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The IR spectra of carbazole and carbazole-(H2O)n (n ) 1-3) clusters in a supersonic jet have been measured
by IR dip spectroscopy. The spectra show clear vibrational structures of both the monomer and the clusters
in the 2900-3800 cm-1 frequency region. The observed vibrational bands are assigned to the NH stretch of
carbazole and the OH stretches of H2O molecules in the clusters. The geometries and IR spectra of carbazole-
(H2O)n clusters were calculated at the HF/6-31G and B3LYP/6-31++G(d,p) levels. From a comparison of
the observed and calculated IR spectra, the structures of the cluster have been determined.

1. Introduction

It is known that carbazole shows an interesting solvent
dependence in photochemical reactions after two-photon
excitation.1-5 In nonpolar solvents, such as cyclohexane, the
primarily product is the neutral carbazyl radical formed by the
abstraction of the imino hydrogen from carbazole.1-3 On the
other hand, in polar solvents, such as acetonitrile, the main
product is the cation radical.4,5 However, neither the reaction
mechanism nor the role of the solvent has yet been established.
A spectroscopic study of the solvated clusters of carbazole is
one of the best approaches to this intriguing problem, since it
gives detailed microscopic information on the solute-solvent
interaction.

Carbazole clusters solvated with rare-gas atoms,6-10 alkyl
cyanides,11-13 water,14,15ammonia15 and carbazole homo-dimer16

in a supersonic jet have been studied by laser-induced fluores-
cence (LIF)11-16 and resonant two-photon ionization
(R2PI).6-10,14,15The vibronic structure in the S1-S0 transition
and the proton transfer in S1 have been discussed. Despite many
efforts, the structures of the solvated clusters have not been
determined experimentally, even in the ground state, S0.

In this work, as a first step to understand the photochemical
reaction of carbazole, we investigated the structures of carba-
zole-(H2O)n, (n ) 1-3), clusters in S0 by vibrational spec-
troscopy combined with quantum chemical calculations. The
key vibrations to characterize the structures are the NH stretch
in carbazole and OH stretches in the waters. Their frequencies
sensitively reflect the hydrogen bonds in solvated clusters. We
observed the NH stretch vibrations of carbazole and the OH
stretches of waters in the clusters by IR dip spectroscopy, which
measures IR transitions of a specific cluster by the depletion of
the S1-S0 resonant enhanced multiphoton ionization signal. This
ion-detected IR dip spectroscopy has the advantage of selecting
the molecular species not only by the mass, but also by the

electronic transition. The IR bands and the cluster geometries
were analyzed using quantum chemical calculations at the HF/
6-31G and the B3LYP/6-31++G(d,p) levels. From a compari-
son between the observed and calculated IR spectra, the
structures of the clusters can be determined. The hydration
structure has been compared to that of indole.17-23

2. Experiments

2.1. Ion-Detected IR Dip Spectroscopy.The IR spectra of
carbazole-(H2O)n (n ) 0-3) clusters are measured by IR dip
spectroscopy.24-27 This method has been used for the vibrational
spectroscopy of jet-cooled molecules25-28 and neutral22-27,29-46

and ionic clusters.21,47-54 The IR laser (νIR) irradiates the sample
molecule in a supersonic jet and is scanned in the energy region
from 2900 to 3800 cm-1. The UV laser (νUV) ionizes the
molecules in the ground vibrational state by resonant-enhanced
two-photon ionization via the S1 state. When the frequency of
the IR laser matches the transition to a certain vibrationally
excited state, the ion current decreases due to the loss of
population from the ground state. Thus, the vibrational transition
in S0 can be detected as a depletion of the ion current (ion-
detected IR dip spectroscopy). Each IR dip spectrum of the
carbazole monomer and carbazole-(H2O)n (n ) 1-3) clusters
was obtained by monitoring the ion current of the selected ion
with a mass filter.

