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The structures of benzotriazole monomer and clusters have been examined bybenzotriazole(H2O)1, 2
comparison of R2PI spectra and IRÈUV double resonance spectra with the results of ab initio based normal
mode calculations. The structures of the binary benzotriazoleÈwater cluster and the n \ 2 cluster are shown to
be cyclic. Based on these cyclic structures the intermolecular vibronic transitions have been assigned by
comparison with ab initio normal mode analysis. The cyclic clusters can be viewed as abenzotriazole(H2O)1, 2
precursor to a transition state for H-atom transfer from the 1- to the 2-position in benzotriazole. The
activation energy for this tautomerism has been calculated for the monomer and the n \ 1 and 2 cluster as the
di†erence between the stabilization energy of the more stable tautomer and the respective transition state. It
has been found to decrease rapidly, with increasing cluster size.

I. Introduction
Benzotriazole can form two di†erent tautomers, the 1H- and
the 2H-benzotriazole, which are shown in Fig. 1. In the hydro-
gen bonded clusters with water, the water molecule(s) can in
principle attach at di†erent positions to the chromophore.
Furthermore, due to the close vicinity of proton-donating and
proton-accepting groups in benzotriazole, already small water
clusters might form cyclic structures. These cyclic cluster
structures might assist the tautomerism of 1H- and 2H-
benzotriazole. In order to study this interesting phenomenon,
one has to elucidate the structures of the species concerned in
the reaction. Benzotriazole contains proton-donating and
proton-accepting functional groups, as well as an aromatic p-
system. All three regions are potential sites for the binding of
one or more water molecules, which may bridge the functional
groups. Thus, determination of the equilibrium structure of
the benzotriazoleÈwater clusters is a demanding task.

The minimum energy structure of the monomer is not indu-
bitable, due to an equilibrium between di†erent tautomeric
forms, which di†er in the position of one H-atom and exhibit
nearly equal energies. The 1H- and 3H-tautomers are identi-
cal, while the 2H-tautomer di†ers in energy. For the benzo-
triazole monomer we could show experimentally, that the
most stable form is the 1H-tautomer (equal to the 3H-
tautomer).1 The energy di†erence between the 1H- and the
2H-tautomer has been determined by recording the FTIR
spectra of both tautomers at di†erent temperatures to be 417
cm~1.1 This small energy di†erence explains the great expen-
diture both in theoretical methods and in basis sets, which has
to be pursued in determining the most stable structures.

Fig. 1 The two tautomeric forms of benzotriazole and the atomic
numbering which is used in the text.

Benzotriazole has been studied both experimentally and
theoretically. The microwave spectra of 1H-benzotriazole
have been measured both in a gas cell2 and in a molecular
beam.3 The vibrationless transition of benzotriazoleS1 ^ S0at 34 920 cm~1, which was observed Ðrst by Jalviste et al.4
was shown to be due to the 2H-tautomer using rotationally
resolved LIF spectroscopy.5 The dispersed Ñuorescence
spectra of benzotriazole taken in our group could be assigned
to be solely due to 2H-benzotriazole.6 Fourier transform
infrared spectra of benzotriazole in a molecular beam in the
range 650È1700 cm~1 showed vibrational bands, which could
be attributed to 2H-benzotriazole,7 while infrared spectra in
the solid state were assigned as belonging to 1H-
benzotriazole.7,8

From a comparison of the UV band spectra of benzotri-
azole with the spectra of the 1- and 2-methyl-substituted deriv-
atives at di†erent temperatures et al. concluded, thatCatala� n
up to 20% of 2H-BT are present in the gas phase at 90 ¡C.9,10
While HartreeÈFock calculations predict the 1H-tautomer to
be favored by B800È1000 cm~1, this ordering is reversed
when electron correlation e†ects are included via second-order

perturbation theory.10MÔller-Plesset
Recently we presented an analysis of the spectrum of theS1binary benzotriazoleÈwater cluster and a comparison with the

binary benzimidazoleÈwater cluster.11 Here we analyze the
intramolecular ÈOH and ÈNH stretching vibrations in the
electronic ground state of in orderbenzotriazole(H2O)0, 1, 2 ,
to determine the structure of the benzotriazoleÈwater clusters
by comparison with the results of an ab initio based normal
mode analysis.

II. Experimental set-up
The experimental set-up for the resonance enhanced two-
photon ionization (R2PI) and UVÈUV spectral hole burning
(SHB) is described in detail elsewhere.6,12 BrieÑy, the appar-
atus consists of a source chamber pumped with a 1000 l s~1
oil di†usion pump (Alcatel) in which the molecular beam is
formed by expanding a mixture of helium and benzotriazole
through the 300 lm oriÐce of a pulsed nozzle (General Valve,
Iota One). Dried benzotriazole was heated to 100 ¡C prior to
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expansion in He. The spectra of the deuterated substances
were recorded by simply Ñowing vapor at a partial pres-D2Osure of 18 mbar over the solid benzotriazole sample and
recording successively the R2PI spectra. The water clusters
were formed by co-expanding water at a partial pressure of 10
mbar. The skimmed molecular beam (Beam Dynamics
Skimmer, 1 mm oriÐce) crosses the laser beams at right angles
in the ionization chamber. The ions are extracted in a gridless
WileyÈMcLaren type time-of-Ñight (TOF) spectrometer
(Bergmann Entwicklung) perpendicular to theMe�gera� te
molecular beam and laser direction and enter the third (drift)
chamber where they are detected using multi-channel plates
(Galileo). Ionization and drift chamber are both pumped with
a 150 l s~1 rotatory pump (Leybold). The vacuum in the three
chambers with molecular beam on was 1] 10~3 mbar
(source), 5] 10~5 mbar (ionization) and 1 ] 10~7 mbar
(drift), respectively. The resulting TOF signal was digitized by
a 500 MHz oscilloscope (TDS 520A, Tektronix) and trans-
ferred to a personal computer, where the TOF spectrum was
recorded and stored.

The R2PI measurements were carried out using the fre-
quency doubled output of a Nd : YAG (Spectra Physics,
GCR170) pumped dye laser (LAS, LDL205) operated with
Fluorescein 27. For UVÈUV hole burning spectroscopy the
second harmonic of a Nd : YAG (Spectra Physics GCR3)
pumped dye laser (LAS, LDL205) operated with Fluorescein
27 dye was used. Both lasers have been calibrated by compari-
son with the tabulated transition frequencies to the iodine
spectrum.

