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Abstract. Resonance-enhanced two-photon ionization spec-
tra of benzotriazole, benzimidazole and their water clusters
have been taken in a molecular beam. The tautomerism of the
benzotriazole and benzimidazole monomers is studied.

In order to obtain an assignment of the vibronic bands of
the benzotriazole- and benzimidazole-water clusters, ab initio
calculations have been performed, which allow the assign-
ment of the intermolecular vibrations and the determination
of the most stable cluster structures. In the case of benzotria-
zole the cyclic cluster of the 2H-tautomer has been found to
be the most stable one, whereas for benzimidazole the most
stable cluster could be shown to have a linear arrangement,
with the benzimidazole moiety acting as proton donor.

PACS: 36.40.Mr; 31.15.Ar

NH−O and OH−N type hydrogen bonds are important in
many fields of chemistry and biology. The hydrogen-bonded
clusters of benzimidazole and benzotriazole are of interest
as model systems due to several facts. First of all the wa-
ter molecule(s) are able to attach at different positions of the
solute. Second, even small water clusters may form cyclic
structures, due to the close vicinity of proton-donating and
proton-accepting groups in the solute. Both benzotriazole and
benzimidazole contain proton-donating and proton-accepting
functional groups, as well as an aromaticπ-system. All three
regions are potential sites for the binding of one or more water
molecules.

But even the minimum-energy structure of the monomers
is not indubitable due to an equilibrium between different
tautomeric forms, which differ in the position of one H-atom
and exhibit nearly equal energies. The 1H- and 3H-tautomers
are identical, whereas the 2H-tautomers differ in energy. For
the benzotriazole monomer we could show experimentally,
that the most stable form is the 1H-tautomer (equal to the
3H-tautomer) [1]. The energy difference between the 1H- and
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the 2H-tautomer amounts only to 417 cm−1, which explains
the great expenditure both in theoretical methods and in basis
sets, which has to be pursued in determining the most stable
structures.

A vibrationally resolved spectrum of the benzimid-
azole monomer in a supersonic jet has been presented by
Jalviste and Treshchalov [2]. Velino et al. reported the micro-
wave spectrum of benzimidazole and its N-deuterated iso-
topomer [3], which showed that benzimidazole is a planar
asymmetric rotor in the electronic ground state. The rota-
tional constants of the electronically excited state have been
obtained by a band-contour analysis of the electronic ori-
gin of benzimidazole in the vapor phase [4]. Berden et al.
presented a rotationally resolved laser-induced fluorescence
(LIF) spectrum of benzimidazole in a supersonic jet [5].
From their excited-state rotational constants they concluded
that benzimidazole is planar also in theS1-state. Schoone
et al. published a matrix-isolation FT-IR study of hydrogen-
bonded benzimidazole–water clusters [6] and compared the
intramolecular vibrational frequencies to the results of ab ini-
tio calculations. They found two different conformers of the
binary cluster to be present in the matrix and assigned their
intramolecular vibrations.

Benzotriazole has been studied both experimentally and
theoretically to a much larger extent. The microwave spec-
tra of 1H-benzotriazole have been taken both in a gas cell [7]
and in a molecular beam [8]. The vibrationlessS1← S0
transition of benzotriazole at 34 920 cm−1, which had been
observed first by Jalviste et al. [2] could be shown to be
due to the 2H-tautomer using rotationally resolved LIF spec-
troscopy [9]. The dispersed fluorescence spectra of benzotri-
azole taken in our group could be assigned to be solely due
to 2H-benzotriazole [10]. Fourier-transform infrared spectra
of benzotriazole in a molecular beam which have been taken
in the range between 650 and 1700 cm−1 showed vibrational
bands, which could be attributed to 2H-benzotriazole [11],
whereas infrared spectra in the solid state could be assigned
as belonging to 1H-benzotriazole [11, 12].

From a comparison of the UV band spectra of benzo-
triazole with the spectra of the 1- and 2-methylsubstituted
derivatives at different temperatures Catalán et al. concluded,
that up to 20% of 2H-BT are present in the gas phase
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at 90◦C [13, 14]. Whereas Hartree–Fock calculations pre-
dict the 1H-tautomer to be favored by≈ 800–1000 cm−1,
this ordering is reversed when electron correlation effects
are included via second-order Møller–Plesset perturbation
theory [14].

