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Abstract

The rotationally resolved S1  S0 electronic spectrum of the hydrogen-bonded phenol±methanol cluster has been

analyzed. Due to the internal rotation of the methyl group in the methanol moiety, the spectrum of the electronic origin

of phenol±methanol is split into A and E subtorsional bands. From a perturbation analysis of the torsional±rotational

structure of the electronic origin, the threefold barriers to internal rotation of the methyl group could be determined to

be 170 cmÿ1 in the S0 state and 150 cmÿ1 in the S1 state. The perturbation analysis yielded the angle between the in-

ternal rotor axis and the inertial axes of the cluster, which allows the determination of the geometry of the hydrogen

bond in both electronic states. Ó 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Binary hydrogen-bonded clusters of phenol
with di�erent solvent molecules such as water
[1±13], methanol [1,14±18], ethanol [1,14,19,20],
ammonia [21±27] have been investigated thor-
oughly, both experimentally and theoretically, as
model systems for solvation processes of polar
aromatic molecules. The acidity of phenol, like
that of the other hydroxyaromates increases upon
electronic excitation from the electronic ground
state S0 into the S1 state. This increases the hy-
drogen bond strength in clusters in which phenol
acts as the proton donor.

The ¯uorescence excitation spectrum of the
phenol±methanol cluster, which is red shifted to

the phenol monomer by 416 cmÿ1, had ®rst been
published by Abe et al. [1]. They observed a vib-
ronic band at 27 cmÿ1 which they assigned to a
bending vibration that was not further speci®ed
and a band at 175 cmÿ1 which was assigned to the
intermolecular stretching vibration. Using dis-
persed ¯uorescence spectroscopy, the frequencies
of these vibrations could be determined in the
electronic ground state to be 22 and 162 cmÿ1,
respectively [14]. The ionization potential of phe-
nol(CH3OH�1 was determined via two color mul-
tiphoton ionization by Ito and coworkers for the
®rst time [28]. They reported a value of
63350 cmÿ1, which was not corrected for the ex-
traction ®eld. A substantially more accurate value
of 63204 cmÿ1 was obtained by Wright et al. using
zero kinetic energy electron (ZEKE) spectroscopy
[15]. Hartland et al. performed ionization-loss
stimulated Raman spectroscopy (ILSRS) on dif-
ferent hydrogen-bonded clusters, including the
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phenol±methanol cluster in the region of the in-
tramolecular C±C and C±O stretching vibration
[29]. To exclude that another conformer of phe-
nol(CH3OH�1 absorbs in the observed spectral
region, hole burning spectroscopy has been per-
formed [17]. Moreover, the intermolecular vibra-
tions, both in the S0 and S1-states, were assigned.
More recently, a Fourier transform microwave
spectrum of the phenol±methanol cluster has been
taken by Stahl and coworkers [30,31], yielding
rotational and centrifugal constants for the elec-
tronic ground state.

A theoretical analysis of the vibrations of the
electronic ground state has been published by
Gerhards et al. [16]. The predicted geometry on the
Hartree±Fock level is translinear, as in the case of
the phenol±water cluster. A more recent publica-
tion by Courty et al. presents a di�erent structure
of the cluster, based on a semi-empirical model
potential, but unfortunately, no rotational con-
stants for a direct comparison with our experi-
mental results are reported [18]. In their proposed
structure, the methyl group of the methanol moi-
ety is bent considerably towards the aromatic ring,
and the oxygen atom of the methanol moiety is
slightly shifted o� the phenol plane, which leads to
a nonlinearity of the hydrogen bond.

The determination of the structural parameters
of hydrogen-bonded clusters is a crucial and direct
check for the quality of geometry predictions from
high level theory. Rotationally resolved laser-in-
duced ¯uorescence enables the determination of
rotational constants in the electronic ground and
excited states. Geometric changes upon electronic
excitation which are due to changes in the elec-
tronic structure can, therefore, be investigated.
Nevertheless, the knowledge of just three rota-
tional constants for each electronic state allows
at best the determination of three geometrical
parameters such as bond lengths or angles. To
evade this restriction, one can use isotopically
substituted species of the investigated cluster and
determine a substitution structure using Kraitch-
man's equations [32]. This is tedious, and in the
case of larger molecules or clusters, a frequently
impossible task.

The most important geometric parameters in
hydrogen-bonded binary clusters are those which

determine the orientation of the monomer moieties
relative to each other. If only the relative orienta-
tion of the monomer units is of interest, six geo-
metric parameters have to be determined. This, of
course, is a rough approximation, as the structures
of the monomers are also in¯uenced by the cluster
formation.

In the case of favorable symmetry of the cluster,
the number of intermolecular parameters which
have to be detected can sometimes be further re-
duced, and the determination of three rotational
constants is su�cient for a description of the ge-
ometry of the hydrogen bond. This has been
shown for the phenol�H2O�1 cluster, in which the
plane containing the phenol molecule bisects the
plane of the water moiety [6].