For IRÈUV hole burning we used an infrared dye (a
mixture of Styryl 8 and Styryl 9) whose radiation is aligned
collinear with the perpendicularly polarized Nd-YAG funda-
mental (1064 nm) and directed through a MgO-doped

crystal to generate 3200È4000 cm~1 radiation via dif-LiNbO3ference frequency mixing. Suitable dielectric mirrors separate
the Nd-YAG fundamental and the dye laser beam behind the

crystal. We typically use 50 mJ (pulse)~1 of the YAGLiNbO3fundamental and 15È20 mJ (pulse)~1 of the dye laser output
to obtain 1È3 mJ (pulse)~1 IR radiation between 3200 and
4000 cm~1 with a bandwidth of \0.1 cm~1. The IR laser was
calibrated by recording a water vapor spectrum and compar-
ing the lines to a literature spectrum.13

The UVÈIR spectra have been taken at a Ðxed IR wave-
length, with the UV-laser scanned over the region of interest.
The resulting spectrum is obtained by subtracting the UVÈIR-
double resonance spectrum from the R2PI spectrum, after
normalizing them to the same peak area. The experiment
control software was modiÐed in order to record the R2PI
spectrum (UV) and the UVÈIR spectra at each spectral posi-
tion simultaneously. This is necessary to minimize the errors
due to changing conditions during the scans.

III. Theoretical methods
All ab initio calculations were performed using the GAUSS-
IAN 98 program package.14 The SCF energy convergence cri-
terion used was 10~8 and the convergence criterion for theEhgradient optimization of the molecular geometries of the
cluster structures was 1.5] 10~5 andEh a0~1 Eh(degree)~1,
respectively. However, for the clustersbenzotriazole(H2O)2more relaxed convergency criteria of 10~5 for the SCFEhenergy and 4.5 ] 10~4 and respectivelyEh a0~1 Eh(degree)~1,
had to be employed, in order to keep the computing time
within reasonable limits.

The geometry optimization of the di†erent benzotriazole
clusters was performed using perturbationMÔllerÈPlesset
theory at second-order (MP2) level using the 6-31G(d,p) basis
set. The vibrational frequencies of the electronic ground state
were calculated using the analytical second derivatives of the
MP2 potential energy surface. The intermolecular frequencies

for the electronically excited state of the benzotriazoleÈwater
clusters were calculated using the conÐguration interaction
method with single excitations (CIS).

The stabilization energies and for the clusters wereDe D0obtained as di†erences of the cluster and monomer energies
and are corrected for the zero-point energy (ZPE) and the
basis set superposition error (BSSE) using the counterpoise
method of Boys and Bernardi.15

The transition states (TS) for the tautomerization equilibria
have been optimized using the synchronous transit-guided
quasi-Newton (STQN) Method of Schlegel and co-
workers16,17 using the corresponding optimized cluster struc-
tures at the minima of the potential which are connected by
the TS.

IV. Results

A. The benzotriazole monomer

Using FTIR spectroscopy, the frequency of the NÈH stretch-
ing vibration of 2H-benzotriazole was determined experimen-
tally to be 3489 cm~1, while the 1H-tautomer has a slightly
higher vibrational frequency of 3511 cm~1 in the gas phase.1
Berden et al.5 showed that the electronic origin of benzotri-
azole at 34 917.8 cm~1 belongs to the 2H-tautomer.

The frequency of the NÈH stretching vibration of 2H-
benzotriazole was calculated to 3696.6 cm~1 at the MP2/6-
31G(d,p) level, while the corresponding frequency of
1H-benzotriazole was determined to be 3724.1 cm~1 using the
same method and basis set.

1. IR–UV hole burning. The electronic origin cannot be
observed under one-color conditions, because the dis-S1ÈD0tance is larger than Therefore we measured the IRÈUVS0ÈS1.double resonance spectrum of the benzotriazole monomer
upon analysis of the vibronic band at 35 400.8 cm~1, which is
a very intense vibronic band in the R2PI spectrum of the
monomer (cf. Table 1). The spectrum, Fig. 2a, shows only one
peak at 3488.4 cm~1. This value matches the FTIR frequency
of the NÈH stretching vibration of 2H-benzotriazole very well,
which proves the above assumption that the electronic origin
at 34 917.8 cm~1 belongs to the 2H-tautomer. In order to
search for the hitherto unknown electronic origin of 1H-
benzotriazole we set the IR-laser to the NÈH stretching vibra-
tion of this tautomer at 3510.4 cm~1 and scanned the
UV-laser between 35 380 and 35 535 cm~1 and between 35 700
and 36 000 cm~1. No di†erence was detected without the IR-

Fig. 2 IRÈUV double resonance spectra of (a) 2H-benzotriazole ; (b)
(c) obtained via2H-benzotriazole(H2O)1 ; 2H-benzotriazole(H2O)2analysis of the electronic origins given in Table 1. The calculated fre-

quencies (see text) scaled to the frequency of the ÈNH stretch vibra-
tion of the monomer are shown as vertical bars.

Phys. Chem. Chem. Phys., 2001, 3, 4218È4227 4219
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Table 1 Electronic origins and spectral shifts of the benzotriazoleÈ
water clusters and some of their isotopomers relative to the origin of
the 2H-benzotriazole monomer

Electronic Spectral
Isotopomera origin/cm~1 shift/cm~1

2H-benzotriazole 34 917.8 È
2D-benzotriazole 34 971.5 53.7
2H-benzotriazole(H2O)1 35 039.2 121.4
2D-benzotriazole(H2O)1 35 082.2 164.4
2H-benzotriazole(HbODf)1 35 039.4 121.6
2H-benzotriazole(DbOHf)1 35 028.8 111.0
2H-benzotriazole(H2O)2 35 049.3 131.5

a The superscripts b and f refer to the hydrogen bound and free
H-atom in the cyclic binary cluster.

laser. In contrast to the UVÈUV double resonance experi-
ments described in ref. 6 the UVÈIR set-up has the advantage,
that a transition is utilized, which is known to belong to 1H-
benzotriazole. Nevertheless in the examined region no absorp-
tion due to 1H-benzotriazole could be found.

