an
angle of �27° with the inertial a axis, slightly different from
the value, which has been obtained from a fit to the rovi-
bronic contour ��16° � taken at much lower resolution
�300 MHz�.7 The polar angle �, which introduces c-type
character in the vibronic band was determined to be �86°,
meaning less than 1% c type. Thus, the transition dipole
moment is located in the plane of the chromophore. For the
discussion of the sign of the TDM angle �, cf. Sec. IV B. The
line shape was fitted to a Voigt profile with a Doppler con-
tribution of 25 MHz, resulting in a Lorentz contribution of
15�4 MHz.

The agreement between the experimental and computed
rotational constants in both electronic states is very good for
the time dependent density functional theory and the coupled
cluster RICC2/TZVP ab initio calculations from Ref. 1

FIG. 1. �Color online� Rotationally re-
solved spectrum of the electronic ori-
gin of the 7-azaindole-�H2O�1 water
cluster and simulation of the spectrum
using the molecular parameters from
the best GA fit, given in Table I. The
lower two traces show an expanded
view in the range of −20 000 to
−10 000 MHz relative to the elec-
tronic origin.
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which are also given in Table I for comparison. The complete
active space CAS�10,9�/cc-pVDZ calculations7 agree well in
the electronic ground state, but even the signs of the changes
of the rotational constants upon electronic excitation are pre-
dicted wrongly for all rotational constants at this level of
theory. The rotational constants reported for DFT/MRCI cal-
culations are the ones of the relaxed RICC2 geometry, at
which DFT/MRCI has been performed.1

The transition properties such as excitation energies and
transition dipole moments are quite satisfactorily reproduced
at RICC2/TZVP and even better at DFT/MRCI level, while
the CASSCF calculations predict the band type completely
wrong, and also the adiabatic excitation energy, which is off
by nearly 4000 cm−1.

B. 7-azaindole„H2O…2

Due to the large oscillator strength of transitions to the
lowest electronically excited state of 7-azaindole, and the
large stability of the hydrogen bonded water clusters, also
higher water clusters can be observed with rotationally re-
solved electronic spectroscopy. Figure 2 shows the spectrum
of the electronic origin of the 7-azaindole�H2O�2 cluster. In
contrast to the case of the 1:1 cluster, the spectrum of the 1:2
cluster consists of two closely spaced components, with a
splitting of 29 469 MHz, which can easily be determined in
an autocorrelation of the spectrum. The spectrum has been fit
using a rigid rotor Hamiltonian without axis reorientation,
for each of the components using the GA technique, as for
the 1:1 water cluster.

TABLE I. Comparison of the molecular parameters from the fit to the rotationally resolved electronic spectrum
of 7-azaindole�H2O�1 shown in Fig. 1 to the results of ab initio calculations. �TD�DFT and RICC2 were
performed with the TZVP basis. For details of the DFT/MRCI calculations, cf. part I of the present study �Ref.
1�.

Expt. �TD�B3-LYPa RICC2a DFT/MRCIa CAS�10,9�b

A� �MHz� 1761.75 1775 1784 1784c 1780
B� �MHz� 1342.80 1349 1353 1353c 1288
C� �MHz� 762.89 768 771 771c 749
�I �amu Å2� −0.77 −1.31 −1.04 −1.04 −1.56
� �°� �27 −17 −3 +19 −89
� �°� �86 +90 +90 +89 +90
�a

2 0.777 0.914 0.995 0.896 0.000
�b

2 0.217 0.085 0.005 0.104 1.000
�c

2 0.006 0.000 0.000 0.000 0.000
�0 �cm−1� 33 340.43 32 360 33 288 33 214 37 320
�A �MHz� 35.97 25 35 35 −13c

�B �MHz� 15.34 15 14 14 −22c

�C �MHz� 11.80 9 11 11 −10c

��I �amu Å2� −0.09 0.45 −0.15 −0.15 0.23

aCalculations described in Ref. 1.
bCalculations described in Ref. 7.
cStructure used for the DFT/MRCI calculations is the RICC2/TZVP relaxed structure.

