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The microwave spectrum of phenol~H2O! has been recorded using a pulsed molecular beam Fourier
transform microwave spectrometer. Twentya-type transitions have been observed and assigned. All
a-type transitions are doublets with splittings varying from 1.13 to 4.01 MHz. These splittings are
interpreted to result from the internal rotation of the water molecule. The ground state of this
torsional motion is split into two levels with different spin statistical weights. Both torsional levels
are treated independently as asymmetric rotor states. The resulting rotational constants are
A54291.486 MHz,B51092.1484 MHz, andC5873.7263 MHz for the lower torsional level~s50!
andA54281.748 MHz,B51092.329 55 MHz, andC5873.906 81 MHz for the upper level~s51!.
A fit of the molecular structure is performed by optimizing the intermolecular OO distance and two
angles, describing the H-bonding arrangement. The resultingtrans-linear structure is in reasonable
agreement with theab initio calculations ©1996 American Institute of Physics.
@S0021-9606~96!01603-2#

I. INTRODUCTION

Hydrogen bonded clusters of phenol with water have
been extensively investigated in supersonic jet experiments.
Intramolecular and intermolecular vibrational frequencies
have been obtained using different experimental methods
and the results have been compared with theoreticalab initio
studies.1–4 Vibrational frequencies of the electronically ex-
cited ~S1! state have been measured by one and two color
resonance enhanced multiphoton ionization5,6 ~REMPI!, hole
burning spectroscopy,7,8 and fluorescence excitation
spectroscopy.9 Frequencies of the electronic ground state~S0!
have been measured using ionization dip spectroscopy
~IDS!,10,5dispersed fluorescence,11 and ionization-loss stimu-
lated Raman spectroscopy~ILSRS!.12 The fluorescence life
times of several phenol/water clusters have been determined
by Colson and Lipert, using pump–probe photoionization
spectroscopy.13,14

Severalab initio calculations at the HF and MP2 level
have been performed in order to determine the structure of
the clusters.1–4 Additionally, vibrational analyses have been
carried out. Comparing the calculated vibrational frequencies
with the experimental values, a reliable assignment of sev-
eral low frequency intermolecular vibrations of phenol~H2O!
was achieved.4 These assignments qualitatively confirm the
calculated molecular structure.

Since the development of a pulsed molecular beam mi-
crowave Fourier transform spectrometer~MB-MWFT! by
Balle and Flygare,15 microwave spectroscopy of van der
Waals16,17and hydrogen bonded clusters18 found growing in-
terest. While for the phenol monomer a considerable amount
of microwave investigations have been published, no micro-
wave spectra of the phenol~H2O! cluster have been reported.
For bare phenol the complete substitution structure and the
dipole moments have been determined by microwave

spectroscopy.19,20 This completer s structure has been used
for our fit of the cluster geometry. Furthermore, the barrier to
internal rotation of the phenolic–OH group has been studied
both experimentally21 and theoretically.22 In this work the
result of a microwave spectroscopic investigation of
phenol~H2O! is reported. The geometry fit to the rotational
transitions of phenol~H2O! can be compared withab initio
calculations carried out for the electronic ground state. In a
following publication the investigation will be extended to
the electronically excited state.23

II. EXPERIMENT

All measurements were performed using the pulsed mo-
lecular beam~MB! Fourier transform microwave~FTMW!
spectrometer24,25 at the University of Kiel. Phenol was kept
in a small stainless-steel container upstream of the nozzle
and heated to approximately 40 °C. Helium, moistened by
flowing dry helium over ice at a temperature of25 °C, was
passed over the phenol sample at a pressure of 100 kPa. In
the search for phenol~H2O! lines, the spectrometer was oper-
ated in a low resolution scanning mode. Figure 1~lower
trace! shows a low resolution spectrum in the 172 MHz wide
region from 11378 to 11550 MHz. The scan was taken re-
cording spectra at discrete polarizing frequencies with a step
width of 0.25 MHz. Under these conditions about 100 MHz
could be scanned within 1 h. Microwave pulses with a dura-
tion of 2 ms and an average power of 50mW were used.
1024 data points were sampled at an interval of 100 ns and
subsequently Fourier transformed. The logarithmic ampli-
tude of the highest peak within each 5 MHz spectral range
was plotted over the polarizing frequency. For the high reso-
lution spectra~upper trace in Fig. 1! 8096 data points were
sampled and Fourier transformed. A line width@halfwidth at
half maximum ~HWHM!# of 2 kHz at 12 GHz could be
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achieved. The lines appear as Doppler doublets~upper trace
in Fig. 1! according to the particle velocity in the beam,
which is in the order of 1366 m/s for helium causing a Dop-
pler splitting of approximately 91 kHz at 10 GHz. The asym-
metry of the doublets is mainly due to instrumental effects
and does not affect the accuracy of the frequency determina-
tion.