B. The benzotriazole(H
2
O)

1
-cluster

Due to the and functions in the Ðve-membered ring2N1 È †
ŒN1 H

of the 1H- and 2H-tautomers of benzotriazole, it can act both
as proton donor and acceptor in a hydrogen bond with one
water molecule. Furthermore, the water moiety could be
bound via the p-electron cloud of the Ðve- or six-membered
ring. However, for these p-bound structures no minima at the
potential energy surface could be found. We optimized linear
structures with 1H- and 2H-benzotriazole acting as proton
donor towards the water moiety, linear structures in which
they act as proton acceptor and cyclic structures in which the

function acts as proton donor and as proton†
ŒN1 H 2N1 È
acceptor. The MP2/6-31G(d,p) optimized structures are
shown in Fig. 3. The corresponding calculated stabilization
energies are given in Table 2. The calculations yield linear and

cyclic arrangements with similar stabil-†
ŒN1 HÉ É ÉOHÉ É ÉN1 O
ization energies. The linear structure of 2H-benzotriazole-

Fig. 3 Optimized structures of six di†erent benzotriazole(H2O)1clusters at the MP2/6-31G(d,p) level of theory. The Ðrst column shows
the 1H-benzotriazole clusters, the second column shows the 2H-
benzotriazole clusters.

Table 2 Absolute and relative stabilization energies of 1H- and 2H-
clusters. All calculations have been performed atbenzotriazole(H2O)1the MP2 level with the 6-31G(d,p) basis set. Both and includeDe D0corrections for the BSSE

Structure Energy De/ D0/Geometry (Fig. 3) /Eh kJ mol~1 kJ mol~1

Linear, BT donor
1H-BT(H2O)1 a [470.948 10 [21.6 [17.6
2H-BT(H2O)1 ba [470.951 26 [29.8 [23.8

Linear, BT acceptor
1H-BT(H2O)1 c [470.946 71 [14.0 [8.3
2H-BT(H2O)1 d [470.948 21 [16.8 [8.8

Cyclic
1H-BT(H2O)1 e [470.949 89 [21.7 [15.4
2H-BT(H2O)1 f [470.952 98 [29.0 [20.4

a First-order saddle point.

was found to be a Ðrst-order saddle point[donor](H2O)1instead of a true minimum. The zero point energy correction
in this case was performed considering only the 3N [ 7
normal modes, for which the derivative of the potential energy
with respect to the normal coordinates equals zero.dV /dq

iThis structure is a transition state, connecting two cyclic
forms of the cluster. The coordinate for this transition is a
rotation of the water about its inertial b-axis. The fact, that
the transition state is energetically below the cyclic minima is
an artefact of the BSSE correction on very near structures.

The discussion of the absolute and relative cluster stabilities
is complicated by the difficulties arising from the very similar
energies of the two tautomers as shown in ref. 1. The calcu-
lated absolute and relative energies of the clusters, including
BSSE and ZPE corrections are given in Table 2. The cyclic
and the linear cluster in which BT2H-benzotriazole(H2O)1acts as proton donor have the largest stabilization energies D0of 20.4 and 23.8 kJ mol~1, respectively. The linear cluster with
BT acting as proton acceptor has a considerably lower stabili-
zation energy (8.3 and 8.8 kJ mol~1). In all cases, the 1H-
cluster was found to be less stable than the 2H-cluster.

1. R2PI spectra. Fig. 4 shows the R2PI spectrum of the
cluster recorded at the mass channel ofbenzotriazole(H2O)1this cluster. No fragmentation was observed for this, nor for

the n \ 2 cluster. The frequency of the electronic origin, which
is given in Table 1, is blueshifted with respect to the origin of
the monomer by 121.4 cm~1. The UVÈUV double resonance
spectrum of the cluster proves, that allbenzotriazole(H2O)1

Fig. 4 R2PI spectra of the clusters in the2H-benzotriazole(H2O)1, 2region of the intermolecular vibrations. The frequencies are given rela-
tive to the electronic origins at 35 039.2 and 35 049.3 cm~1, respec-
tively.

4220 Phys. Chem. Chem. Phys., 2001, 3, 4218È4227
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vibronic transitions in the R2PI spectrum belong to only one
conformer of the benzotriazoleÈwater cluster.11 The relatively
small shift to the electronic origin of the 2H-tautomer is a
strong indication that the water cluster is formed in this tauto-
meric form too. Within a few thousand wavenumbers no band
of the other tautomer could be found.

The complete vibronic spectrum appears also in com-
bination with a prominent vibronic transition at 71 cm~1. A
large geometry change upon electronic excitation along this
coordinate can be postulated due to the uncommon FranckÈ
Condon pattern. The UVÈUV double resonance spectrum
proved that both band system origins and all observed bands
belong to the same ground state species.11 Therefore the exis-
tence of a tunneling splitting in the electronic ground state
which might lead to the observed two nearly identical band
systems can be ruled out. Nevertheless a splitting in the S1-cannot be ruled out as being responsible for the twostate
band systems.

In order to distinguish between the cyclic and the linear
form of the cluster, we performed R2PI spectroscopy on the
singly deuterated cluster. For a linear donor cluster one would
expect two di†erent electronic origins, namely 2D-

and 2H-benzotriazole(HDO) with thebenzotriazole(H2O)1 1two positions in the water moiety being equivalent. On the
other hand the two positions in the water moiety are distin-
guishable for the cyclic cluster and therefore should lead to
three di†erent electronic origins. Fig. 5 shows the R2PI spec-
trum recorded on the mass trace of the singly deuterated
cluster in the region of the electronic origin. One vibronic pro-
gression clearly builds upon an origin (35 039.4 cm~1 indi-
cated by b in Fig. 5) which is only slightly shifted with respect
to the origin of the undeuterated cluster (35 039.2 cm~1). A
second progression can be observed upon an origin, redshifted
by 10.6 cm~1 with respect to the Ðrst origin (a in Fig. 5). A
third progression builds upon an origin at 35 082.2 cm~1 (c in

Fig. 5 R2PI-spectrum of the singly deuterated benzotriazole(water)1cluster in the region of the electronic origin.