The electronic spectra of some benzotriazole–water clus-
ters have been published recently without assignment of the
vibronic bands [15].

In this publication we present an interpretation of the
resonance-enhanced two-photon ionization (R2PI) spectra of
benzimidazole–water and benzotriazole–water clusters. Fur-
thermore the tautomeric equilibrium, which leads to two dis-
tinct forms in the case of benzotriazole and benzimidazole, is
studied.

1 Experimental setup

The experimental setup for the resonance enhanced two-
photon ionization (R2PI) and UV–UV spectral hole burn-
ing (SHB) is explained in detail elsewhere [10, 16]. Briefly,
the apparatus consists of a source chamber pumped with
a 1000 l/s oil diffusion pump (Alcatel) in which the mo-
lecular beam is formed by expanding a mixture of helium
and benzimidazole through the 300µm orifice of a pulsed
nozzle (General Valve, Iota One). Dried benzimidazole was
heated to 120◦C prior to expansion in He. The spectra of the
deuterated substances were recorded by simply flowing D2O
vapor at a partial pressure of 18 mbar over the solid benz-
imidazole sample and recording successively the R2PI spec-
tra. The water clusters were formed by coexpanding water
at a partial pressure of 10 mbar. The skimmed molecular
beam (Beam Dynamics Skimmer, 1-mm orifice) crosses the
laser beams at right angles in the ionization chamber. The
ions are extracted in a gridless Wiley–McLaren-type time-
of-flight (TOF) spectrometer (Bergmann Meßgeräte Entwick-
lung) perpendicular to the molecular beam and laser direc-
tion and enter the third (drift) chamber where they are de-
tected using multi-channel plates (Galileo). Ionization and
drift chamber are both pumped with a 150 l/s rotatory pump
(Leybold). The vacuum in the three chambers with molecular
beam on was 1×10−3 mbar (source), 5×10−5 mbar (ioniza-
tion) and 1×10−7 mbar (drift), respectively.

The resulting TOF signal was digitized by a 500-MHz
oscilloscope (TDS 520A, Tektronix) and transferred to a per-
sonal computer, where the TOF spectrum was recorded and
stored.

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

2 Theoretical methods

All ab initio calculations have been performed using the
Gaussian 98 program package [17]. The SCF energy con-

vergence criterion was 10−8 hartree and the convergence
criterion for the gradient optimization of the molecular
geometry was 1.5×10−5 hartree/bohr and hartree/degree,
respectively.

The geometry optimization has been performed at
Hartree–Fock (HF) and Møller–Plesset perturbation theory
at second-order (MP2) level using the 6-31G(d,p) basis set.
The vibrational frequencies have been calculated using the
analytical second derivatives of the potential energy surface.
Although these frequencies represent ground-state values,
they can be compared to the frequencies of the R2PI spectra.
The agreement between the theoretical MP2 frequencies and
experimentalS1 intermolecular frequencies has been found
to be sufficient in comparable cluster systems in order to as-
sign vibronic transitions. One has to keep in mind, that this
comparison has to be made with great caution, regarding the
fact that although the form of the normal mode (and therefore
its reduced mass) does change a little upon electronic excita-
tion, the force constants may differ considerably. Furthermore
a harmonic description is in many cases not adequate. Nev-
ertheless the calculation give a good hint as to the energetic
order of the normal modes. An accidental agreement of cal-
culated and experimental frequencies should not be taken as
a measure of the quality of the calculations.

The different benzimidazole tautomers were calculated
at the MP2/6-31G(d,p) level of theory, including the un-
scaled zero-point energy (ZPE) contribution. In order to
study the relative energies of the two tautomers of ben-
zotriazole, we carried out single-point calculations (on the
MP2/6-311G(d,p) optimized geometry) using the coupled-
cluster method with single and double excitations (CCSD)
and contributions from triple excitations (CCSD(T)). Using
the optimized structures, the unscaled zero-point energy con-
tribution was calculated through normal mode analysis using
the analytical second derivatives. Scaling factors as proposed
by Scott and Radom [18] change the relative energies of the
tautomers only by a few wavenumbers and do not lead to
a change in their relative stability.

The stabilization energiesDe andD0 for the clusters were
obtained as differences 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 [19].