III. RESULTS AND DISCUSSION

A. Analysis

Rotational constants, obtained from theab initio calcu-
lations of Schu¨tz et al.4 were used to predict a microwave
spectrum in the region from 5 to 26 GHz. From the resultant
of the dipole moments of the monomers in the cluster a
stronga type, weakb type, and, for symmetry reasons, no
c-type spectrum is expected~cf. Fig. 2!. After scanning sev-
eral hundred MHz, we observed lines of phenol, of the water

dimer, some singlets of unknown origin, and a number of
doublets with splittings varying from 1.13 to 4.01 MHz. The
doublets are located close to the rotational transition frequen-
cies of phenol~H2O! predicted from theab initio data. An
asymmetric rotor fit to the center frequencies of the doublets
was used to obtain improved rotational constants, which, in
turn, enabled us to make a better prediction and a refined fit.
In this way furthera-type lines could be measured.b- and
c-type lines have not been not found at all. No quantitative
measurements of peak intensities can be carried out with our
experimental setup, but it turns out that all doublets consist
of a stronger high frequency component and a weaker low
frequency component with the same intensity ratios for all
doublets. Both states have been treated independently as
asymmetric rotor states. The rotational constants and quartic
centrifugal distortion constants for both states are determined
by fitting the experimental data to a Hamiltonian described in
Ref. 26. The observed frequencies are given in Table I, the
results of the fit are compiled in Table II. The standard de-
viations of 1.7 and 0.7 kHz reflect the experimental uncer-
tainty.

The most stable structure obtained fromab initio calcu-
lations contains atrans-linear hydrogen bonding arrange-
ment with the H atoms of the water moiety above and below
the aromatic plane.1–4 The inertial defect calculated for this
structure is22.313 amu Å2. This value is close to the experi-
mental inertial defects of22.084 and22.396 amu Å2 result-
ing from the two sets of rotational constants~cf., Table II!.
Although thes50 state is less subject to vibrational averag-
ing, its inertial defect points to a more planar structure than
the s51. This may be due to a coupling of the torsional
motion to an out of plane vibration of the water moiety.

To explain the doublet structure of the microwave sig-
nals an investigation of internal rotation in phenol~H2O! is
required. Internal rotation leads to a splitting of the ground
state torsional eigenvalues. A complete vibrational analysis
of this cluster4 shows a strong coupling of the in-plane bend-
ing vibration of the water molecule and the torsional motion
about the OO axis. This complicated two-dimensional vibra-
tional motion can be described more simply by the internal
rotation of the H2O molecule about its C2 axis measured by
the anglea. This motion interchanges the two equivalent H
atoms of the water moiety. As this exchange does not affect
the Euler angles, all rotational levels are ofA symmetry. If
inversion and permutation-inversion are taken into account,
the rotational levels split intoA1 andA2 symmetry, respec-
tively. It can be shown that the torsional wave functions

un,s&5 (
k52`

`

Ak
~n!ei ~2k1s!a

transform likeA1 for s50 and likeB2 for s51 in the vibra-
tional ground state. The spin functions transform like
3A11B2 . The exchange of one pair of H atoms demands for
an antisymmetric total wave function~B1 andB2 symmetry!.
SinceGtot5Gtorŝ GrotJGns,B1 ,B2 it is obvious that transi-

FIG. 1. 172 MHz broadband scan~lower trace! and high resolution spec-
trum ~upper trace! of phenol and water in helium at a stagnation pressure of
100 kPa. Three lines can be recognized in the low resolution spectrum; a
doublet consisting of a strong and weak transition of the 606→505 transition
of phenol~H2O!, and the low frequency component of the 212→221 internal
rotation doublet of the phenol monomer.

FIG. 2. Structural parameters of phenol~H2O!. Additionally, the principal
axesa andb are given. These axes lie in the plane of the phenol moiety.
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tions originating froms50 ~A1 symmetry! have a statistical
weight of 1 while those originating froms51 ~B2 symme-
try! have a statistical weight of 3~Fig. 3!.