Fig. 5), thus blueshifted by 42.8 cm~1 relative to the origin b.
The vibronic patterns built upon all three origins are virtually
the same. The blueshift of origin c is similar to the value of the
isotopic shift of 53.7 cm~1 of 2H-benzotriazole/2D-benzotri-
azole.11 We therefore assign the origin at 35 082.2 cm~1 to the
isotopomer Concerning the assign-2D-benzotriazole(H2O)1.ment of the other two electronic origins we performed an
IRÈUV double resonance experiment, which will be described
in the next section.

2. IR–UV hole burning. Examination of the spectral region
of the ÈNH and ÈOH stretching vibrations can be helpful in
determining the cluster structure, or at least the connectivities
of the di†erent cluster moieties. Fig. 2b shows the IRÈUV hole
burning spectrum of the binary benzotriazole water cluster,
obtained upon analysis via the band at 35 064.7 cm~1
(0.0] 25.5 cm~1). This band has been chosen, because it is the
strongest transition in the R2PI spectrum of the binary
cluster. In the region of the ÈNH and ÈOH stretching vibra-
tions four bands are observed and compiled in Table 3. The
Ðrst band at 3399 cm~1 can be assigned to a bound ÈNH
stretching vibration. It is redshifted relative to the free ÈNH
vibration by 89.4 cm~1 and is broadened compared to the free
ÈNH vibration, which is typical for hydrogen bound ÈNH
stretching vibrations. The observed redshift is the same as
reported by Carney et al.18,19 for the related indoleÈwater
system. The redshift of the bound ÈNH vibration proves that
benzotriazole acts as a proton donor in this cluster, which
causes a weakening of the NÈH bond strength. Any of the
structures c and d in Fig. 3 in which the water moiety acts as
proton donor can therefore be excluded. The next band at
3585.5 cm~1 can be assigned to a bound ÈOH stretching
vibration of the water moiety, thus conÐrming a cyclic struc-
ture of the cluster.

The other two bands at 3732.6 and 3740.9 cm~1, respec-
tively, can be assigned to a free ÈOH stretching vibration of
the water moiety, which is split into two components by a
large amplitude motion. The existence of two isomers in the
ground state, which might be responsible for the occurrence of
two di†erent ÈOH stretching vibrations has already been dis-
carded by UVÈUV double resonance spectroscopy.11 Never-
theless UVÈUV hole burning spectroscopy bears the risk of
exciting simultaneously two di†erent bands with the probe
laser, if they overlap within the bandwidth of the exciting
laser. Therefore we analyzed directly through the distinguish-
able vibrational bands at 3732.6 and 3740.9 cm~1 while scan-
ning the UV-laser in the region of interest. Fig. 6 shows the
R2PI (a) and UVÈIR (b) double resonance spectra obtained by
exciting the IR band at 3740.5 cm~1, together with the di†er-
ence of the normalized spectra (c). Obviously all the bands in
the scanned region belong to the analyzed species.

Finally we were able to assign the three electronic origins of
the singly deuterated cluster to the corresponding tautomers
using IRÈUV double resonance. Fig. 7 shows three IRÈUV
double resonance spectra in the region of the free ÈOH vibra-

Table 3 Experimental IR frequencies in cm~1 of in the region of the ÈNH and ÈOH stretching vibrations together withbenzotriazole(H2O)1calculated vibrational frequencies for di†erent cluster structures. All calculations are performed at the MP2/6-31G(d,p) level of theory. All
frequencies have been scaled by 0.95

1H-BT(H2O)1 2H-BT(H2O)1
Assignmenta Experiment ab c e b d f

NH (bound) 3399.0 3315 3534 3407 3304 3511 3399
OH (bound) 3585.5 È È 3625 È È 3626

3732.6 3677 3586 È 3678 3629 È
OH (free) 3779 3775

3740.9 3800 3777 3802 3781

a The assignment is valid only for the cyclic structures. b This designation refers to Fig. 3 and Table 2.

Phys. Chem. Chem. Phys., 2001, 3, 4218È4227 4221
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Fig. 6 UVÈIR double resonance spectrum of 2H-
obtained with the IR-laser Ðxed at 3740.5 cm~1benzotriazole(H2O)1(a) and the normalized R2PI spectrum in the same region (b), together

with the di†erence between both spectra (c).

tion, obtained by analyzing the electronic origins of the d1-a, b and c, shown in Fig. 5. All three spectra areisotopomers
di†erent, which proves our assumption of three distinct elec-
tronic origins. Analyzing the origin a at 35 039.4 cm~1, we
obtained an ÈOH stretch band at 3715 cm~1. When analyzing
the origin c at 35 082.2 cm~1 we observed an ÈOH stretching
frequency of 3732 cm~1 which is close to the value for the
undeuterated cluster. Upon analysis of origin b (35 039.4
cm~1) we did not observe any free ÈOH stretch band. From
this we can deduce that origin b has to be assigned to the
2H-benzotriazole(HODf) cluster in which the deuterium1occupies the free site, while the origin a at 35 028.8 cm~1 is
due to 2H-benzotriazole(DbOH) in which the deuterium is1located at the bound site. The free ÈOH vibration of 2D-

is inÑuenced least of all, so that origin cbenzotriazole(H2O)1can safely be assigned to this isotopomer, in coincidence with
our Ðndings from R2PI spectroscopy. The assignment of all
electronic origins of the isotopmeric clusters is given in Table
1.

3. The cluster. In order to determinebenzotriazole(H
2
O)

2the structures of the cluster several start-benzotriazole(H2O)2ing geometries, which are shown in Fig. 8, have been con-
sidered. Two cyclic structures (one for 1H-benzotriazole, the
other for 2H-benzotriazole) with the two water moieties bridg-
ing the functional groups of the Ðve-membered ring (Fig. 8a
and b), two linear structures, in which benzotriazole acts as
proton acceptor vs. a hydrogen bound water dimer (Fig. 8c
and d), two linear structures in which the functional†

ŒN1 H
group acts as proton donor with respect to one of the water
molecule and the group as proton acceptor to the second2N1 È

Fig. 7 IRÈUV spectra taken by analyzing the three electronic origins
of the di†erent which are shown in Fig. 5.d1-isotopomers,

Fig. 8 Eight di†erent starting geometries for the calculation of the
cluster at the MP2/6-31G(d,p) level of theory.benzotriazole(H2O)2

water molecule (Fig. 8e and f ) and two linear structures, in
which one water molecule acts as proton donor vs. benzotri-
azole and the other as proton acceptor (Fig. 8g and h).