3 Results and discussion

3.1 Benzimidazole

The structures of the 1H, 2H- and 2H, 2H-tautomers of ben-
zimidazole are shown in Fig. 1a. In order to study the tau-
tomerism in the benzimidazole monomer the R2PI spectra
of some of the deuterated species have been taken. Deuter-
ation has been performed by flowing 18 mbar of D2O over
the benzimidazole sample, while taking the R2PI spectra.
The progressive deuteration can be observed by an increase
of the signal at the respective mass channels in the mass
spectrum. Figure 2 shows the R2PI spectra in the region of
the electronic origins of benzimidazole at the mass chan-
nels 118 amu, 119 amu and 120 amu which correspond to the
H2-benzimidazole, H,D-benzimidazole and D2-benzimid-
azole, respectively. The electronic origins of the differently
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Fig. 1. a The atom numbering, structure and tautomerism of benzimidazole.
b The atom numbering, structure and tautomerism of benzotriazole

deuterated species are given in Table 1. The electronic origin
of H2-benzimidazole is located at 36 022.2 cm−1. The ob-
servation of only one electronic origin for H2-benzimidazole
indicates that only one tautomer absorbs in this spectral
region. The mass trace 119 of the monodeuterated species ex-
hibits two electronic-origin bands. They can be explained by
the existence of two differently deuterated monomers, namely
the 1D, 2H-benzimidazole and the 2D, 1H-benzimidazole.
Both monodeuterated species are formed to equal amounts,
which can be pursued by the simultaneous increase of both
mass signals during deuteration. The small spectral shift
relative to H2-benzimidazole shows the small influence of
deuteration on the electronic structure. The existence of
two different electronic origins of the monodeuterated ben-
zimidazole further proves that the absorbing species is the
1H, 2H-tautomer, because the two monodeuterated H,D-
tautomers would be identical. While a rapid H←→ D ex-
change in 1-position seems to be easily explainable by
the acidity of the NH group, the mechanism for the sim-
ilarly rapid exchange at the 2-position (CH) is not so
obvious.

In order to investigate this behavior, the TOF spectra of
1-methyl-benzimidazole have been taken at the mass trace
131 while flowing D2O under the same experimental con-
ditions as in the case of benzimidazole over the sample of
1-methyl-benzimidazole. If the H←→D exchange at the CH
group was due to a direct deuteration mechanism, an equally
rapid deuteration as in the case of benzimidazole would be ex-
pected. Only a very weak signal appears at the mass trace 132,
which is due to 1-methyl-2-deutero-benzimidazole, showing
that under comparable conditions to the benzimidazole case
no (or only slow) direct deuteration takes place in the case of
1-methyl-benzimidazole.

Therefore we conclude that the deuteration in 2-position
can be explained by a rapid tautomeric equilibrium (compare
with Fig. 1a), which exchanges the hydrogen atoms of the NH
and CH groups. The same mechanism is responsible for the
rapid bideuteration of benzimidazole.
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Fig. 2. R2PI spectra of the different isotopically substituted forms
of the benzimidazole monomer. Fromtop to bottom H2-, H, D- and
D2-benzotriazole are shown. For the distinction of the two isomeric form of
H, D-benzotriazole see text. The bands marked with∗ are hot bands

Table 1. Electronic origins and spectral shifts of benzotriazole, benzimid-
azole and their water clusters

Electronic Spectral
origin / cm−1 shift / cm−1

1H, 2H-benzimidazole 36022.2 –
1H, 2D-benzimidazole 36028.4 6.2
1D, 2H-benzimidazole 36046.0 23.8
1D, 2D-benzimidazole 36051.6 29.4
1H, 2H-benzimidazole(H2O)1 35951.8 −70.4

2H-benzotriazole 34917.8 –
2D-benzotriazole 34971.5 53.7
2H-benzotriazole(H2O)1 35039.2 121.4
2H-benzotriazole(H2O)2 35049.3 131.5
2H-benzotriazole(H2O)3 35071.0 153.2

The tautomerism between 1H, 2H- and 2H, 2H-benz-
imidazole, which interconverts the aromatic and ortho-
quinoidal forms is equivalent to the tautomerism of benzo-
triazole, which has been studied extensively in the gas
phase [1, 2, 9–11, 13, 14]. Up to now, we have not observed
the electronic origins of the 1H-tautomer of benzotriazole
and of the 2H, 2H-tautomer of benzimidazole. Both might be
spectrally shifted outside the observed range.
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HF MP2
Energy ZPE ∆E Energy ZPE ∆E
/ hartree / hartree / kJ/mol / hartree / hartree / kJ/mol