The experimental results support the assignment of the
strong and weak transitions as originating from theB andA
states, respectively. The splitting intoA andB states in the
electronic ground state leads to two sets of~effective! rota-
tional constants. Thus, as observed in the microwave spec-
trum, each rotational transition is split into two lines due to
the internal rotation of the H2O molecule as shown in Fig. 3.
A perturbation theoretical treatment of the measured effec-

tive rotational constants allows in principle the determination
of the potential barrier to internal rotation. This, however,
demands knowledge of the energy differences between dif-
ferent torsional levels. These differences are unknown ac-
cording to the selection ruleDs50 which forbids transitions
betweenA andB rotorsional levels. The high resolution UV
data contain more information about the torsional splitting
and therefore we performed a perturbation analysis of the
torsion-rotation interaction in the following paper.23

TABLE I. Measured transitions of phenol~H2O! @o5observed;c5calculated;D5n ~strong transition!2n~weak
transition!#.

Upper level
J8 Ka8 Kc8

Lower level
J9 Ka9 Kc9

Strong
transitions

~s51!
~MHz!

o–c
~kHz!

Weak
transitions

~s50!
~MHz!

o–c
~kHz!

D
~MHz!

4 0 4 3 0 3 7758.0449 0.1 7756.9084 20.2 1.1365
4 1 3 3 1 2 8278.9482 0.2 8277.5726 20.5 1.3756
5 0 5 4 0 4 9621.8835 20.2 9620.6580 20.3 1.2255
5 2 4 4 2 3 9806.9896 20.8 9805.2585 20.2 1.7311
5 2 3 4 2 2 10 016.0061 0.4 10 013.6904 0.2 2.3157
6 1 6 5 1 5 11 064.2338 0.2
6 0 6 5 0 5 11 444.1286 20.5 11 442.8754 20.4 1.2532
6 2 5 5 2 4 11 748.4982 0.3 11 746.4776 0.1 2.0206
6 3 4 5 3 3 11 847.8774 0.1 11 845.5952 0.1 2.2822
6 3 3 5 3 2 11 866.5106 20.1 11 864.1171 20.4 2.3935
6 1 5 5 1 4 12 355.9052 0.0 12 354.0515 0.1 1.8537
7 1 7 6 1 6 12 876.4834 0.2 12 874.2631 20.2 2.2203
7 0 7 6 0 6 13 227.9347 20.7 13 226.6548 21.2 1.2799
7 2 5 6 2 4 14 213.4115 20.1 14 209.8877 1.7 3.5238
8 0 8 7 0 7 14 981.8996 1.7 14 980.5316 3.7 1.3680
8 2 6 7 2 5 16 342.1580 0.0 16 338.1499 21.1 4.0081
8 1 7 7 1 6 16 343.0087 20.1 16 341.0108 0.0 1.9978
9 1 9 8 1 8 16 468.8552 20.3
9 0 9 8 0 8 16 717.1384 20.6 16 715.5714 21.7 1.5664
9 2 8 8 2 7 17 502.7896 0.0 17 500.0971 0.0 2.6925

TABLE II. Rotational and centrifugal distortion constants~representationI r and Watson’sA reduction! of
phenol~H2O!. The least-squares fit includes all measured lines given in Table I. Single standard errors in
parentheses in units of the least significant digit. The freedom coefficient is a measure of the fraction of a
standard error by which parameter may be changed leaving the calculated data still within their standard
deviation. For details see Refs. 29 and 30.

Constants obtained from

strong transitions~s51! weak transitions~s50!

Value Freedom Value Freedom

A ~MHz! 4281.748~22! 0.087 4291.486~70! 0.069
B ~MHz! 1092.32955~36! 0.068 1092.1484~11! 0.060
C ~MHz! 873.90681~35! 0.049 873.7263~11! 0.047
DJ ~kHz! 0.42715~64! 0.151 0.4303~17! 0.162
DJK ~kHz! 22.2509~65! 0.506 22.406~17! 0.507
DK ~kHz! 18.6~200! 0.028 6.7~350! 0.024
dJ ~kHz! 0.11511~89! 0.110 0.1175~30! 0.100
dK ~kHz! 1.28~20! 0.024 1.03~59! 0.022

Number of linesN 20 18
Standard deviation~kHz! 0.7 1.7
Inertial defect~amu Å2! 22.396 22.084
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B. Molecular structure

The molecular structure of the phenol~H2O! cluster is
calculated by a least-square fitting procedure. The two sets of
experimental rotational constants belonging to the torsional
statesA andB are fitted separately to two sets of structural
parameters, which can be taken as extreme values of the
correct equilibrium structure parameters.27

The structures of the phenol and water monomers are
taken from Larsen19 and Benedictet al.28 who carried out
extensive microwave spectroscopic investigations. The bond
lengths and angles of phenol and water~cf., Table III! re-
mained unchanged in all fit procedures. The intermolecular
OO distance (R) and the two ‘‘in-plane’’ anglesg, b are
optimized~cf., Fig. 2! in order to fit the experimental rota-
tional constants. The parameterb is the angle between the
plane of the water molecule and the OO distance, whereasg
~andw! describe the deviation from linearity of the hydrogen
bond.