Starting with these eight geometries, only Ðve converged at
the MP2/6-31G(d,p) level of theory to the optimized start
geometry. These are the cyclic (a)1H-benzotriazole(H2O)2and (b) structures, a linear water2H-benzotriazole(H2O)2chain cluster in which BT acts as proton acceptor (c and d)
and the linear (g) structure in which1H-benzotriazole(H2O)2one water molecule acts as proton donor, the other as proton
acceptor. The stationary points at the PES for the linear chain
clusters (c and d) turned out to be Ðrst order saddle points.
Table 4 gives the relative stabilization energies of these Ðve
structures. The other starting geometries converged into the
cyclic structures a and b. Table 4 summarizes the stabilization
energies of these clusters with ZPE correction and BSSE
included. The cyclic clusters turn out to be the most stable
ones kJ mol~1 for the 2H-cluster and [57.2 kJ(D0 \ [59.1
mol~1 for the 1H-cluster). The stabilization energy for the
linear chain cluster with benzotriazole acting as proton accep-
tor was calculated to be [29.5 and [19.6 kJ mol~1 for the
1H- and 2H-cluster, respectively. The linear 1H-

structure in which one water moleculebenzotriazole(H2O)2acts as proton donor, the other as proton acceptor is stabil-
ized with respect to the monomers by [34.9 kJ mol~1.

4. R2PI spectra. The electronic origin of the n \ 2 cluster
is shifted by 131.5 cm~1 to higher energy compared to the
monomer (Fig. 4c). This is a shift of only 10 cm~1 further to
the blue than the origin of the binary cluster, as shown in
Table 1. The FranckÈCondon pattern in the spectrum of the

cluster points to similar structures in2H-benzotriazole(H2O)2
4222 Phys. Chem. Chem. Phys., 2001, 3, 4218È4227
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Table 4 Absolute and relative stabilization energies of several clusters. All calculations have been performed at the MP2benzotriazole(H2O)2level with the 6-31G(d,p) basis set. Both and include corrections for the BSSEDe D0
Structure Energy De/ D0Geometry (Fig. 8) /Eh kJ mol~1 kJ mol~1

Cyclic
1H-BT(H2O)2 a [547.196 51 [75.6 [57.2
2H-BT(H2O)2 b [547.197 52 [78.8 [59.1

Linear chain, BT acceptor
1H-BT(H2O)2 ca [547.179 32 [42.9 [29.5
2H-BT(H2O)2 da [547.177 99 [34.3 [19.6

Linear chain, BT donor
1H-BT(H2O)2 e converges to a È È
2H-BT(H2O)2 f converges to b È È

Linear, BT donor and acceptor
1H-BT(H2O)2 g [547.183 25 [47.8 [34.9
2H-BT(H2O)2 h converges to b È È

a First-order saddle points at the PES. The ZPE corrections have been calculated along the 3N [ 7 normal modes, for which (dV /dq
i
)\ 0.

electronic ground and excited state, in contrast to the spec-
trum of A comparison of the experi-2H-benzotriazole(H2O)1.mental vibronic frequencies with an ab initio based normal
mode analysis will be discussed after determination of the
structure with IRÈUV double resonance spectroscopy in the
next section.

5. IR–UV hole burning. The IRÈUV hole burning spec-
trum of obtained upon analysis of thebenzotriazole(H2O)2electronic origin at 35 049.3 cm~1 is shown in Fig. 2c. Here
the assignment of the intramolecular vibrations to a certain
cluster structure is straightforward. For a cyclic cluster, as
shown in Fig. 8a and b, one expects two free ÈOH vibrations,
two bound ÈOH and one bound ÈNH stretching vibration.
The spectrum in Fig. 2c shows a band at 3376 cm~1, which
might be assigned to the NH stretching vibration. It is red-
shifted by 23 cm~1 compared to the binary cluster and by 112
cm~1 compared to the free ÈNH vibration of the monomer. A
band analysis of the overlapping bands at 3376 and 3388
cm~1 shows that the band which is assigned to the bound
ÈNH stretching vibration is further broadened compared to
the binary cluster. However, if one compares the calculated
frequency of the bound ÈNH stretching vibration to the
experimental value, it is striking that there is a large discrep-
ancy. While the red shift of the binary cluster to the free ÈNH
vibration of benzotriazole is reproduced quite well
(experimental value : 89 cm~1, calculated shift : 146 cm~1 for
the cyclic cluster), the calculated shift for the 1 : 2 cluster devi-
ates considerably (experimental value : 112 cm~1, calculated
shift : 467 cm~1 for the cyclic cluster). Therefore it is possible,
that the bound ÈNH stretching vibration is shifted below 3200
cm~1. Unfortunately this range was experimentally not acces-
sible for us. If the band at 3376 cm~1 is not the bound ÈNH
vibration, another interpretation has to be given. The explana-
tion that this band is due to a Fermi resonance of one of the
bound ÈOH stretching vibrations with an overtone of the
water bending mode, as discussed by Watanabe et al.20 for the
cyclic phenolÈwater clusters is very unlikely, because the
highest value found for an water bending mode in a hydrogen
bonded cluster is 1640 cm~1, as determined by Paul et al.21
An overtone of this band would not be expected to be further
blue shifted by 100 cm~1.

The next two (broad) transitions at 3388 and 3431 cm~1 are
due to the two bound ÈOH stretching vibrations. Compared
to the system in which these two vibrations arephenol(H2O)2observed at 3505 and 3552 cm~1, they are redshifted.22 The
free ÈOH stretching vibrations are observed at 3717 and 3723
cm~1, in very good agreement with the valuesphenol(H2O)2of 3722 and 3725 cm~1. Comparison of the experimental

vibrational frequencies with the calculated frequencies of the
cyclic cluster gives a good agreement,2H-benzotriazole(H2O)2cf. Table 5. Again, from the close agreement of the electronic
origin of the benzotriazole monomer with the origin of the
n \ 2 cluster we suppose that the cluster is in the 2H-form.