In the case of phenol�CH3OH�1, there are no
symmetry constraints and all the intermolecular
parameters are needed to describe the structure of
the hydrogen bond. In this paper, we will show
how the missing pieces of information for the de-
termination of the geometry of the hydrogen bond
in phenol�CH3OH�1 can be obtained from an
analysis of the perturbation of the electronic
spectrum by the hindered internal rotation of the
methyl group. In a subsequent publication, we will
compare these experimental results to the results of
ab initio calculations.

2. Experimental setup

The experimental setup for the rotationally re-
solved laser induced ¯uorescence is described in
detail elsewhere [33]. Brie¯y, the molecular beam
machine consists of a triply di�erentially pumped
vacuum apparatus. The expansion chamber is
evacuated by a 8000 l/s oil di�usion pump (Ley-
bold DI 8000), which is backed by a 250 m3/h
roots blower pump (Saskia RPS 250) and a
65 m3/h rotary pump (Leybold D65B). In this
way, a pressure below 1� 10ÿ4 mbar can be
maintained in the expansion chamber up to a
backing pressure of 3 bar of Ar, expanded through
a 150 lm nozzle. The ®rst skimmer, with an ap-
erture of 1 mm, is located 10±25 mm downstream
the nozzle ori®ce. The second chamber serves as
a bu�er chamber and is evacuated by a 360 l/s
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turbomolecular pump (Leybold Turbovac 361),
backed by a rotary pump (Leybold D16B),
maintaining a pressure below 1� 10ÿ5 mbar. A
second skimmer with an aperture of 2 or 3 mm,
through which the collimated molecular beam
enters the third chamber, is located at a variable
distance of 120±190 mm downstream of the noz-
zle. This chamber is pumped by a 150 l/s turbo-
molecular pump (Leybold Turbovac 151) through
a liquid nitrogen trap and backed by a rotary
pump (Leybold D4B) resulting in a vacuum better
than 1� 10ÿ6 mbar. The molecular beam is cros-
sed at right angles with the laser beam at a dis-
tance of 360 mm downstream the nozzle. The
resulting ¯uorescence is collected perpendicular to
the two beams by an imaging optic consisting of a
concave mirror and two lenses. The second
lens focuses the ¯uorescence onto an iris aperture
for further spatial ®ltering of the emitted ¯uores-
cence.

The laser system consists of a commercially
available ring dye laser (Coherent 899-21) which is
pumped with 6 W of the 514 nm line of an Ar�-ion
laser (Coherent Innova 100). Operated with
Rhodamine 110 and Rhodamine 6G dyes, output
powers of typically 0.5±1 W with a single mode
line width of approximately 600 kHz can be ob-
tained. This light is coupled into an externally
folded ring cavity (LAS WaveTrain) for second
harmonic generation (SHG). In order to ensure a
high incoupling e�ciency to the doubling cavity,
the incoming laser beam is mode matched with the
cavity mode by means of a projection lens. The
cavity length is actively stabilized to enhance
the frequency conversion of the single mode laser
by a piezo-mounted mirror, driven by the error
signal of a Coulliaud±H�ansch type stabilization
unit [34]. With resonance enhancements in the
cavity of approximately 50±80, a UV output
power of 10±20 mW can be achieved.

The absolute frequency of the dye laser is de-
termined by comparison of the transitions in an
iodine absorption spectrum taken simultaneously
with the LIF spectrum, to the tabulated iodine
transition frequencies from Ref. [35]. The relative
frequencies were determined by a mode matched
confocal Fabry±Perot interferometer with a free
spectral range of 149.9434(56) MHz.

3. Theory

The point group of the phenol±methanol cluster
is C1. The internal rotation of the methyl group
can be described by a cyclic permutation of the
hydrogen atoms, resulting in the molecular sym-
metry group G3. This group consists of the identity
operation E and the permutations (123) and (132)
[36].

The overall wave function must have even
parity for both the permutations and therefore
transforms like A.

C�Wtot� � C�Wel� 
 C�Wvib� 
 C�Wtor�

C�Wrot� 
 C�Wns� � A:

�1�

The electronic and vibrational wave functions
Wel and Wvib transform like A because under su-
personic jet conditions, only the vibronic ground
state is populated. The transformation properties
of the torsional wave functions Wtor can be de-
duced from the correlation of the transformation
properties of the harmonic oscillator and free ro-
tor limiting cases. The torsional wave function of
lower energy transforms like A, the energetically
following like E. They can be expanded in the basis
of free rotor functions as

Wtor � jv; ri �
X1

k�ÿ1
A�v�3k�rei�3k�r�a; �2�

where v is the torsional state index and the integer
r can take the values 0 and �1 for A and E levels,
respectively. The selection rule for the torsional
transitions is Dr � 0, because the transition dipole
moment is independent of the torsional angle a for
the symmetric rotor ±CH3, which leads to A$ A
and E$ E torsional transitions.