The details of the apparatus for ion-detected IR dip spec-
troscopy are presented elsewhere.55-57 The same experimental
setup was used to measure the IR-UV hole-burning spectrum.
Briefly, the second harmonic of the Nd3+:YAG laser (Powerlite
8010) and the output of a dye laser (Lumonics HD-500) pumped
by the second harmonic of the Nd3+:YAG laser were differen-
tially mixed in a LiNbO3 crystal to generate tunable IR. The
typical IR laser power at the 3µm region is 0.3 mJ. It should
be noted that the IR laser intensity is very weak in the region
from 3455 to 3515 cm-1, because of the color center absorption
in the LiNbO3 crystal. UV radiation was generated with a KDP
crystal (Inrad, Autotracker II) by frequency-doubling of a second
dye laser (Lumonics HD-500) pumped by the second harmonic
of another YAG laser (Spectra Physics, GCR-170). Both IR
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and UV lasers were coaxially introduced into a vacuum chamber
(Toyama/Hakuto) and crossed a supersonic jet. The IR laser
irradiated the sample prior to the UV laser pulse by∼50 ns. A
decrease in the ground-state population caused by the IR
excitation was monitored through ionization by UV light fixed
at a vibronic band of the clusters. The pulsed valve and the UV
laser were operated at 20 Hz, while the IR laser was synchro-
nized to half the repetition rate. Thus, every other UV pulse
provided an ionization signal with or without IR excitation. Shot-
to-shot subtraction from the IR-ON signal by the IR-OFF
signal greatly reduced the long-term fluctuation in the ion-
detected IR spectrum. The free carbazole or hydrated carbazoles
ionized by using the UV laser were detected by a channel
multiplier (Murata Ceratron) through a quadrupole mass filter
(Extrel). The signal was amplified by a preamplifier (EG&G
PARC model 115) and integrated by a digital boxcar (EG&G
PARC model 4420/4422). The integrated signal was recorded
by a personal computer (NEC PC 9801) as a function of the IR
laser frequency.

The carbazole-(H2O)n (n ) 0-3) clusters were generated
by a supersonic expansion from a pulsed solenoid valve with a
0.8 mm orifice. The solid carbazole sample was placed in a
small holder, which was directly attached to the valve. Both
the sample holder and the valve were heated to 423 K by a
sheath heater. Helium carrier gas, containing water vapor at 278
K after passing through a reservoir, was flowed into the sample
holder for mixing with the carbazole vapor and pulsed out into
the chamber at a 20 Hz repetition rate. The typical stagnation
pressure was 2 atm, and the pressure inside the chamber was
kept ate10-5 Torr during the measurements.

2.2. Computational Method. The molecular structures of
carbazole-(H2O)n (n ) 0-3) were optimized by the energy-
gradient technique at first by the HF/6-31G method.58 The
harmonic frequencies of each optimized structure were calcu-
lated by using the analytic second-derivative matrix along the
nuclear coordinates. If the optimized structure, often obtained
under some symmetry constraint, had one or more imaginary
frequencies, we further optimized the structure until the true
local minimum was obtained, where all of the vibrational
frequencies were real. In addition, the geometrical parameters
of the low-energy structures for eachn obtained by this
procedure were refined at the B3LYP level59-61 with the
6-31++G(d,p) basis sets. Vibrational analyses were again
carried out to confirm the minima on the potential-energy
surface. The IR intensities of each vibration were evaluated for
all minimum structures at both the HF and B3LYP levels. The
total binding energies, including a zero-point vibrational cor-
rection (ZPC), were computed by using scaled harmonic
frequencies. The scale factor, 0.957 (0.905), was determined
by the average ratio between the experimental and the B3LYP-
(HF)-calculated frequencies of three fundamental vibrations: the
NH stretch of a carbazole monomer and the symmetricν1 and
antisymmetricν3 OH stretches of a free water molecule. The
basis set superposition errors for the total binding energies at
the B3LYP level were corrected by the counterpoise correction
(CPC). The program used was Gaussian 98.62

3. Results and Discussion

3.1. IR Dip Spectra of Carbazole and Carbazole-(H2O)n

Clusters.Figure 1a shows the ion-detected IR dip spectrum of
the carbazole monomer obtained when the UV laser was fixed
to its S1 origin (30810 cm-1).14 One strong band was observed
at 3517 cm-1, and we assigned it to the NH stretching vibration
(νNH) from its frequency. The IR dip spectra of carbazole-