C. Transition states for the tautomerization

1. Benzotriazole. The transition state for the tauto-
merization reaction between 1H-benzotriazole and 2H-
benzotriazole has been calculated at the MP2/6-31G(d,p) level
of theory using the STQN method.16,17 The structural param-
eters of the transition state are given in Table 6. In the MP2
optimized structure, the H-atom has a distance of 120.7 pm
from and 127.7 pm from The distance in theN1 N2 . N1N2transition state structure increases considerably from 136.1
pm for the 1H-tautomer and 133.4 pm for 2H-benzotriazole to
148.3 pm for the transition state geometry, while the N2N3distance remains virtually constant. In contrast to 1H- and
2H-benzotriazole the H-atom is located out of plane for the
transition state geometry, indicated by a dihedral angle

of 116.6¡ (A planar geometry of the TS, with anN3N2N1H1dihedral angle of 180¡ could be shown to be a second-order
saddle point).

The (electronic) activation energy (2H-benzotriazole-tran-
sition state) amounts to 213 kJ mol~1 at the MP2 level, con-
sidering ZPE corrections it is calculated to be 195 kJ mol~1.
The two tautomers have an energy di†erence (including ZPE)
of 7.75 kJ mol~1 with 2H-benzotriazole being the more stable
tautomer. We have recently shown, that the determination of
the correct energy order for this pair of tautomers requires at
least forth order perturbation theory or CCSD with the 6-

Table 5 Experimental IR frequencies in cm~1 of benzotri-
in the region of the ÈNH and ÈOH stretching vibrationsazole(H2O)2together with calculated vibrational frequencies for di†erent cluster

structures. All calculations are performed at the MP2/6-31G(d,p) level
of theory and are scaled by 0.95

1H-BT(H2O)2 2H-BT(H2O)2
Assignmenta Experiment ab g b

See text 3376 3097 3294 3094
OH (bound) 1 3389 3392 3571 3422
OH (bound) 2 3431 3487 3681 3493
OH (free) 1 3716.8 3759 3774 3762
OH (free) 2 3722.9 3763 3805 3767

a The assignment refers to the vibrational motion of the cyclic clus-
ters. b This designation refers to Fig. 8 and Table 4.

Phys. Chem. Chem. Phys., 2001, 3, 4218È4227 4223
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Table 6 Bond lengths angles and dihedral angles (degrees) for three stationary points at the benzotriazole MP2/6-31G(d,p) potential energy(A� ),
surface. For atom numbering see Fig. 8

1H-Benzotriazole 2H-Benzotriazole Transition state

N1H1 1.008 2.037 1.277
N2H1 2.044 1.011 1.207
N1N2 1.361 1.334 1.483
N2N3 1.321 1.334 1.329
N1N2N3 108.05 120.04 111.29
N2N1H1 118.49 25.46 51.15
N3N2N1H1 180.00 180.00 116.50

311G(d,p) basis set.1 The objective of this publication is to
estimate the energy di†erence between the minima at the ben-
zotriazole PES and the transition state connecting them. Due
to the large activation energy, compared to the energy di†er-
ence, the small errors due to insufficient basis set and method
can be neglected. Fig. 9 shows the structures at the three sta-
tionary points of the benzotriazole PES (1H-benzotriazole,
2H-benzotriazole and TS).

The tautomerization between the2. Benzotriazole(H
2
O)

1
.

binary water clusters of 1H- and 2H-benzotriazole is supposed
to have a lower barrier than the reaction of the monomers,
because the proton can be passed on through bond reorgani-
zations in the water molecule, or for larger clusters in the
water chain. The transition state for the tautomerization

Fig. 9 Structures of 1H- and and the2H-benzotriazole(H2O)0, 1, 2respective transition state, connecting the tautomers as calculated at
the MP2/6-31G(d,p) level of theory.

reaction between and1H-benzotriazole(H2O)2 2H-
has been calculated at the MP2/6-31G(d,benzotriazole(H2O)2p) level of theory using the STQN method.16,17 Fig. 9 shows

the geometry of the transition state for the interconversion of
the two tautomeric clusters. The structural parameters of the
transition state are given in Table 7. The water moiety, bridg-
ing the two tautomeric positions in the benzotriazole almost
lies in the aromatic plane. The two H-atoms, connected to N1and have a considerably longer bond length than in a freeN2water molecule. Intramolecular geometry parameters in the
benzotriazole moiety are clearly less inÑuenced than in the
monomer TS. Especially, the distance between andN1 N2remains nearly the same in the transition state structure, com-
pared to the tautomers, while in the benzotriazole monomer a
considerable increase in this bond length can be observed. The
electronic energy di†erence calculated between the minimum
energy structure of the cyclic cluster2H-benzotriazole(H2O)1and the transition state structure is calculated to be 137 kJ
mol~1, considering ZPE corrections 122 kJ mol~1, while for
the di†erence between the linear 2H-benzotriazole(H2O)1cluster and the TS 138 kJ mol~1 (125 kJ mol~1 with ZPE) is
calculated. The energy di†erence between the cyclic 1H- and

cluster is calculated to be 5.02 and2H-benzotriazole(H2O)16.19 kJ mol~1 for the linear clusters (including ZPE and BSSE
corrections). In both cases the 2H-tautomer is calculated to be
the more stable one, of course with the same qualiÐcations as
made in the case of the monomer concerning basis set and
method.