1H, 2H-BI −377.48878 0.12717 0 −378.72953 0.11860 0
2H, 2H-BI −377.44025 0.12639 125.3 −378.67778 0.11691 131.4
1H, 3H-BI −377.45330 0.12729 93.5 −378.68133 0.11912 127.9

Table 2. Stabilization energies of 1H, 2H-, 2H, 2H- and
1H, 3H-benzimidazole, calculated at the HF/6-31G(d,p) and
MP2/6-31G(d,p) level of theory including ZPE corrections

Table 3. Experimental S1 vibronic frequencies (cm−1) of 1H, 2H-benz-
imidazole compared to calculated harmonic vibrational frequencies at the
HF/6-31G(d,p) and MP2/6-31G(d,p) level of theory

Experiment Assignment harm. freq.
Relative frequency HF MP2

0 origin 0 0
237.2 “butterfly” 244.4 212.5
303.6 “twist” 279.6 232.4
371.4 Ninv. 447.6 352.8
398.6 “cogwheel” 448.1 397.6

Table 2 gives the stabilities of three benzimidazole tauto-
mers, namely the benzenoid 1H, 2H-, the ortho-quinoidal
2H, 2H- and the carbenoid 1H, 3H-tautomer, calculated at the
HF and MP2/6-31G(d,p) level of theory, including ZPE cor-
rections. The 1H, 2H-benzimidazole has been found to be
the most stable tautomer. The other two tautomers are be-
tween 90 and 130 kJ/mol higher in energy, depending on the
method. Table 3 presents the lowest vibronic frequencies of
1H, 2H-benzimidazole, which can be attributed to mutual ring
motions and to the N(1) inversion vibration, together with the
theoretical frequencies of an ab initio normal mode analysis
for the 1H, 2H-tautomer.

3.2 Benzimidazole–water clusters

Figure 3 shows the R2PI spectrum of the binary benzimid-
azole–water cluster. The electronic origin at 35 951.8 cm−1

is redshifted by 70.4 cm−1 with respect to the origin of the
monomer. This shows a stabilization of the cluster in the
electronically excited state compared to the ground state.
Due to the small spectral shift relative to the origin of the
monomer, we conclude that the water cluster is formed via
the 1H, 2H-tautomer. Several positions at the benzimidazole
monomer are conceivable, where the water moiety may at-
tach. Geometry optimizations at the MP2/6-31G(d,p) level
showed two stable structures for the binary water cluster. The
water moiety might be bound linearly to the−NH group,
which acts as proton donor, or to the N(3)-atom, which acts
as proton acceptor. No stable geometries of the water moiety
bound to the−CH group of the five-membered ring (act-
ing as proton donor), nor stableπ-bonded structures (via the

geometry SCF energy MP2 corr.a De ZPE D0
/ hartree / hartree / kJ/mol / hartree / kJ/mol

1H, 2H-BI(H2O)1
BI proton donor −453.52292 −0.00404 −35.3 0.15245 −29.8
BI proton acceptor −453.52319 −0.00499 −34.0 0.15363 −25.4

a The stabilization energies at fully optimized MP2/6-31G(d,p) level are−454.96317 and
−454.96464 hartree for donor and acceptor cluster, respectively

Table 4. Absolute and relative stabilization energies of
1H, 2H-benzimidazole(H2O)1 clusters at the MP2/6-
31G(d,p)//HF/6-31G(d,p) level. BothDe and D0 in-
clude corrections for the BSSE

Fig. 3. R2PI spectrum of the benzimidazole–water cluster in the region of
the intermolecular vibrations. Theinset shows the two most stable cluster
structures, cf. Table 4

