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Determining the Intermolecular Structure in the
S0 and S1 States of the Phenol Dimer by
Rotationally Resolved Electronic Spectroscopy
Michael Schmitt,*[a] Marcel Bçhm,[a] Christian Ratzer,[a] Daniel Kr�gler,[a]

Karl Kleinermanns,[a] Ivo Kalkman,[b] Giel Berden,[b] and W. Leo Meerts[b]

1. Introduction

The phenol dimer is an ideal model system to study the very
sensitive equilibrium between hydrogen bonding and disper-
sion interaction. The spectroscopy of complexes of phenol
with different solvent molecules has been the subject of a ple-
thora of publications in the last few decades. In most of these
complexes phenol acts as a proton donor with respect to the
solvent molecule, due to its acidic character. Phenol in its elec-
tronically excited state is a much stronger acid than in the
ground state [pKs(S1)=6; pKs(S0)=9.8] .

[1] The phenol dimer
takes a special position, since one of the cluster constituents
acts as proton donor and the other as proton acceptor. Disper-
sive interactions between the aromatic rings are most likely to
play an important role in the structure, while for most of the
other phenol–X clusters (X=H2O,

[2–15] CH3OH,
[16–18] N2,

[19–24]

NH3,
[25–34] CO[19,35]) the hydrogen bond is the main structure-de-

termining parameter. Exceptions here are, of course, clusters of
phenol with noble gases[36,37] or with CH4 ,

[38] which are stabi-
lized by pure van der Waals interactions.
The first multiphoton ionization spectrum of the phenol

dimer in a molecular beam was presented by Fuke and
Kaya.[39] Later, the same authors showed that the electronic
origin of the donor moiety is red-shifted by 303 cm�1 relative
to the origin of bare phenol, while the acceptor origin is blue-
shifted by 353 cm�1.[40] Only the donor moiety of the dimer flu-
oresces, while the acceptor moiety could only be detected via
ionization[41] or hole-burning schemes.[42] The electronic ground
state has been investigated using dispersed fluorescence spec-
troscopy after excitation of the donor moiety. The intermolecu-
lar stretching vibration in the electronic ground state
(109 cm�1) and in the excited state of the donor (120 cm�1)
and the acceptor (106 cm�1) have been found to be very simi-
lar. Hartland et al. performed ionization-loss stimulated Raman

spectroscopy, and discussed the observed vibrational frequen-
cy shifts for both donor and acceptor phenol in terms of the
strength of the hydrogen bond.[43] The fluorescence lifetime of
the donor moiety was determined to be 16 ns by Sur and
Johnson using pump–probe photoionization.[3] Felker[44] and
Connell et al.[45] determined the rotational constants of the
phenol dimer using rotational coherence spectroscopy (RCS).
As a consequence of the low temporal resolution of their ex-
periment, the rotational constants reported by them are aver-
aged over ground and electronically excited constants and no
information on the geometry change upon electronic excita-
tion was obtained. Later, Weichert et al.[46] performed an RCS
experiment on the dimer with higher resolution and were able
to extract the rotational constants of ground and excited
states separately. Hobza et al.[47] performed ab initio calcula-
tions at the RI-MP2/TZVPP level of theory and found good

The rotationally resolved UV spectra of the electronic origins of
five isotopomers of the phenol dimer have been measured. The
complex spectra are analyzed using a fitting strategy based on a
genetic algorithm. The intermolecular geometry parameters have
been determined from the inertial parameters for both electronic
states and compared to the results of ab initio calculations. In
the electronic ground state, a larger hydrogen-bond length than

in the ab initio calculations is found together with a smaller tilt
angle of the aromatic rings, which shows a more pronounced
dispersion interaction. In the electronically excited state, the hy-
drogen-bond length decreases, as has been found for other hy-
drogen-bonded clusters of phenol, and the two aromatic rings
are tilted less toward each other.
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agreement with the experimental inertial parameters from
ref. [46]. IR–UV double-resonance spectroscopy and stimulated
Raman–UV double-resonance spectra of the phenol dimer
were published by Ebata et al.[48] For the dimer, they found
that the IR intensity of the OH stretching vibration of the
donor moiety is four times larger than that of the acceptor
moiety. Ebata et al. investigated the intramolecular vibrational
relaxation (IVR) from OH stretching vibrations of the phenol
dimer using picosecond IR–UV pump–probe spectroscopy.[49]