The tautomerization equilibrium3. Benzotriazole(H
2
O)

2
.

between the 1 : 2 water clusters of 1H- and 2H-benzotriazole
is supposed to have an even lower barrier, than the tauto-
merization between the monomers or the binary cluster,
because the proton can be passed on through the water chain.
The transition state for the tautomerization reaction between

and has1H-benzotriazole(H2O)2 2H-benzotriazole(H2O)2been calculated at the MP2/631G(d,p) level of theory using
the STQN method.16,17 The structural parameters of the tran-
sition state are given in Table 8, the resulting geometry is

Table 7 Bond lengths angles and dihedral angles (degrees) for three stationary points at the MP2/6-31G(d,p) potential(A� ), benzotriazole(H2O)1energy surface

1H-Benzotriazole(H2O)1 2H-Benzotriazole(H2O)1 Transition state

N1H1 1.017 2.211 1.403
N2H2 2.226 1.019 1.421
N1N2 1.328 1.335 1.322
N2N3 1.255 1.331 1.274
O1H1 2.015 0.969 1.134
O1H2 0.969 2.045 1.126
O1H3 0.963 0.963 0.967
N1N2N3 110.27 119.42 114.40
N1O1N2 27.68 27.21 33.49
N3N2N1H1 178.85 179.43 178.37
N3N2N1H2 173.75 179.43 178.16
N3N2N1O1 176.73 176.94 177.86

4224 Phys. Chem. Chem. Phys., 2001, 3, 4218È4227
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Table 8 Bond lengths angles and dihedral angles (degrees) for three stationary points at the MP2/6-31G(d,p) potential(A� ), benzotriazole(H2O)2energy surface

1H-Benzotriazole(H2O)2 2H-Benzotriazole(H2O)2 Transition state

N1H1 1.034 1.953 1.424
N2H2 1.952 1.036 1.446
N1N2 1.354 1.340 1.355
N2N3 1.327 1.331 1.336
O1H1 1.764 0.977 1.103
O1H4 0.963 0.962 0.966
O1H3 0.982 1.820 1.200
O1O2 2.739 2.756 2.393
O2H2 0.977 1.756 1.092
O2H3 1.791 0.980 1.216
O2H5 0.963 0.962 0.965
N1N2N3 109.49 118.54 113.58
N2N1O1 105.62 102.44 100.83
N1O1O2 77.11 74.00 78.80
O1O2N2 74.38 76.77 77.17
N3N2N1H1 179.86 178.52 179.40
N3N2N1H2 178.74 179.62 178.84
N3N2N1O1 179.13 178.86 179.30
N3N2N1H3 177.19 179.42 178.76
N3N2N1O2 176.71 179.16 178.61

shown in Fig. 9. For the transition state structure, both
oxygen atoms of the water moieties, which bridge the andN1of benzotriazole are in the plane of the aromate. TheN2-atom
three hydrogen atoms and are also positioned inH1, H2 H3this plane.

The energy di†erence calculated between the minimum
energy structure of the cyclic cluster2H-benzotriazole(H2O)2and the transition state structure amounts to 101 kJ mol~1
(82 kJ mol~1 with ZPE), with an energy di†erence of 1.9 kJ
mol~1 between the two tautomeric forms of the cluster
(including ZPE and BSSE corrections), the 2H-tautomer being
the more stable one.

The Gibbs energies of activation for the tautomeric equi-
libria of the monomers, 1 : 1 and 1 : 2 cluster, respectively
have been calculated and are given in Table 9. From these
Gibbs activation energies one can estimate the rate constants
for the tautomerization using the relation :

k(T )\
kT
hcÖ

exp
A
[

*GE

RT
B

(1)

Thus the relative tautomerization rate constants with the
standard concentration set to 1 can be estimated ascÖ
2 ] 10~3 s~1 : 2] 10~10 s~1 : 2] 10~22 s~1 for the 1 : 2
cluster, the 1 : 1 cluster (cyclic and linear) and the monomer,
respectively.

V. Discussion

The observation of three distinct electronic origins in the
R2PI spectrum of the partially deuterated 1 : 1 cluster, and the
IRÈUV double resonance spectra in the region of the ÈOH
and ÈNH stretching vibrations proved the 2H-

cluster to be cyclic. Two open questionsbenzotriazole(H2O)1

remain. The Ðrst is concerned about the free ÈOH vibration in
the electronic ground state of the cluster, which is obviously
split into two sub-bands. The second question deals with the
strange behavior of the vibronic spectrum, in which two band
systems with nearly the same frequencies and intensities arise,
separated by only 71 cm~1. Geometry optimizations at the
CIS level with the 6-311G(d,p) basis set predict a geometry of
the benzotriazole monomer in the state in which the NÈHS1group is slightly out-of-plane, which is in accordance with the
slightly larger inertial defect in the electronically excited state,
as obtained by Berden et al. using high resolution LIF spec-
troscopy.5 The position of the H-atom above or below the
aromatic plane leads to indistinguishable structures which are
converted into each other via the inversion vibration at the
central nitrogen atom. They represent enantiomers (the molec-
ular symmetry group to describe their interconversion is the
group consisting of the operations E, P, E* and P*), andG4 ,
have the same energy. For the benzotriazoleÈwater cluster in
the electronic ground state, the free H-atom of the water
moiety points out of the plane, deÐned by the aromatic
system. The positions above or below the plane have the same
energy and the two orientations can also be interconverted by
an inversion (group consisting of the operations E, andG2 ,
E*). However, in the electronically excited state two diastereo-
mers exist. In one of them, the hydrogen atom of benzotriazole
and of the water moiety both point upwards (uu). In the other
structure one points upwards and the other downwards (ud).
The appearance of two band systems in the excitation spec-
trum could thus be explained by transitions to two di†erent

states which di†er only slightly in their geometry. ThisS1leads to very similar vibrational frequencies and intensities of
both band systems. The latter can be explained by the very
small geometry change, which leads to similar FranckÈ
Condon factors for both transitions. Based on these argu-
ments and on a comparison of an ab initio mode analysis at

Table 9 Enthalpies and Gibbs energies of activation, reaction energies, enthalpies and Gibbs energies in kJ mol~1 for the tautomerization of
benzotriazole and the benzotriazoleÈwater clusters at the MP2/6-31G(d,p) level of theory

*HE *GE *E298 *H298 *G298

1H-BTH 2H-BT [195.10 [194.91 7.75 8.29 7.36
1H-BT(H2O)1H 2H-BT(H2O)1 (cyclic) [117.91 [127.49 5.02 5.41 4.69
1H-BT(H2O)1H 2H-BT(H2O)1 (linear) [124.18 [127.83 6.19 11.29 [8.68
1H-BT(H2O)2H 2H-BT(H2O)2 [76.69 [88.34 1.90 1.94 2.08

Phys. Chem. Chem. Phys., 2001, 3, 4218È4227 4225
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the CIS/6-31G(d,p) level, we performed an assignment of the
vibronic bands of which is given in2H-benzotriazole(H2O)1Table 10. The vibronic transition at 26 cm~1 is assigned to a
butterÑy motion of the benzotriazole plane with respect to the
plane of the water ring The vibration at 61 cm~1 can(l1). l2be described as a cogwheel motion of these two rings relative
to each other. At 103 cm~1 the stretching motion of the water
moiety can be found The transition at 129 cm~1 is(p1).assigned to the combination band and at 153 cm~1 top ] l1The other vibronic transitions cannot be describedp] 2l1.unequivocally, because they represent superpositions with
internal motions, located in the benzotriazole moiety.