five- and six-membered ring, respectively) could be obtained.
Table 4 presents the absolute and relative stabilities of both
conformers including BSSE and ZPE corrections. The con-
former in which the water moiety acts as proton acceptor is
found to be stabilized by 370 cm−1 with respect to the other
conformer. This difference is too small to conclude finally
which of these conformers is the observed one. Schoonen
et al. gave a value of 117 cm−1 for the energy difference
using the larger 6-31++G(d,p) basis set [6]. Table 5 gives
the calculated vibrational frequencies of both conformers of
benzimidazole(H2O)1 in the region of the intermolecular vi-
brations compared to the experimentalS1 vibronic frequen-
cies. The intermolecular vibrational frequencies which are
calculated for the proton donating benzimidazole are in much
better agreement than for the proton accepting benzimida-
zole. From this comparison it seems to be clear that the R2PI
spectrum is due to the cluster with 1H, 2H-benzimidazole
acting as proton donor. The forms of the intermolecular vi-
brational modes of benzimidazole(H2O)1 are very similar
to those of the phenol(H2O)1 cluster. Therefore we adopted
the nomenclature for the intermolecular vibrations of Schütz
et al. [20]. As in the case of the phenol–water cluster, three
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Table 5. Experimental vibrational frequencies (cm−1) of the 1H, 2H-benz-
imidazole(H2O)1 cluster in theS1-state compared to calculated harmonic
vibrational frequencies of both stable conformers. The assignment, given in
the table is valid for the 1H, 2H-benzimidazole(H2O)1-cluster in which ben-
zimidazole acts as proton donor. The form of the vibrational modes of the
other conformer differ considerably and cannot be described in terms of the
used notation

Experiment Assignment BI proton donor BI proton acceptor
rel. freq. HF/6-31G(d,p) HF/6-31G(d,p)

0 origin 0 0
24.4 �1 20.7 44.4
35.2 β1 38.9 65.5
– τ 104.0 135.3
– β2 116.4 183.4

132.1 σ 137.8 244.1
169.2 σ +β1
215.8 �2 218.4 273.3
244.6 “butterfly” 252.9 312.7
283.0 “twist” 285.9 448.6
436.2 “cogwheel” 451.1 636.9
478.6 ring oop 475.8
566.0 6a 590.9
587.8 6a+�1

of the vibrations are of rotational parentage of the water moi-
ety (β2, τ, �2), while the others are of translational parentage
(β1, �1, σ). The agreement between the calculated harmonic
and the experimental intermolecular vibrational frequencies
is satisfactory. The vibronic assignment, which is given in
Table 5 refers to the most stable conformer. The vibrational
frequencies of the other conformer are given just for com-
parison and do not match the assignments due to their dif-
ferent nature. Nevertheless it cannot be excluded that some
of the observed vibronic bands are due to the other con-
former. We will clarify this point in the future using IR-UV
double-resonance spectroscopy in the range of the OH and
NH stretching vibrations for both the benzotriazole and benz-
imidazole clusters.

The next three vibrations at 244.6, 283.0 and 436.2 cm−1

can be assigned to intramolecular vibrations of the benzimid-
azole moiety and represent mutual ring motions (butterfly,
twist and cogwheel), which are similar to the monomer fre-
quencies. The band at 478.6 cm−1 represents an out-of-plane
motion mainly located in the benzenoid ring. The vibrational
transition at 566 cm−1 can be attributed to the in-plane 6a vi-
bration of the benzene ring.

In the electronic spectrum of the binary water cluster we
found no indication of bands due to the second conformer.
This conformer, in which benzimidazole acts as proton ac-
ceptor, has been identified by Schoonen et al., using matrix-
isolation FT-IR spectroscopy [6]. Under supersonic jet con-
ditions this conformer appears not to be formed, or its ab-
sorption is shifted outside the observed region. This, however,
seems unlikely, because spectral shifts due to different bind-
ing sites in hydrogen-bondedclusters are in the range of some
100 wavenumbers.

3.3 Benzotriazole

The vibrations and the tautomeric equilibrium between the
1H- and 2H-benzotriazole monomer has been studied in de-
tail in two preceding publications [1, 10]. Thus we will only

briefly recall the relevant results. The two different tauto-
meric forms of benzotriazole are shown in Fig. 1. From
a temperature-dependent FTIR study, the 1H-tautomer has
been found to be stabilized by 417 cm−1 with respect to the
2H-tautomer [1]. The energetic order of the two tautomers
could be reproduced satisfactory at the CCSD and CCSD(T)
level of theory. Nearly independent of the method and basis
set used, the ZPE of 2H-benzotriazole is about 230±20 cm−1

larger than that of 1H-benzotriazole. Using this approxima-
tion for the ZPE, a value ofD0 of approximately 430 and
180 cm−1 for CCSD and CCSD(T), respectively, has been ob-
tained.