FIG. 2. �Color online� Rotationally re-
solved spectrum of the electronic ori-
gin of 7-azaindole�H2O�2 and simula-
tion of the spectrum using the
molecular parameters from the best
GA fit, given in Table II. The last trace
shows the residue of the sum of the
individual fits of the subcomponents
and the experimental spectrum. Fre-
quencies in megahertz are given rela-
tive to the origin of the stronger
component.
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The rotational constants for both electronic states are
given in Table II and are compared to the results of ab initio
calculations. The agreement with the results of the time de-
pendent DFT and the RICC2 calculations is as satisfying as
for the n=1 cluster. The considerably larger inertial defect in
both electronic states points to a slightly out-of-plane geom-
etry for at least one of the heavy atoms. Comparison to the
calculated structures shows that the oxygen atoms of both
water moieties in the hydrogen bond chain are slightly out of
plane—one being below, the other above the aromatic plane.

As can be already inferred from the strong and unusually
sharp correlation side peak at a shift of 29 469 MHz relative
to the unshifted autocorrelation, the rotational constants of
the two subbands are very similar, cf. Table II. The nature of
the large amplitude motion, responsible for the splitting in
the spectrum will be investigated in detail in Sec. IV D.

The characteristics of the electronic excitation �adiabatic
excitation energy and orientation of the transition dipole mo-
ment orientation are again well reproduced at the DFT/
MRCI level of theory. The angle � between the TDM and the
a axis is determined to be �34° from the intensities in the
experimental spectrum and to +33.7 from the DFT/MRCI
calculations.

As for the 7-azaindole�H2O�1 cluster, the line shape was
fitted to a Voigt profile with a Doppler contribution of
25 MHz, resulting in a Lorentz contribution of 15�6 MHz.

C. Determination of the cluster structures

The partial intermolecular structures of the n=1,2 clus-
ters have been determined from the rotational constants
given in Tables I and II using the program PKRFIT.18,19 The
structures of the 7-azaindole monomer in both electronic
states was taken from a combined structural fit to rotational
constants of four different isotopomers and to the Franck–
Condon intensities of 107 emission bands.11 The OH dis-
tance in the water moiety was set to 96 pm, and the water
HOH angle to 104°. Only three geometry parameters could

be determined, because for each cluster the rotational con-
stants of only one isotopomer have been measured. For the
n=1 cluster, the H1O8 bond length, the N1H1O8 angle, and
the N1H1O8H8b dihedral angle have been chosen. The defi-
nitions of the distances, angles, and dihedral angles are given
in Fig. 3. The second hydrogen bond length N7H8a was not
included in the fit, but is obtained implicitly from the defini-
tion of the Z matrix used in the fit. A distinct shortening of
both hydrogen bonds upon electronic excitation is found.

Table III presents the results of the fit. In addition to the
three fitted parameters, the other three values which deter-
mine the intermolecular geometry are given for complete-
ness.

For the n=2 cluster the restriction of the geometry
model due to the small number of inertial parameters is even
more unsatisfying. As for the binary cluster, the geometry of
the monomer for both electronic states was taken from the
Franck–Condon analysis presented in Ref. 11. Two hydrogen
bond distances and the angle, which describes the deviation
of the N-H1¯O8 hydrogen bond from linearity were fitted.

TABLE II. Comparison of the molecular parameters from the fit with the rotationally resolved electronic
spectrum of 7-azaindole�H2O�2 shown in Fig. 2 to the results of ab initio calculations. The �TD�DFT and
RICC2 calculations are performed with the TZVP basis. For details of the calculations, cf. part I of the present
study �Ref. 1�.

Expt. band 1 Expt. band 2 �TD�B3-LYP RICC2 DFT/MRCI

A� �MHz� 1413.81�25� 1415.46�52� 1424 1425 1425
B� �MHz� 827.61�9� 828.00�18� 856 842 842
C� �MHz� 524.02�5� 524.15�8� 537 533 533
�I �amu Å2� −3.7 −3.2 −5.0 −6.9 −6.9
� �°� �34 �35 −22 +16 +33.7
� �°� �74 �66 +90 +90 +87.1
�a