(H2O)n (n ) 1-3) clusters are shown in Figure 1b-d. They
were obtained by fixing the UV laser to the S1 origin of each
species: 30 317, 30 077, and 30 006 cm-1 for carbazole-(H2O)n
(n ) 1-3), respectively.14

The IR dip spectrum for the 1:1 complex (Figure 1b) shows
three bands at 3426, 3652, and 3748 cm-1. Two higher bands
are assignable to theν3 (3748 cm-1) andν1 (3652 cm-1) modes
of the water from their positions. Thus, the third band is assigned
to νNH. The νNH is red shifted by 91 cm-1 from that of bare
carbazole, while the water bands are shifted only slightly from
the corresponding frequency in an isolated water molecule.63

The water molecule is expected to be bound to NH from the O
side having two free OH bonds in the cluster. It should be noted
that the intensity of the IR laser decreases from ca. 3600 cm-1

to higher because of the color center absorption (see experi-
mental). Thus, the true absorption intensity of the waterν3 band
is much higher than that ofν1, as mentioned later in detail.

Parts c and d of Figure 1 show the IR dip spectra of
carbazole-(H2O)2 and carbazole-(H2O)3, respectively. The
lowest band is tentatively assigned toνNH of carbazole in each
cluster. The bands around 3700 cm-1 are assigned to the
stretching vibrations of free OH bonds in the cluster (non-H-
bondedνOH). Consequently, the bands betweenνNH and the non-
H-bonded OH stretches are assigned to the stretching vibrations
of the H-bonded OH groups of the water moieties (H-bonded
νOH). The two lowest bands are further red-shifted fromn ) 2,
while the frequencies of the three higher bands are almost
unchanged by the addition of the third water.

In Figure 1a-d, weak bands can also be found in the region
of 3000-3200 cm-1. From their frequencies, they are assigned
to CH stretching vibrations of carbazole in the cluster.

Figure 1. Ion-detected IR dip spectra of carbazole and carbazole-
(H2O)n (n ) 1-3) clusters. Spectra in the 3500-3800 cm-1 energy
region were obtained by increasing the IR laser intensity.

8652 J. Phys. Chem. A, Vol. 105, No. 38, 2001 Sakai et al.



3.2. Optimized Structures and Comparison of the Ob-
served and Calculated Spectra.The optimized geometries of
carbazole-(H2O)n (n ) 0-3) at the B3LYP/6-31++G(d,p)
level are shown in Figure 2 together with the total binding
energies. The calculated NH and OH stretch frequencies of the
clusters and those of free carbazole and water molecules are
listed in Table 1 together with the experimental values.

The carbazole monomer is aC2V structure whose NH length
and scaledνNH frequency are calculated to be 1.007 Å and 3523
cm-1, respectively. For the 1:1 complex, we obtained three
structures. One is a structure where carbazole donates NH to
the hydrogen bond and both OH bonds are free. In other isomers,
the water molecule is located on one of the carbon rings.Ia is
lower in energy thanIb and Ic by 4 kcal/mol, indicating that
this complex is more abundant than others in a supersonic jet.

The calculated IR spectra forIa-c are compared with the
observed one forn ) 1 in Figure 3. Clearly,Ia reproduces the
three observed bands much better than two other isomers. The
scaled calculated frequencies of the bands forIa are 3410, 3648,
and 3761 cm-1. The red shift of the lowest band fromn ) 0 to
n ) 1 reflects an elongation of the NH bond due to hydrogen-
bond formation. The calculated relative IR intensities of the three
bands are 1.00, 0.04, and 0.18. Though two higher bands seem
to be equally intense in the observed spectrum, because of the
rapid decrease of the IR laser power at near 3700 cm-1, the
corrected intensity of the band observed at 3748 cm-1 is about
4.5 times greater than that at 3652 cm-1, which is close to the
calculated intensity ratio forIa. Therefore, we can attribute the
observed spectrum to structureIa where carbazole is a proton
donor.