They found a strong site dependence of the IVR rate. IVR of
the donor site was found to occur much faster (5 ps) than that
of the acceptor site (14 ps).
Prior to the determination of the cluster structure, the geo-

metries of the constituents have to be known precisely. Phenol
in the electronic ground state has been thoroughly investigat-
ed by microwave spectroscopy and a complete Kraitchman
structure has been deduced by Larsen.[50] Christoffersen et al.
calculated a shortening of the CO bond of 4.4 pm and an in-
crease in the C6C1C2 angle of 3.78 upon electronic excitation,
by using the rotational constants obtained from a band con-
tour analysis.[51] Ratzer et al. determined the structure of
phenol in the S1 state by a fit to the rotational constants of 12
isotopomers, which were obtained from rotationally resolved
UV spectroscopy.[15]

Herein, the intermolecular geometry of the phenol dimer
will be elucidated in both the S0 and S1 states on the basis of
the rotational constants of five isotopomers. We measured the
rotationally resolved electronic spectrum of the phenol dimer
as early as 1995, but were not able at that time to extract the
molecular constants from the spectra with the classical fitting
procedure, which needs assignments of single rovibronic lines.
In the meantime, we made progress in the automated fitting
of complex spectra using a genetic algorithm (GA) approach.
An additional motivation, to show the possibilities of this
method in combination with rotationally resolved electronic
spectroscopy, is stipulated in the following statement from a
recent publication on the phenol dimer:[47] “The RCS technique
is complementary to frequency-resolved spectroscopic techni-
ques since it can be successfully applied to large systems,
where the latter techniques are not applicable due to overlap-
ping resonances. The phenol dimer is such an example, since
until now the frequency spectra could not be assigned.” In the
following discussion we show how the development of the
GA-based fitting strategy challenges this statement.

Experimental Section

The experimental setup for the rotationally resolved laser-induced
fluorescence system is described in detail elsewhere.[17] Briefly, it
consists of a ring dye laser (Coherent 899-21) operated with rhoda-
mine 110, and pumped with 6 W of the 514-nm line of an Ar+-ion
laser. The light is coupled into an external folded ring cavity (Spec-
tra Physics) for second harmonic generation. The molecular beam
is formed by expanding phenol (or the respective isotopomers) by
heating to 160 8C and seeding in 700 mbar of argon through a
100-mm hole into the vacuum. The atomic numbering for phenol
used herein is given in Figure 1. [H6]Phenol (99.5%) was purchased
from Riedel de Haen and used without further purification. [7-

D]phenol (d1) was prepared by refluxing dried [H6]phenol with an
excess of D2O (Merck, isotopic purity >98.8%) three times fol-
lowed by the removal of water. The isotopic purity of the sample
was higher than 95%. The samples of [D6]phenol (isotopic purity
99%) and [1-13C]phenol (isotopic purity >99%) were purchased
from Chemotrade and used without further purification.

The molecular beam machine consisted of three differentially
pumped vacuum chambers that were linearly connected by two
skimmers (1 and 3 mm, respectively) to reduce the Doppler width.
The molecular beam was crossed at right angles in the third cham-
ber with the laser beam 360 mm downstream of the nozzle. The
resulting fluorescence was collected perpendicular to the plane de-
fined by the laser and molecular beams by an imaging optics
setup consisting of a concave mirror and two plano-convex lenses.
The resulting Doppler width in this setup is 25 MHz (FWHM). The
integrated molecular fluorescence is detected by a photomultiplier
tube, the output of which is discriminated and digitized by a
photon counter and transmitted to a PC for data recording and
processing. The relative frequency is determined with a quasi-con-
focal Fabry–Perot interferometer. The absolute frequency was de-
termined by recording the iodine absorption spectrum and com-
paring the transitions with the tabulated lines.[52]

2. The Genetic Algorithms

We used an automated fitting procedure for the rovibronic
spectra, based on a genetic algorithm fit, which is described in
detail in refs. [37] and [53]. The GA library PGAPack version 1.0
was used, which can run on parallel processors.[54] For the sim-
ulation of the rovibronic spectra, a rigid asymmetric rotor
Hamiltonian is employed [Eq. (1)]:[55]