A UV–UV double-resonance spectrum in a molecular
beam has been taken in order to prove that all transitions
in the absorption spectrum of benzotriazole belong to one
species. This has shown to be the 2H-tautomer by a rotation-
ally resolved LIF spectrum by Berden et al. [9]. A thorough
search of 2000 cm−1 to the red and 4000 cm−1 to the blue of
the electronic origin of 2H-benzotriazole gave no additional
bands, which could be assigned to the second tautomer.

3.4 Benzotriazole–water clusters

Figure 4 shows the R2PI spectrum of the benzotri-
azole(H2O)1 cluster. The electronic origin which is given
in Table 1 is blueshifted with respect to the origin of the
monomer by 121.4 cm−1. This shows a destabilization of
the cluster in theS1-state in contrast to the findings for
the benzimidazole–water cluster. The electronic origins of
benzotriazole(H2O)2,3 also given in Table 1 are blueshifted
by 131.5 and 153.2 cm−1, respectively. This similar blueshift
points to structures for the higher clusters, which are related
to the binary cluster. A UV–UV double-resonance spectrum
has been taken for the benzotriazole(H2O)1 cluster which
proves that all vibronic transitions in the R2PI spectrum
belong to only one conformer of the benzotriazole–water
cluster. Within 6000 cm−1 in the monomer R2PI spectrum no
bands could be found which belong to the water cluster of
the 1H-tautomer. Therefore we conclude that the only slightly

Fig. 4. R2PI spectrum of the binary benzotriazole–water cluster. The two
band systems, which are 71 cm−1 apart are marked by combs, indicating
that they belong to one of the systems. Theinset shows the most stable
cluster structure
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shifted origin of the benzotriazole–water spectrum belongs
to the 2H-tautomer. The same holds true for then = 2 and 3
clusters.

A closer look to the R2PI spectrum of 2H-benzotri-
azole(H2O)1 reveals that it consists of two band systems,
which are separated by only 71 cm−1. The UV–UV double-
resonance spectrum (Fig. 5) clearly shows that both band-
system origins and all observed bands belong to the same
ground-state species. Therefore the existence 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 theS1-state cannot be ruled out to
be responsible. In the following we will present an approach
to explain a possible splitting in theS1-state.

Due to the= N and NH functions in the five-membered
ring of the 1H- and 2H-tautomer of benzotriazole, this
molecule can act both as proton donor and acceptor in a hy-
drogen bond towards a water molecule. Furthermore, the
water moiety can be bound via theπ-electron cloud of the
five- or six-membered ring [21].

A large variety of starting geometries have been chosen
for the structure optimization covering all of the mentioned
types of hydrogen bonding. The most stable ones are those
with the benzotriazole moiety acting as proton donor. The
calculations yield linear and NH· · ·OH · · ·N cyclic arrange-
ments as nearly equally stable structures. At the HF level
of theory, the linear structure of 2H-benzotriazole(H2O)1
is a first-order saddle point leading to the cyclic cluster
geometry.
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Fig. 5. UV−UV double-resonance spectrum of 1H-benzotriazole(H2 O)1
(upper trace). The lower trace shows the respective R2PI spectrum of the
cluster

geometry method energy De ZPE D0
/ hartree / kJ/mol /hartree / kJ/mol

linear
1H-BT(H2O)1 HF −469.46904 −26.9 0.14030 −20.3
2H-BT(H2O)1 HF −469.46473 −25.8 0.14109 −20.1
2H-BT(H2O)1 MP2 −470.95171 −25.5 0.13168 −18.6

cyclic
1H-BT(H2O)1 HF −469.46948 −25.9 0.14085 −17.8
2H-BT(H2O)1 HF −469.46536 −25.3 0.14183 −17.6
2H-BT(H2O)1 MP2 −470.95305 −29.9 0.13229 −21.4

Table 6. Absolute and relative stabiliza-
tion energies of 1H- and 2H-benzotri-
azole(H2O)1 clusters. All calculations
have been performed with the 6-31G(d,p)
basis set. Both De and D0 include correc-
tions for the BSSE