The rotational wave functions Wrot transform
like A, irrespective of the parity of Ka and Kc. The
spin wave functions Wns transform like 4A� 2E.
Because the overall wave function transforms like
A, the spin statistical weight between the
r � 0 �A� and r � 1 �E� subbands is 1:1.

The coupling between the internal rotation of
the methyl group and the overall rotation of the
cluster is treated in the formalism of the principal
axis method (PAM) [37,38]. The Hamiltonian for
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a molecule undergoing internal and overall rota-
tion isbH � bH �A�

R � bHT � bHRT; �3�
where bH �A�R is the Hamiltonian for a distortable
rotor in Watson's A-reduced form [39,40]bH �A�R � B�A�x P 2

x � B�A�y P 2
y � B�A�z P 2

z ÿ DJ P 4

ÿ DJKP 2P 2
z ÿ DKP 4

z ÿ 2dJ P 2 P 2
x

�
ÿ P 2

y

�
ÿ dK P 2

z P 2
x

�h
ÿ P 2

y

�
� P 2

x

�
ÿ P 2

y

�
P 2

z

i
�4�

and HT is the torsional Hamiltonian

bHT � Fp2 �
X6

n�1

Vn�1ÿ cos na�; �5�

which depends only on the torsional angle a and
can therefore be treated separately. F is the tor-
sional constant and de®ned by

F � h
8p2rIa

�6�

with

r � 1ÿ
X

g�a;b;c

k2
gIa
Ig

; �7�

where kg are the direction cosines between the in-
ertial axes and the axis of internal rotation, Ia the
moment of inertia of the internal rotor with re-
spect to its symmetry axis and, Ig the principal
moments of inertia of the whole molecule. The
molecule ®xed axes a, b, c are identi®ed with the
space ®xed axes of Eq. (4) using the representation
Ir. The rotational constants B�A�x ;B�A�y and B�A�z in
Eq. (4) have to be corrected for the contribution of
the centrifugal distortion [40] thus yielding the
geometrical rotational constants A, B and C. The
coupling between the internal and overall rotation
is described by the third term bHRT in Eq. (3). In the
high barrier limit, this coupling term is small and
can be evaluated by the perturbation theory. In
principle, the harmonic oscillator wave functions
are a more adequate basis set in the high barrier
limit. Using a large enough basis set of free rotor
wave functions is an equivalent ansatz. The tor-
sion±rotation coupling has been treated by second-

order perturbation theory. It yields the torsion±
rotation Hamiltonian [37,41]bHRT � FW �1�

vr �qaPa � qbPb � qcPc�
� FW �2�

vr �qaPa � qbPb � qcPc�2: �8�

The ®rst-order perturbation coe�cients W �1�
vr are

zero for A levels, while W �2�
vr is nonzero for both A

and E levels. The coe�cients qg with g � a; b; c are
de®ned as

qg � kg
Ia

Ig
: �9�

The nth order perturbation coe�cients W �n�
vr are

de®ned by [37]

W �0�
vr �

Evr

F
; �10�

W �1�
vr � ÿ2hv; rjpjv; ri; �11�

W �2�
vr � 1� 4F

X
v0

jhv; rjpjv0; rij2
Evr ÿ Ev0r

; �12�

where jv; ri are eigenfunctions of Eq. (5) and Evr

are the respective eigenvalues with v as the tor-
sional state index and r as de®ned above. The
zero-order perturbation coe�cients represent the
solutions of Eq. (5) and will be needed in the se-
quel. The second term of Eq. (8) gives rise to cross
terms in the angular momenta of the kind
qgqg0PgPg0 with g 6� g0. If they are small enough to
be neglected, the second-order perturbation terms
are quadratic in the angular momenta with respect
to the inertial axes and can therefore be incorpo-
rated in the rotational Hamiltonian (4) with ef-
fective rotational constants de®ned by

Avr � A� FW �2�
vr q2

a; �13�
Bvr � B� FW �2�

vr q2
b; �14�

Cvr � C � FW �2�
vr q2

c : �15�

Thus, the A subband can be ®tted to Watson's
A-reduced Hamiltonian with three e�ective rota-
tional constants Avr;Bvr and Cvr and ®ve centri-
fugal distortion constants DJ ;DJK ;DK ; dJ and dK for
each electronic state, while the E torsional sub-
band is ®tted to 11 parameters for each electronic
state, namely three e�ective rotational constants,
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the ®ve centrifugal distortion constants and the
three torsion±rotation constants Da;Db and DcbHvr � AvrP 2

a � BvrP 2
b � CvrP 2

c

� DJ P 4 ÿ DJKP 2P 2
a ÿ DKP 4

a ÿ 2dJ P 2 P 2
b

ÿ ÿ P 2
c

�
ÿ dK P 2

a P 2
b

ÿ� ÿ P 2
c

�� P 2
b

ÿ ÿ P 2
c

�
P 2

a

�
� DaPa � DbPb � DcPc �16�

with

Dg � FW �1�
v1 qg: �17�

Generally, the barrier to internal rotation can
be obtained from these D coe�cients, or from the
di�erence of the e�ective rotational constants for
the A and E lines, which yields the di�erence of the
second-order perturbation coe�cients:

DA � Av0 ÿ Av1 � F q2
a W �2�

v0

h
ÿ W �2�

v1

i
; etc: �18�

Due to the smallness of DA;DB and DC and the
inherently large errors in determining the di�er-
ences of large numbers, we tread only the ®rst path
for the determination of the barriers to internal
rotation in the following.