H ¼ APa
2 þ BPb

2 þ CPc
2 ð1Þ

where Pg (g=a,b,c) represents the components of the body-
fixed angular momentum operator, and A, B, and C are the
three rotational constants. The temperature dependence of
the intensity is described by a two-temperature model
[Eq. (2)]:[56]

nðE; T1; T2;wÞ ¼ e�E=kT1 þ we�E=kT2 ð2Þ

Figure 1. Atomic numbering of phenol and the phenol dimer. Both are
drawn planar for reasons of clarity only and do not relate to the true struc-
ture.
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where E is the energy of the lower state, k is the Boltzmann
constant, w is a weighting factor, and T1 and T2 are the temper-
atures. The calculations were performed on maximum 64 pro-
cessors (Intel Itanium 2, 1.3 GHz) of an SGI Altix 3700 system
and on 64 processors (Intel Xeon, 3.4 GHz) of a Linux cluster. A
typical fit with 64 processors takes less than 10 min. The genet-
ic algorithm copies concepts from evolutionary processes such
as sexual reproduction, selection, and mutation. For a detailed
description of the GA as fitting algorithms, the reader is refer-
red to the original literature on evolutionary or genetic algo-
rithms.[57–59] The cost function used to describe the quality of
the fit is defined in ref. [53] .

3. Results and Discussion

Figure 2 shows the rovibronic spectrum of the electronic origin
of the phenol dimer together with the best GA fit using the
molecular parameters from Table 1. The lowest trace shows a

zoomed part of the convoluted simulation along with the stick
spectrum. What appear to be single lines in the spectrum are
essentially clusters of up to 15 lines, which contribute with
similar intensities. In this example the usefulness or even the
indispensability of the GA-based fitting strategy in the auto-
mated assignment of such a congested spectrum is obvious.
Given the large density of rovibronic lines, a classical assign-
ment procedure seems to be hopeless or at least tedious.
The spectrum is fitted using a rigid rotor Hamiltonian with a

two-temperature model. It is of mixed abc type and consists of
about 13000 lines in a range of 50 GHz. At a rotational temper-
ature of about 5 K, more than 100 J states are populated with
an intensity of at least 0.5% of the strongest transition in the
spectrum. The rotational constants for both electronic states,
the origin frequencies, the polar angles defining the orienta-
tion of the transition dipole moment in the inertial frame, and
the Lorentzian contribution to a Voigt profile with 25 MHz
Gaussian are given in Table 1.

Figure 3 shows the rovibronic
spectrum of the doubly deuter-
ated dimer (d1-d1). The deutera-
tion positions are 7a and 8a
(see Figure 1). Due to incom-
plete deuteration, an additional
weak band shows up, which can
be assigned to a singly deuterat-
ed isotopomer in either the 7a
(donor) or 8a (acceptor) posi-
tion. In principle, there should
also be the differently mono-
deuterated counterpart, but de-
spite intense scanning we could
not spot an additional band.
The observed singly deuterated
isotopomer can be assigned to
the donor deuterated species
on the basis of the structural fits
described in Section 3.1. The
finding that only the donor deu-
terated isotopomer is observed

Figure 2. Experimental and fitted rovibronic spectra of the electronic origin of the h6-h6 isotopomer of the phenol
dimer at 36044.70 cm�1. a) Full spectrum b) 5 GHz zoomed in, together with the stick spectrum. (The rotational
constants from Table 1 are used).

Table 1. Molecular parameters of the electronic origin band of the phenol dimer as obtained from the genetic algorithm fit. The molecular constants from
an RCS study[46] are given for comparison; their uncertainties are recalculated as 1s values to be comparable with our results. Rotational constants, their
differences, vibronic origins, and Lorentzian full linewidth contributions are given in MHz, angles are given in degrees.

h6-h6 h6-h6
[46] d1-d1 d1-h6

[a] d6-d6
13C-13C

A’’ 1416.99(39) 1414.4(3) 1376.23(10) 1399.78 ACHTUNGTRENNUNG(124) 1239.33(12) 1413.22(15)
B’’ 313.51(1) 313.7(4) 312.84(3) 312.72(6) 287.25(1) 311.84(2)
C’’ 288.11(1) 287.5(4) 286.44(2) 287.16(6) 264.63(1) 286.70(2)
n0 36044.70(1) 36044 36047.56(1) 36047.98(1) 36217.50(1) 36045.46(1)
f 58.2(30) 66.9[b] 55.2ACHTUNGTRENNUNG(100) 66.6(23) 58.3(20) 57.4(30)
q 29.5(30) 37.4[a] 35.7ACHTUNGTRENNUNG(100) 37.6(16) 40.0(35) 35.9(60)
DLorentz 10(3) – 10(3) 10(3) 10(3) 10(3)
DA 10.71(1) 11.3(12) 4.55(1) 7.81(10) 4.28(2) 10.60(1)
DB �5.31(1) 1.6(40) �3.95(1) �5.63(1) �3.93(1) �5.25(1)
DC �5.82(1) �12.2(35) �4.76(1) �5.99(1) �4.90(1) �5.76(1)