2 0.6336 0.5594 0.8536 0.9200 0.690
�b

2 0.2956 0.2805 0.1463 0.0799 0.307
�c

2 0.0708 0.1600 0.0001 0.0001 0.003
�0 �cm−1� 32 632.10 ¯ 32 850 29 358 32 751
��0 �MHz� ¯ 29469 ¯ ¯ ¯

�A �MHz� 9.35�3� 9.47�2� +30 +5 +5
�B �MHz� 27.54�2� 27.38�5� +31 +28 +28
�C �MHz� 12.59�2� 12.48�1� +16 +16 +16
��I �amu Å2� −0.6 −0.5 −0.3 −0.7 −0.7

FIG. 3. �Color online� Structures of 7-azaindole�H2O�1 and
7-azaindole�H2O�2 in the ground and first excited singlet states from the fit
to the rotational constants. The structures for both states are overlayed, with
a maximum of congruence for the azaindole moiety. In each case, the upper
structure shows the excited state.
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Again, the last hydrogen bond length H9aN7 results automati-
cally from the definition of the internal coordinates. As in the
case of the 1:1 cluster, all hydrogen bond lengths decrease
upon electronic excitation. Spectra of a much larger number
of isotopomers will be necessary to completely unravel the
structure of the n=2 cluster in both electronic states in the
future.

IV. DISCUSSION

A. The structures of the clusters in ground and
excited states

The comparison to calculated rotational constants shows,
that both for the ground state and the excited state the 1H
tautomer is experimentally observed, although the 7H tau-
tomer is found to be considerably more stable in the S1 state.
Comparison to the results of the RICC2/TZVP calculations
in Ref. 1 shows a large change of the geometry of the aza-
indole monomer moiety upon water complexation in the
electronically excited state, while the ground state geometry
of 7-azaindole in the monomer and the water cluster is nearly
the same. The reason for this strange behavior in the excited
state is a solvent induced state reversal between the Lb and
La states, the former being the S1 state in the monomer, the
latter in the 1- and 2-water clusters. Of special interest for
future experiments will be the determination of selected ge-
ometry parameters of the monomer in the cluster, using iso-
topically substituted species and Kraitchmans equations.
These present a direct access to the question of the electronic
nature of the excited states.

Both hydrogen bond lengths in the 7-azaindole�H2O�1

cluster �H1O8 and N7H8a� are considerably shortened upon
electronic excitation which can be explained by the increased
excited state acidity of the pyrrole moiety and the increased
basicity of the pyridine moiety in the first electronically ex-
cited �−�* state.20 Figure 3 shows the simultaneous de-
crease of both hydrogen bonds in the excited state.

For the 7-azaindole�H2O�2 cluster, the H1O8 bond length
also decreases upon electronic excitation. The hydrogen
bond length between the two water moieties H8aO9 decreases
slightly, due to polarization effects on both water moieties,
mediated by the basicity increase of the pyridino N atom and
the increase in acidity of the pyrrolo N�H� site.21

B. Orientation of the transition dipole

The orientation of the transition dipole moment in the
7-azaindole monomer was experimentally determined to be
−14° �Ref. 10� or −20° �Ref. 9� with respect to the a axis.
The minus sign refers to a orientation, in which the TDM
points in direction of the pyrrolic NH group �orientation I in
Fig. 4�a��. The DFT/MRCI calculations, reported in part I
�Ref. 1� of the present investigation, however, predict a TDM
orientation of +20° �orientation II in Fig. 4�a��.

The orientation of the TDM in the water cluster is deter-
mined in the present work to be �27° with respect to the a
axis of the cluster. The RICC2/TZVP calculations, reported
in part I �Ref. 1� which reproduce the experimental excited
state rotational constants better than 1%, show that the angle
of the inertial a-axis in the cluster with the C3aC7a bond �cf.

TABLE III. S0 and S1 state geometry parameters �r0� of the 7-azaindole�H2O�1,2 clusters, from the fit to the
experimental rotational constants. All bond lengths are given in picometers, angles and dihedral angles are
given in degrees.

r0

7-AI�H2O�1

r0

7-AI�H2O�2

S0 S1 S0 S1

H1O8
a 215.3 195 H1O8

b 175.2 169.3
N1H1O8

a 131 127 H8aO9
a 170.2 167.9

N1H1O8H8b
a 139 95 O8H1N1

a 167 162
N7H8a 228.1 211.7 O9H8aO8

b 167 162
N7H8aO8 116 124 H9aN7 214.1 181.8
H1O8H8b 110 110 H9aN7O9 156 166

aUsed in the fit.
bThe angle O9H8aO8 was kept fix at the fitted value of O8H1N1.