The inversion motion of the free ÈOH in the binary cluster
might also be responsible for the splitting observed in the
ÈOH stretching vibration in the electronic ground state. In
order to explain why this splitting does not show up as distin-
guishable bands in the double resonance experiments we have
to postulate that the barrier to this inversion is of comparable
height to the energy of the free ÈOH stretching vibration.
Excitation of this vibration, which additionally might couple
strongly to the inversion motion, results in a tunneling split-
ting, which is observed in the IRÈUV double resonance spec-
trum. This splitting is not observable in the R2PI and
UVÈUV double resonance spectrum which can be attributed
to the fact, that the analyzed transitions (all in the region of
the electronic origin) connect levels in the ground and excited
states which are well below the barrier and therefore virtually
show no splitting.

The cluster could be shown to be2H-benzotriazole(H2O)2cyclic using IRÈUV double resonance spectroscopy. As in the
R2PI spectrum of the cluster two bandbenzotriazole(H2O)1systems are observed, separated by 23 cm~1. These are the
electronic transitions into a pair of diastereomers from one

ground state. Based on the cyclic structure we performed an
ab initio normal mode analysis. The frequencies of the vibron-
ic transitions in the region of the intermolecular vibrations are
given in Table 11 and are compared with the frequencies of an
ab initio normal mode analysis at the CIS//6-31G(d,p) level of
theory. The vibronic transition at 11 cm~1 is assigned to an
intermolecular vibration, which can be described as a linear
combination of a twisting mode of the benzotriazole moiety
vs. the water ring and a butterÑy motion of the two respective
ring systems The displacement vectors of this vibration(l1).are larger at the donor water moiety, while in the case of the

vibration at 34 cm~1, which has a very similar motion, thel2displacements are larger at the acceptor water moiety. The
third fundamental at 67 cm~1 can be described as a cogwheel
motion of the water ring vs. the benzotriazole moiety. Its
motion and frequency is very similar to the corresponding
vibration in the cyclic phenolÈwater clusters.23 The range of
these mutual ring motions is followed by a region of little vib-
ronic activity. The intermolecular stretching vibrations start at
133 cm~1, with the stretching of the donor water fol-(p1),lowed by the acceptor water stretching vibration at 153 cm~1

The next three vibrations can be attributed to(p2). (l4Èl6)water ring deformation vibrations.

VI. Conclusions

From the comparison of the UV and IRÈUV spectra of the
benzotriazole water clusters and their deuterated isotopomers
with the results of ab initio normal mode analysis, we could
show that the 1 : 1 and the 1 : 2 clusters have cyclic structures
in the electronic ground and excited state, with one and two
water moieties bridging the and functional groups†

ŒN1 H 2N1 È

Table 10 Experimental intermolecular vibrations of the two band systems of together with the CIS/6-31G(d,p) vibra-2H-benzotriazole(H2O)1tional frequencies for the cyclic cluster. All frequencies are given in cm~12H-benzotriazole(H2O)1
Experiment

2H-BT(H2O)1Assignment Description Band system 1 Band system 2a CIS/6-31G(d,p)

0,0 0 0 0
l1 ButterÑy 26 24 34.8
l2 Cogwheel 61 61 57.2
p Stretch 103 100 135.2
p ] l1 129 È È
l3 146 146 157.6
p ] 2l1 153 È È
l2] p 164 168 È
l4 184 184 212.3
l5 190 193 218.2

a All frequencies relative to the origin of B.S. 2 at 71 cm~1.

Table 11 Experimental intermolecular vibrations of together with the CIS/6-31G(d,p) vibrational frequencies for the2H-benzotriazole(H2O)2cyclic cluster. All frequencies are given in cm~12H-benzotriazole(H2O)2
Experiment

2H-BT(H2O)2Assignment Description Band system 1 Band system 2a CIS/6-31G(d,p)

0,0 0 0 0
l1 11 11 31.8Twist ] butterÑyl2 45 44 36.3

n

o

p

l3 Cogwheel 56 55 61.3
p1 Stretch BT acceptor 133 133 138.3
p2 Stretch BT donor 153 152 149.6
l4 183 183 179.4
l5 Water ring deformations 196 195 198.2
l6 212 213 213.4

a All frequencies relative to the origin of B.S. 2 at 23 cm~1.

4226 Phys. Chem. Chem. Phys., 2001, 3, 4218È4227
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of the chromophore. For the cluster, thisbenzotriazole(H2O)2cyclic structure was calculated at the MP2/6-31G(d,p) level to
be the lowest energy structure, while for the 1 : 1 cluster the
linear donor structure was found to be energetically slightly
favored over the cyclic structure. Nevertheless this structure
was found to be a Ðrst-order saddle point at the PES instead
of a true minimum. Based on the minimum energy structures
which have been derived from the double resonance experi-
ment we performed a normal mode analysis at the fully opti-
mized CIS geometry of the clusters. The results are in
agreement with the experimental Ðndings, although there are
considerable numerical deviations due to the insufficient theo-
retical method applied.

The cyclic geometries anticipate the structure of the tran-
sition state for the tautomerization of 1H- to 2H-
benzotriazole in the cluster. Ab initio calculations show that
the energy di†erence between the two tautomers and the acti-
vation energy for the tautomerization decrease with increasing
cluster size. This decrease in activation energy can be attrib-
uted to a mechanism of passing the hydrogen atom ““ throughÏÏ
the chain of water molecules, similar as in the Grotthus
mechanism of proton conductivity in liquid water. The great
increase in tautomerization rate upon going from the
monomer to the n \ 2 cluster suggests the possibility of a
proton transfer in the electronic ground state even for small
cluster sizes.
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