4. Results and discussion

From a UV±UV double resonance spectrum, it
could be concluded that, in the region of the in-
termolecular vibrations of phenol±methanol, only
one conformer gives rise to absorptions [17]. Fig. 1
shows a part of the rotationally resolved LIF
spectrum of the electronic origin of the phe-
nol�CH3OH�1 cluster. The electronic origin of
phenol±methanol is split into two subbands due to
the internal rotation of the methyl group in the
methanol moiety. The origins of the A$ A and
E$ E subbands which are marked by arrows in
Fig. 1 are 3557.621 MHz apart. The origin of the E
subband is shifted to the blue region, indicating a
lowering of the torsional barrier in the S1 state. 261
transitions of the A subband with an assumed
uncertainty for each line of 4 MHz were ®tted to
Watson's A-reduced Hamiltonian (Eq. (4)) in the
representation Ir, yielding the e�ective rotational
constants (Eqs. (13)±(15)) and centrifugal distor-

tion coe�cients for both the electronic states,
which are given in Table 1.

193 lines of the E$ E subband with an as-
sumed uncertainty for each line of 4 MHz have
been ®tted to the torsion±rotation Hamiltonian
(16). The e�ective rotational constants, centrifugal
distortion and torsion±rotation constants for both
the electronic states are given in Table 1. Fig. 2
shows a part of the electronic origin of phe-
nol�CH3OH�1 together with a ®t of the A and E
torsional subspectrum.

The overall shape of the electronic origin could
be simulated with an a/b/c hybrid ratio of 26:70:4
and a rotational temperature of 5 K.

Fig. 1. Rotationally resolved LIF spectrum of the electronic

origin of phenol�CH3OH�1. The origins of the A and E sub-

bands are marked by arrows. The lower trace shows an en-

larged portion of the spectrum in the region of the electronic

origin of both subbands.
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Due to the comparably high temperature of 5
K, the small subtorsional splitting of approxi-
mately 0:1 cmÿ1 and the small rotational con-
stants, the LIF spectrum is relatively congested.
Only few lines could be identi®ed as single rovib-
ronic transitions and used for a line shape ®t to a
Voigt pro®le. Therefore, there is a large uncer-
tainty in the determination of the Lorentzian
contribution. The best ®t gave a Lorentzian line
width of 20� 5 MHz with a Gaussian (Doppler)
contribution of 9 MHz, resulting in a ¯uorescence
lifetime of 7:9� 2:5 ns.

4.1. Perturbation treatment of the internal rotation

From the experimentally determined rotational
and rotational±torsional constants, the direction
cosines kg between the internal rotor axis and
the inertial axes of the cluster can be calculated.
Eqs. (9) and (17) and the relation k2

a � k2
b � k2

c � 1
yield

ka � � DaIa���������������������������������������
D2

aI2
a � D2

bI2
b � D2

cI2
c

p ;

kb � � DbIb���������������������������������������
D2

aI2
a � D2

bI2
b � D2

cI2
c

p ;

kc � � DcIc���������������������������������������
D2

aI2
a � D2

bI2
b � D2

cI2
c

p ; �19�

where each sign is undetermined, but all the signs
for ka; kb and kc are equal. The direction cosines
will be used in the determination of the geometri-
cal structure of the cluster in Section 4.2. Plus-
quellic and Pratt showed the possibility of
determining the signs of the Dgs from an intensity
analysis [42]. In this work, however, we were not
able to determine the signs of the Dgs due to the
small absolute values of these constants, resulting
in negligible intensity di�erences for changing the
signs of the Dgs in one electronic state. The mo-
ments of inertia Ig to be used in Eq. (19) have been
calculated from the e�ective rotational constants
of the A and E subspectra, using the relation [41],

Ia � h
8p2 1

3
Av0 � 2

3
Av1

ÿ � ; etc: �20�

From the experimental constants also, the ®rst-
order perturbation coe�cients W �1�

v1 (Eq. (17)) can
be determined:

W �1�
v1 �

8p2r
���������������������������������������
D2

aI2
a � D2

bI2
b � D2

cI2
c

p
h

�21�

with r de®ned by Eq. (7). Ia, the moment of inertia
of the methyl group was ®xed to the value in free
methanol (3.2122 amu �A

2
).