The discussion of the absolute and relative cluster sta-
bilities is complicated by the difficulties arising from the
calculated relative energies of the two tautomers as discussed
in [1]. However, we believe that the relative stabilization
energies of the 1H-benzotriazole(H2O)1 and 2H-benzotri-
azole(H2O)1 isomers calculated at the HF/6-31G(d,p) level
of theory provide a good estimate. The calculated absolute
and relative energies are given in Table 6. We also reop-
timized the most stable linear and cyclic structures of the
2H-tautomer at the MP2/6-31G(d,p) level where the linear
form turns out to be a true minimum energy of the poten-
tial energy surface. Including BSSE and ZPE corrections, the
cyclic form of benzotriazole(H2O)1 could be shown to be

Fig. 6. a Most stable structure of the benzotriazole(H2 O)1 cluster in the S0-
state. b The (uu) and (du) diastereomers of 2H-benzotriazole(H2 O)1 in the
S1-state. The deviation from planarity is exaggerated in order to illustrate
the diastereomeric forms more clearly
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Table 7. Vibronic frequencies of the two band systems (b.s.) of 2H-
benzotriazole(H2 O)1, together with the calculated vibrational frequencies at
the HF//6-31G(d,p) and MP2//6-31G(d,p) level of theory

b.s. 1 HF MP2 ass. b.s. 2 b.s. 2–71 cm−1

0 0 0 0,0 71 0
26 48 51 ν1 95 24
61 58 82 ν2 132 61

103 2ν2 171 100
146 155 164 ν3 217 146
164 175 217 ν4 239 168
184 255 184
190 237 220 ν5 264 193
245 316 245
304 292 256 ν6 375 304
307 377 306
392 462 391
405 475 404
414 483 412
422 494 423
436 508 437
444 511 440
466 534 463
518 585 6a 590 519
546 614 543
578 650 579

the most stable structure in the electronic ground state. It is
shown in Fig. 6a.

Geometry optimizations at the CIS level with the 6-
311G(d,p) basis set predict a nonplanar geometry of the ben-
zotriazole monomer [22, 23] in the S1-state, which is in ac-
cordance with the larger inertial defect in the electronically
excited state, as obtained by Berden et al. [9]. The N(2) atom
of benzotriazole (compare with Fig. 1b) is shifted out of the
aromatic plane. Thus the hydrogen atom of the -NH group
also points out of the plane. The position above or below
the aromatic plane leads to indistinguishable structures which
are converted into each other via the inversion vibration at
N(2). They represent enantiomers, and are thus of equal en-
ergy. In the case of the benzotriazole–water cluster the free
(not hydrogen-bonded) H-atom of the water moiety points out
of the plane defined by the aromatic system. Therefore we
have two distinguishable structures with different energies in
the S1-state of the benzotriazole–water cluster. In one of them
both hydrogen atoms point upwards (uu). In the other struc-
ture one points upwards and the other downwards (ud). In the
electronic ground state these structures are identical due to the
planarity of the aromatic system.

The splitting in the excitation spectrum could thus be
explained by transitions to two different S1-states which dif-
fer only slightly in their geometry. This leads to very simi-
lar vibrational frequencies and intensities of both band sys-
tems. The latter can be explained by the very small geom-
etry change, which leads to similar Franck–Condon factors
for both transitions. Table 7 compares the experimental and
theoretical vibrational frequencies of the most stable cyclic
2H-benzotriazole(H2O)1 cluster.

The origins of the n = 2 and 3 cluster are shifted by
only some wavenumbers to higher energy compared to n = 1,
which points to similar structures. Nevertheless, the assump-
tion of cyclic structures for these clusters, in which the water
bridge between N(1)-H and N(2) is less strained has to be
supported by further experiments and calculations.

4 Conclusions

The benzimidazole monomer exhibits a tautomerism, which
leads to corresponding tautomers as in the case of benzo-
triazole. Whereas the electronic spectrum of benzotriazole
around 285 nm could be attributed to the ortho-quinoidal 2H-
tautomer, the absorption of benzimidazole around 278 nm is
due to the benzenoid 1H, 2H-benzimidazole. Nevertheless
we could show that the ortho-quinoidal tautomer plays an im-
portant role in the tautomerism of benzimidazole.

Whereas the binary water cluster in case of benzotriazole
forms a cyclic arrangement with benzotriazole acting both as
proton donor and acceptor, a linear geometry is found for the
benzimidazole–water cluster, in which benzimidazole acts as
proton donor. The comparably stable cluster in which benz-
imidazole acts as proton acceptor could be ruled out by com-
parison of the vibronic frequencies. No indication for a stable
conformer with a bridging water moiety could be found for
benzimidazole.
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