FIG. 4. Inertial axis systems and TDM
orientations of 7-azaindole,
7-azaindole �H2O�1, and 7-azaindole
�H2O�2.
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Fig. 4� is 30°. In the monomer the angle between the a axis
and the C3aC7a bond is found to be 90°. Therefore, the iner-
tial axis system in the frame of the azaindole monomer is
rotated counterclockwise by 60° upon cluster formation, as
shown in Fig. 4. The inertial axes of the monomer and the
water clusters are shown with the azaindole monomer moi-
eties oriented equally in Fig. 4.

If the positive sign of the TDM orientation in the n=1
cluster applies, as predicted by the DFT/MRCI calculations,
the TDM would make an angle with the a axis of the mono-
mer of −33° �orientation I in Fig. 4�b��. If on the other hand
the negative sign would apply, then the angle of the TDM
with the a axis in the monomer geometry would be 87° �ori-
entation II�. This orientation is completely different from
both orientations I and II in the 7-azaindole monomer.

For the n=2 cluster the rotation of the inertial axes upon
water complexation is calculated from the geometries of the
RICC2 calculations to be −70° �cf. Fig. 4�c��. The experi-
mentally determined angle of the TDM with the a axis in the
inertial system of the cluster is �34°, while DFT/MRCI pre-
dict in very good numerical agreement a value of +35°. In
the inertial system of the monomer, this would correspond to
angles of −35° for the � sign �close to orientation I in the
monomer� or to 105° for the 	 sign �different from both
orientations I and II�. Again, the positive direction gives an
orientation, similar to orientation I in the monomer.

Comparison of the experimental rotational constants of
the azaindole monomer and the water clusters to the results
of the RICC2 calculations for the lowest excited states
showed that the excited state of the clusters has a completely
different geometry from that of the monomer, while the
ground state geometry is similar.1 This points to a change of
the ordering of the lowest two excited states upon cluster
formation.

Summarizing these findings, it appears as if the TDM
angle in the monomer should have a positive sign, as pre-
dicted by the DFT/MRCI calculations, but in contradiction to
previous experiments. Since these experiments were per-
formed independently in two different groups, the reason for
this discrepancy is not easily allegeable. Maybe the assump-
tion made in Refs. 9 and 10 in the interpretation that deu-
teration leaves the molecule electronically unchanged and
rotates only the inertial axes is not correct. If one looks into
the theoretical results for the other tautomer of 7-azaindole
�the H being at the 7-position instead of the 1-position�, the
direction of the TDM is reversed between La and Lb com-
pared to the “normal” 1H tautomer. If we now assume tun-
neling between the two positions �N1 and N7� to occur, the
resulting TDM orientation might deviate from that of the
pure 1H-7-azaindole. Since the barrier is high, most of the
contribution to the TDM comes from the “normal” tautomer,
but a small fraction is induced by the other tautomer. In the
case of the deuterated isotopomer, tunneling is quenched,
and the orientation is governed exclusively by the one of the
“normal” tautomer. This means that the reason for the change
of the angle might be different from what was assumed in
both analyses �a pure effect of deuteration on the inertial
axes�.

C. Excited state lifetimes

The Voigt profiles of single rovibronic lines in the
7-azaindole�H2O�1 and 7-azaindole�H2O�2 spectra exhibit
both Lorentz components of 15�5 MHz. This broadening
corresponds to an excited state life time of about 10 ns. This
value is considerably larger than the excited state life time in
the 7-azaindole monomer of 2.5 ns.9 Huang et al. reported
lifetimes of 8.1 ns for 7-azaindole�H2O�1 and of 6.6 ns for
7-azaindole�H2O�2 using time-correlated single-photon
counting.22 Folmer et al. found a biexponential decay with
time constants of 360 and 6 ps in the excited state of
7-azaindole�H2O�2 using pump-probe spectroscopy.5 They
suggested that the existence of two different time constants
points to a stepwise proton transfer reaction in the excited
state. Later, Hara et al. showed that, in the fluorescence
emission spectra of the 7-azaindole�H2O�1–3 clusters in a
molecular beam, no visible fluorescence could be detected.8