Table 2 gives the values for the direction cosines
between the internal rotor axis and the inertial

Table 1

E�ective rotational constants, centrifugal distortion and torsion±rotation constants for the A and E subband of phenol�CH3OH�1 in

the ground and electronically excited statea

S0 S1

A E A E

Avr (MHz) 3290.955(117) 3290.723(212) 3311.333(105) 3310.151(155)

Bvr (MHz) 792.126(80) 792.2965(901) 775.896(73) 775.8760(868)

Cvr (MHz) 685.8108(657) 685.4643(633) 664.3170(661) 664.2267(619)

DJ (kHz) 0.313(246) 0.963(240) 0.207(228) 0.113(268)

DJK (kHz) ÿ5:17�113� ÿ5:51�245� ÿ3:82�108� ÿ0:17�18�
DK (kHz) 23.92(210) 18.26(503) 12.91(181) 5.57(306)

dJ (kHz) 0.002(145) 0.1106(1343) 0.096(132) ÿ0:0652�1397�
dJK (kHz) ÿ17:2�144� 41.2(150) ÿ5:0�138� ÿ5:0�114�
Da (MHz) ± 32.83(34) ± 78.90(32)

Db (MHz) ± 14.3(78) ± 38.2(34)

Dc (MHz) ± 40.312(183) ± 52.134(187)

m0 �cmÿ1� ± ± 35932.85(2) 35932.97(2)

m0�E� ÿ m0�A� � 3557:621�740� MHz ± ± ±

a The number of digits retained for each parameter were calculated according to the scheme of Watson [48] , so that the calculated

standard deviation of the ®t can be reproduced within 10%.
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axes of the cluster and the respective angles of
both electronic states. The internal rotor constant
F is calculated using Eq. (6) to be 158.1 GHz
(5.27 cmÿ1) for the electronic ground state and
158.2 GHz (5.28 cmÿ1) for the excited state.

From the ®rst-order perturbation coe�cients,
the reduced barrier height Vn/F can be evaluated,
using Herschbach's tabulated perturbation coe�-
cients [41]. The reduced barrier height Vn/F of both
the electronic states is given in Table 2. Using the
above calculated results of 158.1 and 158.2 GHz
for F, V3-barriers of 5084.6 GHz (170 cmÿ1) and
4374.5 GHz (146 cmÿ1) for the S0 and S1 states,
respectively, are obtained. From Herschbach's

tables also the zero-order perturbation co-
e�cients W �0�

vr , which give the energy of the
torsional sublevel divided by F, can be obtained
for both the r � 0 and r � 1 states. From the
di�erence F 00�W �0�

v1 ÿ W �0�
v0 �00 ÿ F 0�W �0�

v1 ÿ W �0�
v0 �0, the

A±E splitting of the electronic origin can be cal-
culated to be 3995� 650 MHz. Comparison with
the experimental value of 3557.621 MHz con®rms
the correctness of the above considerations.

The calculated V3 barriers in both the electronic
states are considerably lower than the barrier in
free methanol, which was found to be 376.8 cmÿ1

[43]. This reduction in barrier height upon com-
plexation had been observed before in the metha-
nol dimer, where the barrier to internal rotation in
the acceptor methanol was determined to be
120 cmÿ1 [44]. Fraser et al. [45] showed that this
apparent reduction is an artifact due to the cou-
pling between two internal motions, which are the
internal rotations of the methyl group and the
librational motion of the methanol molecule about
its inertial a-axis. The stronger the methanol
molecule is bound to the other cluster component,
the larger is the hindrance potential for the libra-
tional motion and the closer is the F value to the
contribution from the moment of inertia of the
methyl top (5.26 cmÿ1).

On the other hand, a weak bond implies an F
which is closer to 27.6 cmÿ1, the value in free

Fig. 2. Enlarged portion of the rotationally resolved LIF

spectrum of phenol�CH3OH�1 (upper trace). The other traces

show the simulations of the A and E subtorsional spectra and a

superposition of both A and E lines for comparison with the

experiment. The molecular constants used in the simulations

are given in Table 1.

Table 2

Direction cosines, angles between inertial axes and internal

rotation axis, reduced barriers to internal rotation of the methyl

group and geometrical rotational constants in the S0 and S1

states of phenol�CH3OH�1a

S0 S1

ka �0.1601(75) �0.2492(60)

kb �0.298(150) �0.5144(340)

kc �0.944(43) �0.8205(195)

\�a; i� (�� 80.78(44)/99.2 75.57(35)/104.4

\�b; i� (�� 73.15(870)/106.9 59.04(230)/120.9

\�c; i� (�� 19.34(750)/160.7 34.86(200)/145.1

V3/F 32.16(49) 27.65(24)

F (MHz) 158094(4) 158192(4)

A (MHz) 3290.8(1) 3310.5(1)

B (MHz) 792.19(7) 775.89(6)

C (MHz) 685.62(5) 664.25(5)

a The second angle is 180 ÿ\(g,i) for the reverse sign of kg. For

a discussion of the internal rotor constant F , see the text.
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methanol, because the methanol molecule can
undergo a large amplitude motion in the shallow
intermolecular potential. The A±E splitting is a
function of the reduced barrier height Vn/F . Thus,
a small F value only pretends a low V3 barrier.
Instead of using the limiting value of F which was
obtained by neglecting the coupling to the libra-
tional motion, we can also assume that the ``true''
barrier of the methanol moiety is not altered by
complexation from the value of the monomer
(376.8 cmÿ1). Under this assumption, an F value of
12.1 cmÿ1 in the electronic ground state is ob-
tained.