With regards toab initio calculations,~cf., Table III! and
the measured inertial defects,~cf., Table II! we assumedCs

symmetry of the complex with the H atoms of the water
moiety above and below the aromatic plane when perform-
ing the fit. The structural parameters are given in Table IV.

The small difference of the structural parameters obtained for
the A and B states justifies the use of rotational constants
which are not corrected for their perturbation by internal ro-
tation.

The internuclear distanceR and the angleg turn out to
be very sensitive to the fit, contrary to the angleb due to the
small masses of the H atoms of H2O. Those anglesb which
describe atrans-linear,cis-linear, and linear–linear hydrogen
bonding arrangement lead to a comparably good fit to the
rotational constants. For different anglesb the distanceR
and the anglea vary from 2.866 to 2.888 Å and 113.5° to
116.2°, respectively. The structural parameters which result
from the experimental rotational constants are very similar to
those obtained fromab initio calculations. The interatomic
OO distance calculated at the HF or MP2 level of theory is
about 2.9 Å1–4 if the basis sets include polarization functions
~cf., Table III!. This value is in close agreement with the
experimental values of 2.888 and 2.880 Å. The angleg cal-
culated at the HF level using the 4-31G*, 6-31G** , and
6-31111G** basis sets~114.58°, 114.92°, 115.11°! ~Refs. 2
and 4! is similar to the experimental values of 113.47° and
113.72°~cf., Table IV!.

Extensiveab initio calculations have been performed in
order to obtain different local minimum energy structures of
phenol~H2O!,3 but none of them turns out to be linear or
cis-linear. In addition, the lack ofb-type transitions in the
phenol~H2O! MW spectrum points to atrans-linear arrange-
ment of the H2O moiety, because in the case of a planar or
cis-linear structure the dipole moment of the cluster should
have a larger component in the direction of theb axis, cf.
Fig. 3.

In the following paper,23 the rotational constants of
phenol~H2O! are analyzed in a different way to obtain the
structural parameters. Only the position of the oxygen atom
in the inertial system of the phenol monomer is required in
this analysis but not the complete phenol structure with its
inherent uncertainty. An O–O distance of 2.93 Å and an
angleg of 115.5° is obtained for theS0 state when using this
model, but it should be kept in mind that both methods
strongly depend on the accuracy of the phenol structure
given in Ref. 19.

FIG. 3. Energy level scheme for the phenol~H2O! cluster. Shown are some
observed transitions, their frequencies and statistical weights. For the sake
of clarity the splitting of the torsional levels~s50,1! is not drawn to scale.

TABLE III. Experimental structural parameters of phenol and H2O and calculated structural parameters of
phenol~H2O! using different basis sets.

Structural
parameters

Phenol
~Ref. 19!

H2O
~Ref. 28!

Phenol~H2O! clustera

~4-31G* ! ~Ref. 2!
Phenol~H2O! cluster
~6-31G** ! ~Ref. 4!

Phenol~H2O! cluster
~6-31111G** ! ~Ref. 4!

r 1 ~Å! 1.3745 1.345 1.345 1.345
r 2 ~Å! 0.9574 0.954 0.949 0.946
R ~Å! 2.889 2.906 2.940
r 3 ~Å! 0.957 0.949 0.944 0.942
Q1 ~deg! 108.77 111.26 111.58 111.80
D ~deg! 117.01 117.76 117.70 117.68
w ~deg! 3.32 3.34 3.31
b ~deg! 138.38 135.79 147.66
Q2 ~deg! 104.52 106.14 106.83 106.82

aSee also, Ref. 3.
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IV. CONCLUSIONS

All fits of the experimental rotational constants to the
phenol~H2O! structure using the known geometry of the phe-
nol monomer in the cluster lead to nearly the same intermo-
lecular O–O distanceR and in-planeC–O–Oangleg. The
calculated values ofR andg ~about 2.86 Å and 114.8°! are in
good agreement with the values obtained fromab initio cal-
culations.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support
of the Deutsche Forschungsgemeinschaft~‘Schwerpunktpro-
gramm Molekulare Cluster’!. We also thank Holger Hartwig
for providing us with his new rigid rotor fitting routine.
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