From that, they concluded that ESPT does not occur on the
time scale of direct �resonant� fluorescence emission in the
gasphase. Our present investigations sustain this conclusion.
The much shorter transients, shown in Fig. 2 of Ref. 5, are
recorded only up to 7 ps. Thus, it is possible that a much
longer time component is contained in their transient. By-eye
extrapolation of the data in Fig. 2 of Ref. 5 points to a re-
maining intensity offset, which might be a reminiscence of
the slow component, observed in our cw experiment. Alter-
natively, the transients, which were observed on the different
mass channels of the clusters in Ref. 5 might be contami-
nated by fragmentation from higher cluster sizes, thus yield-
ing an averaged lifetime of many cluster sizes, including
very large ones.

D. Internal motion in the 7-azaindole„H2O…2 cluster

The splitting, which is observed in the spectrum of the
7-azaindole�H2O�2 cluster, might be caused by the existence
of two different conformers of the cluster, with a small spec-
tral shift due to different zero-point-energy differences. Re-
garding the fact that the splitting is very small, the chro-
mophore of the two conformers and its close vicinity must be
very similar. One possibility for two different conformers in
the 7-azaindole�H2O�2 cluster is shown in Fig. 5. Here, we
plotted the potential energy for the tunneling motion, which
interchanges the up and down hydrogen atoms in the water
chain, projected to a one-dimensional reduced coordinate.
The line of view is from the central hydrogen bond
�H8a¯O9� to the azaindole moiety, oriented as shown in
Fig. 3. The global minimum has an up/down or down/up
arrangement of the two H atoms of the water moieties. From
this minimum, a transition state is reached, in which one of
the two hydrogen atoms is in plane. By further rotation of
this H atom in the same direction, a second �local� minimum
is reached, in which both H atoms point down�up�wards.
Both local minima with the hydrogens pointing both up or
both down have the same energy as the up/down and
down/up conformations of the global minimum. The station-
ary points along this coordinate have been calculated at the
RICC2/TZVP level of theory for both electronic states. All
energies, relative to the global minimum, are given at the

214311-6 Vu et al. J. Chem. Phys. 128, 214311 �2008�
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respective stationary points in Fig. 5. From the relative en-
ergies of the transition states in Fig. 5, it is clear that the
arrangement with the in-plane hydrogen atom at the pyrrolo
side has a slightly different energy than at the pyridino side.

A normal mode analysis at the level of structure optimi-
zation has been performed to check the right number of
imaginary and nonimaginary frequencies for the minima and
the transition states. The splitting in the spectrum would then
arise from two transitions, connecting the global and the lo-
cal minima in each electronic state �cf. Fig. 6�a��. Since the
ground state energy difference between the two conformers
amounts only to 285 cm−1 �including zero-point-energy cor-
rection� and the barrier separating them is calculated to be
372 cm−1, both conformers might be frozen out in the course

of the expansion, forming an intensity ratio between the two
bands which is governed by the expansion conditions.

If on the other hand, only the most stable conformer is
exclusively frozen out in the supersonic expansion; an alter-
native explanation for the splitting can be given on the basis
of a tunneling splitting of the lowest vibrational level in the
potential energy curve of Fig. 5, which differs from the ex-
cited state splitting by the absolute value of the observed
splitting.

In the following we estimate the order of magnitude of
the splitting. Since the energy differences of the various tran-
sition states �at least in the electronic ground state� are small,
it is possible to approximate the potential by an expansion in
cosine terms,

V4 = 1
2 �V2�1 − cos 2
� + V4�1 − cos 4
�� , �1�

with V2=−290 cm−1 and V4= +200 cm−1 in the electronic
ground state.