With the second-order perturbation coe�cients,
which have been obtained from Herschbach's
tabulated perturbation coe�cients [41], we could
correct the rotational constants using Eqs. (13)±
(15). The resulting geometrical rotational con-
stants, which are used for the determination of the
structure, performed in Section 4.2, are presented
in Table 2.

4.2. Determination of the structure

The geometrical rotational constants and the
angles between the inertial axes of the cluster and
internal rotor axis given in Table 2 can now be
used to determine the intermolecular geometry.

For each electronic state, we could determine
three rotational constants A;B;C and additionally
three (absolute values of the) angles between the
internal rotor axis i and the inertial axes a; b and c
of the cluster. However, one of these angles is re-
dundant because it does not reduce the total
number of four independent orientations of i
which are given by the other two angles.

For the monomer moieties of the cluster, we
assumed the same geometries as in the uncom-
plexed molecules. The complete substitution
structure of phenol in the electronic ground state
has been published by Larsen [46], the rs structure
of methanol is reported by Gerry et al. [43]. If we
neglect the geometry changes of the monomer
units upon cluster formation, 12 unknown pa-
rameters remain. These are the three coordinates,
which describe the translation of the center of
mass (COMPM

P ) of phenol within the principal axis
system of the cluster (xCOMPM

P
; yCOMPM

P
; zCOMPM

P
), the

three angles, which describe the rotation of the
phenol moiety (hP;/P; vP), the three coordinates
for the translation of the COMPM

M of methanol (M)
within the cluster system (xCOMPM

M
; yCOMPM

M
; zCOMPM

M
),

and the three angles, describing the rotation of the
methanol part (hM;/M; vM).

These 12 unknown parameters face 11 inde-
pendent conditions. These are the six elements of
the inertia tensor which is diagonal for the chosen
reference system (the principal axis system of the
cluster):

Ix �
P

i
mi�y2

i � z2
i �;

Iy �
P

i
mi�x2

i � z2
i �;

Iz �
P

i
mi�y2

i � x2
i �;

Ixy � Iyx � ÿ
P

i
mixiyi � 0;

Ixz � Izx � ÿ
P

i
mixizi � 0;

Izy � Iyz � ÿ
P

i
miziyi � 0:

�22�

The moments of inertia are obtained from the
rotational constants A, B and C of the cluster
which have been determined experimentally. Fur-
thermore, three conditions for the relative posi-
tions of COMPM

P and COMPM
M . Considering phenol

and methanol as point masses MP and MM, re-
spectively, we have

COMPM
M �

xCOMPM
M

yCOMPM
M

zCOMPM
M

0@ 1A � ÿ MP

MM

xCOMPM
P

yCOMPM
P

zCOMPM
P

0@ 1A �23�

and ®nally two angles, describing the orientation
of the internal rotor axis i with respect to the in-
ertial axes of the cluster, which have been deter-
mined experimentally.

The transformation of the phenol monomer (P)
coordinates~rP

i into the corresponding cluster (PM)
coordinates~rPM

i can be expressed as

~rPM
i � S�hP;/P; vP�~rP

i ÿ
xCOMPM

P

yCOMPM
P

zCOMPM
P

0@ 1A; �24�

where hP;/P and vP are the Eulerian angles and
S�h;/; v� is the direction cosine matrix [47, p. 80].
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The orientation of the rotor axis does not
completely determine the orientation of the
methanol molecule. To obtain a unique solution, a
simpli®cation of the model has to be introduced.
We consider the methanol molecule as a dumb-bell
being composed of the point masses MOH and
MCH3

of the hydroxyl and methyl groups, located
at their respective centers of mass within the
methanol frame, COMM

OH and COMM
CH3

. A close
examination of the methanol structure as given by
Gerry et al. [43] reveals that the internal rotor axis
of the methyl top deviates less than 1° from the
line connecting the COM of the methyl and hy-
droxyl group �COMCH3

±COMOH�. In comparison,
the angle between the rotor axis and the C±O bond
is 3.2�. Therefore, we can treat the dumb-bell in
good approximation as if the connection between
the two point masses were identical to the internal
rotor axis of methanol. This implies that its center
of mass COMCH3;OH � COMM lies on this axis.
The distances of the COM of the hydroxyl group
and the methyl group from the COMs of the
cluster are given by

~rPM
OH � COMPM

M

� MCH3

MCH3OH

d�COMCH3
±COMOH�

�ka

�kb

jkcj

0@ 1A;
�25�

~rPM
CH3
� COMPM

M

� MOH

MCH3OH

d�COMCH3
±COMOH�

�ka

�kb

jkcj

0@ 1A;
�26�

where COMPM
M is determined from Eq. (23) and

the distance d�COMCH3
±COMOH� has been cal-

culated to be 1.517 �A from the rs structure given in
Ref. [43].