For the carbazole-(H2O)2 cluster, we obtained six structures
by the HF/6-31G method. All optimized structures forn ) 2

and their total binding energies, as well as the calculated IR
spectra at this level, are given in the Supporting Information.
Three structures in which the second water molecule is bound
to Ib or Ic are less stable than the other structures by over 5
kcal/mol, and none of the high-energy isomers have an intense
band around 3400 cm-1. Thus, we narrowed our focus on the
three most stable forms and examined their geometries and
energetics at the B3LYP/6-31++G(d,p) level. They can be
regarded as complexes where the second water is hydrogen-
bonded toIa. Among them, the isomer in which both OH bonds
in the second H2O are free from aπ-hydrogen interaction had
an imaginary frequency, and further optimization following the
normal mode for the imaginary frequency reachedIIa . There-
fore, we finally obtained the two lowest energy structures (IIa
andIIb ) at the B3LYP/6-31++G(d,p) level. The second water
molecule points one OH bond to the number one carbon or
nitrogen atom, respectively.IIa is more stable thanIIb , though
the energy difference is less than 1 kcal/mol. Note that the water
“bridge” in IIa is very similar to that in indole-(H2O)2,22,23

where a water dimer forms a bridge from N-H to the benzene
π ring.

The calculated IR spectra of theIIa and IIb are shown in
Figure 4, together with the observed IR dip spectrum for
carbazole-(H2O)2. The intensity of the second lowest band is
accidentally lowered due to the weak IR laser power by the
color center absorption of a LiNbO3 crystal. BothIIa and IIb
show five bands that correspond well to the observed ones. In
addition, the spectral features of the two isomers resemble each
other. Thus, though it is difficult to definitely determine the
orientation of the OH bond(s) in the second water, we can
attribute the observed spectrum to the “bridge” structure. The
two highest bands at 3730 (3731) and 3720 (3725) cm-1 in IIa

Figure 2. Optimized geometries of carbazole-(H2O)n (n ) 0-3) at the B3LYP/6-31++G(d,p) level. Molecular symmetry and total binding
energies (kcal/mol) with zero-point vibrational correction (ZPC) and counterpoise correction (CPC) are presented. Values in parentheses are total
binding energies (kcal/mol) without ZPC and CPC. NH, OH, and hydrogen bond distances are given in angstroms.
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(IIb ) are by theν3 mode of waters A and B (see Figure 2),
respectively. The bands at 3571 (3584) and 3430 (3459) cm-1

are due to the stretch of the OH bond in the water B directed
to the aromatic ring (theπ H-bondedνOH), and that of the other
OH in water A donated to the neighboring water (the H-bonded
νOH). On the other hand, the lowest band at 3349 (3332) cm-1

is the NH stretch band.
For n ) 3, we obtained 11 minimum structures at the HF/

6-31G level. The geometries, total binding energies and
calculated IR spectra are given in the Supporting Information.
Here, we concentrate on the three most stable structures that
reproduce the observed spectral feature better than other isomers.
Their optimized geometries at the B3LYP/6-31++G(d,p) level
are IIIa -c in Figure 2. Similarly ton ) 2, these clusters can
be regarded as “bridge”-like structures. A chain-like water trimer
is hydrogen bonded to the carbazole’s NH by an O atom in
one terminal water, and another terminal water approaches to
carbazole from above the aromatic ring.IIIa , whose total
binding energy is-16.2 kcal/mol, is the most stable, though

IIIb and IIIc are higher in energy thanIIIa by only 0.3 kcal/
mol.

The calculated and experimental spectra forn ) 3 are
compared in Figure 5. StructuresIIIa -c have similar spectra
and they reproduce the observed bands reasonably well. The
three highest calculated frequencies, especially inIIIa andIIIc ,
seem to indicate a possible overlap of two bands, which is
consistent with the observation of two dips in the non-H-bonded
OH stretch region. The calculated bands at 3550 (IIIa ), 3464
(IIIb ), and 3610 (IIIc ) cm-1 are due to the stretch of the OH
bond directed to theπ electron cloud. Thus, the corresponding
band observed at 3598 cm-1 is considered to be by this mode.
The normal modes of the lower bands become delocalized in
comparison withn ) 2. The bands at 3375 (IIIa ), 3355 (IIIb ),
and 3371 (IIIc ) cm-1 are mainly due to the out-of-phase
stretches of two H-bonded OH bonds, while the in-phase
combination of the H-bonded OH stretches is a main contributor
to the band at 3325, 3295, and 3318 cm-1 in IIIa -IIIc ,
respectively. The NH stretch also contributes to the second