Using the potential given above and a reduced torsional
constant B of 23 cm−1, which is typical for a hydroxy
torsion,23 a ground state torsional level splitting of 0.4 cm−1

is obtained using the analytical solutions from Ref. 24 of the
Schrödinger equation with the Hamiltonian

HT = B
d2

d
2 + 1
2�

n

Vn�1 − cos n
� , �2�

as implemented in the program HTORFIT, which is described
in Ref. 25. For the excited state, a negligible splitting results
due to the much higher barrier. Therefore, the very crude
approximation that the potential in the excited state is also
approximated by a sum of cosine terms does not influence
the result. Inspection of Fig. 5 shows that, while the minima
with the hydrogen pointing “ud” and “du” are exactly equal,
there is a large difference in the relative transition state en-
ergies for the hydrogen atom at the pyrrolo side or at the
pyridino side being in plane, respectively. Thus, a potential
containing cosine and sine terms would be more appropriate.
According to the fact that the barrier is much higher in the
excited state a very small splitting would result in any of the
model potential chosen. Regarding the fact that the above
estimation contains a few very rough approximations, the
appraised splitting is surprisingly close to the experimentally
determined one. Nevertheless, one has to keep in mind that
the estimation presented here is only meant to show the right
order of magnitude for the splitting expected from the tun-
neling motion.

The two possible explanations for the splitting of the
electronic origin of the 7-azaindole�H2O�2 cluster are de-
picted in Fig. 6. A distinction between these two possibilities
seems to be difficult. In case �b�, the relative intensities of
the subbands will only depend on the spin statistical weights
of the two components but not on the expansion conditions,
since both transitions originate from the same ground state
potential energy minimum. In case �a� the expansion condi-
tions should alter the relative intensities. In none of the ex-
periments we performed does a change of the relative inten-
sities could be observed, which would point to case �b�.
Nevertheless, the range in which the expansion conditions

FIG. 5. One-dimensional potential energy curve of the tunneling coordinate
in the 7-azaindole�H2O�2 cluster. The conformations of the stationary points
have been depicted symbolically with the line of sight into the plane of the
hydrogen bond ring and the azaindole monomer. The two out-of-plane hy-
drogen atoms are labeled by 8b and 9b in Fig. 3.

FIG. 6. Energy level scheme for the possible transitions in
7-azaindole�H2O�2. �a� Transitions between different conformers. The as-
sumption is made that under the expansion conditions both conformers are
frozen out simultaneously. �b� Transitions between different tunneling com-
ponents of the most stable conformer, which in this model is frozen out
exclusively in the supersonic expansion.
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can be varied without loosing the cluster signal are quite
small for the 7-azaindole�H2O�2 cluster. Thus, at the present
moment, no definite answer can be given to this question.
Since the chance of the difference of the two excitations
originating from different minima on the potential energy
surface shown in Fig. 6�a� being as small as observed experi-
mentally, we strongly prefer the tunneling model �case �b��.

V. CONCLUSIONS

The structures of the 7-azaindole�H2O�1,2 clusters were
determined in the S0 and the S1 state. Both in the ground and
excited state cyclic hydrogen bonded clusters of the 1H tau-
tomer were found, although in the excited state the 7H tau-
tomer is more stable one. Of course, this is not in the
Franck–Condon region for transitions from the 1H ground
state.

Contrary to the case of the 7-azaindole monomer, we
find the S1 state in the microsolvated clusters to be of La

character in Platts nomenclature �HOMO→LUMO�. This
conclusion can be drawn on the basis of the excited state
structures, the transition dipole moment orientations and the
adiabatic excitation energies.

The increased acidity of the pyrrolic NH group and the
increased basicity of the pyridino N atom in the electroni-
cally excited state leads to a considerable shortening of both
hydrogen bonds in the cyclic 7-azaindole�H2O�1 cluster.

Excited state lifetimes of 10 ns have been determined
from the Lorentz contribution to the line profiles for both
clusters, which are orders of magnitude larger that the two
time constants for a biexponential decay, that has been mea-
sured by pump-probe spectroscopy.

The spectral splitting observed in the 7-azaindole�H2O�2

cluster can be explained on the basis of a tunneling motion,
which interconverts the two out-of-plane hydrogen atoms of
the hydrogen bond.
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