As already mentioned, even the orientation of
the internal rotor axis is not unambiguously de-
®ned since we do not know the (absolute) signs of
the direction cosines kg (cf. Eq. (19)). There are
four distinguishable combinations of signs, hence

we expect four di�erent solutions. In our calcula-
tions, we positioned the COM of the methyl and
hydroxyl groups according to each one of the four
combinations of angles and the center of mass
condition (23) and solved the six equations of the
moment of inertia tensor (22) for the remaining
parameters xCOMPM

P
; yCOMPM

P
; zCOMPM

P
; h;/ and v nu-

merically. Eq. (24) was used to determine the po-
sition of the phenol atoms in the coordinate system
of the cluster and Eqs. (25) and (26) to determine
the position of the COM of the methyl and hy-
droxyl groups in the coordinate system of the
cluster.

These Cartesian coordinates were transformed
to internal coordinates to compare our experi-
mentally determined structure to the proposed
theoretical structure from Ref. [18]. Table 3 and
Fig. 3 gives the de®nitions of the internal coordi-
nates in the S0 state.

The structures are denoted by 10 . . . 40, the
subscript refers to the S0 state. The ®rst line of
Table 3 identi®es the four possible orientations of
the internal rotor axis. These four orientations are
shown in Fig. 4a. From the given signs, we can
conclude the relative signs of the rotational con-
stants Dg. Table 3 also lists the angles between the
transition dipole moment and the inertial axes of
the cluster. They are obtained under the assump-
tion that the orientation of the transition dipole
relative to the phenyl ring is the same as in bare
phenol.

According to the small angle (<20°) between the
internal rotor axis and the principal c axis of the
cluster, the four structures do not di�er signi®-
cantly. The transition dipole orientation is similar
for all solutions. Due to the small di�erences, no
distinction can be made between these four struc-
tures by comparison to the experimentally deter-
mined hybrid ratio. The angle \�H8±O7±COMOH�
can be identi®ed in good approximation with the
angle \�H8±O7±OM� (called u in Ref. [18]) which
describes the o�-linearity of the hydrogen bond. A
value of more than 14� for all possible structures is
quite large and has to be taken as an indication of
a strong dispersive interaction between the methyl
group and the aromatic ring. This dispersive in-
teraction causes the oxygen atom of methanol to
be shifted o� the phenol plane, an e�ect which is in
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accordance with the theoretical ®ndings of Courty
et al. [18]. The most distinct di�erences between
structures 10±40 are the lengths of the hydrogen
bonds. They are given in Table 3 by the distance
d�O7±COMOH�. To convert into the O±O distance
d�O7±OM�, have to consider the distance of OM

and COMOH. This distance is 0.057 �A, the cor-
rection to d�O7±COMOH� can therefore not exceed
�0.057 �A. A value of d�O7±OM� greater than the
one given for d�O±COMOH� would mean that the
methanol oxygen is farther away from the phenol
than the hydrogen. This is indeed very unlikely for
the proton-accepting methanol. Hence, we take the
noted values of d�O±COMOH� as upper bounds for
the actual O±O distance. A comparison with the

hydrogen bond length in the phenol(water) cluster
(d�O±O� � 2:93 �A) suggests structure 10 to be the
most probable one. Structures 20 and 30 already
seem less suited with regard to the length of the
hydrogen bond. In structure 20, the hydrogen-
bond length decreases, with the distance of the
methyl group to the p-system decreasing, whereas
in structure 30, both distances decrease compared
to 10. Structure 40, representing a hydrogen-bond
length longer than 3.2 �A, seems extremely unlikely.
Fig. 3a shows the structure of the cluster with the
above-described simpli®cation for the methanol
part. This structure does not tell us anything about
the orientation of the H atom of the methanol
moiety nor about the con®guration of the methyl
group. Fig. 3b shows a plausible structure of the
phenol±methanol cluster in which the H atom of
methanol is oriented in a way that the free electron
pair of the O atom of methanol points towards the
±OH group of phenol.