TABLE 1: Frequencies of the NH and OH Stretches in the Carbazole-(H2O)n Clusters

frequency (cm-1)

exp calcda assignmentc

H2O 3657b 3642 ν1

3756b 3760 ν3

carbazole 3517 3523 NH str
carbazole-(H2O)1
Ia 3426 3410 NH str

3652 3648 ν1

3748 3761 ν3

Ib 3520 NH str
3637 ν1

3738 ν3

Ic 3521 NH str
3621 ν1

3734 ν3

carbazole-(H2O)2
IIa 3390 3349 NH str

3490 3430 H-bonded OH str (A)
3591 3571 π H-bonded OH str (B)
3703 3720 non-H-bonded OH str(B)
3725 3730 non-H-bonded OH str (A)

IIb 3332 NH str
3459 H-bonded OH str (A)
3584 π H-bonded OH str (B)
3725 non-H-bonded OH str (B)
3731 non-H-bonded OH str (A)

carbazole-(H2O)3
IIIa 3305 3250 NH str+ in-phase H-bonded OH str (A, B)

3405 3325 in-phase H-bonded OH str (A, B)-NH str
3444 3375 out-of-phase H-bonded OH str (A,B)
3598 3550 π H-bonded OH str (A, B)
3672 3708 non-H-bonded OH str (C)
3724 3723 non-H-bonded OH str (A)

3725 non-H-bonded OH str (B)
IIIb 3206 NH str+ in-phase H-bonded OH str (A, B)

3295 in-phase H-bonded OH str (A, B)-NH str
3355 out-of-phase H-bonded OH str (A,B)
3464 πH-bonded OH str
3713 non-H-bonded OH str (C)
3718 non-H-bonded OH str (B)
3726 non-H-bonded OH str (A)

IIIc 3254 NH str+ in-phase H-bonded OH str (A, B)
3318 in-phase H-bonded OH str (A, B)- NH str
3371 out-of-phase H-bonded OH str (A,B)
3610 π H-bonded OH str
3705 non-H-bonded OH str (C)
3721 non-H-bonded OH str (B)
3727 non-H-bonded OH str (A)

a Calculated at the B3LYP/6-31++G(d,p) level and scaled by 0.957.b Reference 63.c Labels in parentheses indicate water in the clusters (see
Figure 2).
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lowest band in each isomer, being out of phase with the
H-bonded OH stretches. The lowest band can be attributed
mainly to the NH stretch having the H-bonded OH bonds stretch
in phase with it.

By putting the results forn ) 2 together, we can say that the
clusters with the water-chain bridging between the NH and
the π electron cloud are considered to be responsible for the
observed spectra forn ) 2 and 3. The hydration structure of
carbazole is similar to that of indole with the samen. The
frequency of the NH stretch lowers asn grows. The observed
bands in 3400-3500 cm-1 are due to the H-bonded OH
stretches. They indicate the number of H bonds among the
waters. In addition, the bands at ca. 3600 cm-1 can be ascribed
to aπ H-bonded OH stretch of the terminal water in the water
chain. Their frequencies are slightly lower than that of the water

ν1 band, reflecting a slight elongation of the OH bonds in the
n ) 2 and 3 clusters. However, it is difficult to argue whether
the bands derived form the different isomers are overlapping,
which leads us to the additional experiment mentioned in the
next section.

3.3. IR-UV Hole Burning Spectra of Carbazole-(H2O)2,3.
To examine the coexistence of low-energy isomers, we applied
IR-UV hole-burning spectroscopy to carbazole-(H2O)2,3. This
method is a kind of population labeling spectroscopy, and has
been applied to clusters to extract the electronic transitions due
to a single species.22,37-42,49Here, the IR laser frequency is fixed
to the carbazole NH stretch at 3390 and 3305 cm-1 for
carbazole-(H2O)2,3, respectively, while the UV laser is scanned
over the energy range for the S1-S0 transition.