For the S1 state, we repeated the above proce-
dure with the corresponding rotational constants
and internal axis angles. Furthermore, we sup-
posed that the structural change on electronic ex-
citation is mainly located in the aromatic
chromophore. We used the phenol S1 structure
proposed by Berden et al. [6] which is deduced
from the Larsen geometry [46] by increasing the
C±C bond lengths and decreasing the C±O
bond length. The results of our calculation are

Table 3

The four possible structures for phenol�CH3OH�1 in the S0 state, referring to the di�erent combinations of signs of kg
a

10 20 30 40

Signs �ka; kb; kc� �;�;� �;�;� �;�;� �;�;�
d�O7±COMOH� (�A) 2.909 3.095 3.119 3.293

\�H8±O7±COMOH� ��� 14.0 14.6 14.4 14.1

\�COMOH±O7±C1±C2� ��� 14.8 15.2 14.3 14.7

\�O7±COMOH±COMCH3
� ��� 103.7 88.2 86.3 72.6

\�COMCH3
±COMOH±O7±C1� ��� 76.2 66.2 100.2 89.6

\�TDM; a� ��� 58.9 58.9 59.0 58.7

\�TDM; b� ��� 35.9 35.7 33.6 33.8

\�TDM; c� ��� 73.9 74.2 78.2 78.5

a-type character (%) 26.7 26.7 26.4 26.9

b-type character (%) 65.6 65.9 69.4 69.1

c-type character (%) 7.7 7.4 4.2 4.0

a The de®nition of the distances, angles and dihedral angles and the numbering of the atoms is given in Fig. 3. The angles between

transition dipole moment and principal axes of the cluster are given under the assumption that the direction of the transition dipole

moment in phenol does not change considerably upon complexation.

Fig. 3. (a) De®nition of the structural parameters given in

Table 3. The geometry shown here corresponds to structure 10

in the table. (b) Structure of the phenol±methanol cluster.
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summarized in Table 4. The four possible struc-
tures 11 . . . 41 di�er considerably more than the S0

structures, owing to the increased value of \�c; i�.

They are presented in Fig. 4b. The obtained dis-
tances d�O±COMOH� range between 2.8 and 3.4 �A.
Again, the structure with the shortest hydrogen-
bond length (11) seems favorable. Exclusion of the
other structures is facilitated since we except
d�OO��S1� < d�OO��S0� due to the increased acid-
ity of phenol in the electronically excited state.
Furthermore, the polarizability of the cluster is
increased in the S1 state, leading to larger disper-
sion interactions between the methyl group and
the aromatic p-system. This e�ect also leads to a
general shortening of the O±O distance in the S1

state.

5. Conclusions

The structure of the hydrogen bond in the bi-
nary phenol±methanol cluster could be determined
by rotationally resolved LIF spectroscopy. We
obtained four di�erent structures, which ®t equally
well, the rotational constants and angles between
internal rotor and inertial axes of the cluster.
Three of these geometries seem more unlikely due
to their large hydrogen bond distances, but cannot
be ruled out completely. For the remaining struc-
ture, the O±O distance could be determined to be
2:91� 0:06 �A in the ground state and 2:78� 0:06
�A in the electronically excited state. The O±O
distance in the electronic ground state of phenol±
methanol is shorter than in the phenol±water
cluster, which might be due to the additional dis-
persion forces between the methyl group and the
aromatic p-system and to larger basicity of meth-
anol compared to water. The decrease of the hy-
drogen-bond length upon electronic excitation
is larger than in phenol±water, which can be

Table 4

Four possible structures for phenol�CH3OH�1 in the S1 state, referring to the di�erent combinations of signs of kg
a

11 21 31 41

Signs �ka; kb; kc� �;�;� �;�;� �;�;� �;�;�
d�O7±COMOH� (�A) 2.777 3.082 3.146 3.419

\�H8±O7±COMOH� ��� 14.6 16.6 12.5 12.5

\�COMOH±O7±C1±C2� ��� 121.4 130.3 76.3 93.3

\�O7±COMOH±COMCH3
� ��� 114.6 88.1 83.0 61.3

\�COMCH3
±COMOH±O7±H8� ��� ÿ128:7 ÿ107:1 138.3 170.4

a The de®nition of the distances, angles and dihedral angles and the numbering of the atoms is given in Fig. 3.

Fig. 4. (a) The four possible orientations 10 . . . 40 of the vector

connecting the center of mass of OH and the center of mass of

CH3, relative to the phenol molecule in the S0 state as given in

Table 3. (b) The four possible orientations 11 . . . 41 of the vector

connecting the COM of OH and the COM of CH3 relative to

the phenol molecule in the S1 state as given in Table 4.
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explained both by the increased acidity of phenol
as well as by the increased polarizability of the
cluster the S1 state. The internal rotor axis of
the methanol unit, which nearly coincides with the
C±O axis is almost perpendicular to the aromatic
plane. This means a distinct deviation from the
translinear hydrogen-bond geometry which was
found in the phenol±water complex. The interac-
tion between the methyl group and the p-system of
phenol bends the hydrogen bond from linearity to
an angle of 14� both in the S0 and S1 states. The
reduced stability of the nonlinear hydrogen bond
can be compensated by the dispersive interaction
of the methyl group with the aromatic p-system.

The barrier to internal rotation of the methyl
group decreases upon electronic excitation from
170 cmÿ1 in the ground state to 146 cmÿ1 in the
excited state. The reduction of the barrier height
could be explained by the increased acidity of
phenol upon electronic excitation, whereas the
small absolute value compared to the barrier in
free methanol appears to be an artifact due to the
one-dimensional description of the large amplitude
motion.
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