The UV laser is used not only for electronic excitation but
also for ionization of the clusters due to resonance-enhanced
two-photon ionization. If a certain S1 vibronic band originates
from a species whose vibration is excited by the IR laser, the
ion current of the ionized cluster decreases in comparison to
that without the IR laser, because of a loss of the population.
Therefore, the S1-S0 electronic transition of a specific species
can be identified by comparing the spectra with and without
the IR laser.

Figure 6 shows the IR-UV hole-burning spectra of (a)
carbazole-(H2O)2 and (b) carbazole-(H2O)3. Upper and lower
traces show the spectra without and with the IR laser. In Figure
6a, all of the sharp vibronic bands disappear when an IR laser
is introduced. The same result was obtained for carbazole-
(H2O)3. The intensities of all the vibronic bands decrease with
the IR laser (see Figure 6b). These results clearly indicate that
no isomer coexists under our experimental conditions for both
n ) 2 and 3.

No observation of isomers may be understood if one considers
the very low barrier for isomerization. That is, if the energy

Figure 3. Comparison of observed and calculated spectra forn ) 1.
The cluster structures are shown as insets. The calculated frequencies
are at the B3LYP/6-31++G(d,p) level and scaled by 0.957.

Figure 4. Comparison of observed and calculated spectra forn ) 2.
The cluster structures are shown as insets. The calculated frequencies
are at the B3LYP/6-31++G(d,p) level and scaled by 0.957.

Figure 5. Comparison of observed and calculated spectra forn ) 3.
The cluster structures are shown as insets. The calculated frequencies
are at the B3LYP/6-31++G(d,p) level and scaled by 0.957.
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barrier betweenIIa andIIb is so low that the ground vibrational
level of the mode along the reaction coordinate is above the
barrier, we expect a spectrum for a single species whose
geometry and frequencies are similar to those at the global
“potential minima”. In fact, the transition state betweenIIa and
IIb is located only 1.0 (0.2) kcal/mol aboveIIa (IIb ) at the
B3LYP level, and the ground vibrational level of the mode
connectingIIa andIIb is 0.3 kcal/mol (with no scaling) above
from the potential bottom atIIb within the harmonic approxi-
mation (see Figure 7).

Potential barriers connectingIIIa -c are also expected to be
low, since their energies and geometries deviate little from one
another. Thus, at present, we conclude that the IR dip spectra
for n ) 2 and 3 are dominated by a single “bridge” species for

eachn, and the potential energy surfaces connecting the “bridge”
structures with different hydrogen orientations are very flat for
both n.

4. Conclusion

The combination of ion-detected IR dip spectroscopy and
quantum chemical calculations has been used to determine the
structure of the aqueous clusters of carbazole. All of the IR dip
spectra show clear vibrational structures due to the hydrogen-
bonded NH and OH stretching modes in the clusters. The
spectral features were reproduced reasonably well by the lowest
energy structures for eachn ) 1-3. In the 1:1 complex, a water
molecule is H-bonded to the NH group of carbazole, and the
H-bonded water-chain bridges between the NH and theπ
electron cloud inn ) 2 and 3 clusters, being similar to the
hydration structure of indole.

Though the present calculations show a few potential minima
with the bridge structure with different water orientations, the
IR-UV hole-burning measurements of carbazole-(H2O)2,3 have
proved that only a single conformer exists in the supersonic
beam for eachn ) 2 and 3. The potential energy surfaces
connecting the “bridge”-like structures are very flat.

To understand the solvent dependence of the photochemical
reaction, solvated clusters of carbazole with various solvents,
such as methanol, acetonitrile, and cyclohexane, should be
investigated by the same combination of spectroscopic technique
and theoretical calculation. Also, the geometry of the photo-
excited clusters is indispensable information to understand the
photochemical reaction mechanism. These detailed studies will
be given in a forthcoming paper.
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