[a] Donor moiety deuterated. [b] Calculated from the alignment of the TDM, given in ref. [46] .
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experimentally is in agreement with microwave investigations
of the ethylene oxide–water cluster by Caminati et al.[60] They
showed that deuteration in the hydrogen bond (the donor po-
sition in the case of the phenol dimer) results in a lower zero-
point vibrational energy, which favors this isotopomer. The
second trace of Figure 3 shows the overall result of the GA fit ;
the lower two traces show the individual fits of the two iso-
topomers. The molecular parameters of the fit are summarized
in Table 1.
Since the deuterations in the mono- and bideuterated iso-

topomer take place close to the b and c inertial axes, their
effect on the B and C rotational
constants is small. Another iso-
topomer which has a much
more pronounced effect on all
rotational constants is the fully
deuterated d6-d6 isotopomer.
The rovibronic spectrum of the
electronic origin at
36217.50 cm�1 is shown in
Figure 4, along with the best fit.
The lowest trace also includes
the stick spectrum which, even
more than in the case of the h6-
h6 isotopomer, shows the indis-
pensability of the GA for assign-
ment of such a complex spec-
trum. The resulting molecular
parameters are compiled in
Table 1. Since it is impossible to
find single rovibronic lines in
the experimental spectrum,
which are needed for an as-
signed line fit to assess the

standard deviation of the pa-
rameters, we employed a differ-
ent scheme for the estimation
of the standard deviation. The
variances and covariances of
the fitted parameters are deter-
mined from the results of sever-
al independent runs of the GA
using different initial seeds.
The spectrum of the phenol

dimer in which the C1 and C9
carbon atoms (see Figure 1) are
replaced by 13C is shown in the
Supporting Information. Since
the amount of substance was
very small (200 mg [1-
13C]phenol) and evaporated fast
through the nozzle, the spectral
range covered is smaller than
that for the other isotopomers.
The results are given in Table 1.
The rotational constants in

Table 1 have larger standard de-
viations than expected for a molecule with a well-defined
Hamiltonian and a spectrum with good signal-to-noise ratio.
Part of this standard deviation results from the large number
of overlapping lines, which makes it difficult even for the GA
to find a unique solution. Another important contribution is
the non-consideration of centrifugal distortion effects in the fit.
We could not improve the fit by introducing the five centrifu-
gal distortion constants from Watson’s A-reduced Hamiltonian.
An upper limit of 30 kHz on the largest constant is approximat-
ed, which leads only to small corrections of the rotational con-
stants.

Figure 3. Rovibronic spectra of the electronic origins of the d1-d1 and d1-h6 isotopomers of the phenol dimer at
36047.56 and 36047.98 cm�1. a) Experimental spectrum b) full simulated spectrum using the rotational constants
from Table 1 c) simulated spectrum of the d1-d1 isotopomer; d) simulated spectrum of the d1-h6 isotopomer.

Figure 4. Experimental and fitted rovibronic spectra of the electronic origin of the d6-d6 isotopomer of the phenol
dimer cluster at 36217.50 cm�1. a) Full spectrum b) 5 GHz zoomed in, together with the stick spectrum. (The rota-
tional constants from Table 1 are used).
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A comparison of the molecular parameters for the h6-h6 iso-
topomer to the values from the RCS study by Weichert et al.[46]

shows good agreement for the rotational constants of the
electronic ground state, but quite large deviations for the elec-
tronically excited state. Nevertheless, given the large uncertain-
ties for the excited-state rotational constants in ref. [46] , which
were attributed to the fact that no excited-state C ’-type transi-
ents have been allocated in the RCS spectrum, the excited-
state constants also agree within these limits. The only system-
atic difference seems to be in the ground-state A rotational
constants of the RCS experiment and the present study, which
are significantly different outside the quoted uncertainties.
The excited-state lifetime of the h6-h6 isotopomer is deter-

mined to be 16�4 ns from a Lorentzian contribution of 10�
3 MHz to the total linewidth. Although this value agrees with
the value of Sur and Johnson of 16 ns,[3] which was obtained
by pump–probe photoionization, it has a much higher uncer-
tainty, which is unusual for the GA-based line fit, as this fit in-
cludes all lines even if they are overlapping. A closer look at
the stick spectra in Figures 2 and 4 reveals the probable
reason for this problem. Since many rovibronic transitions con-
tribute to one line in the experimental spectrum, the slightest
deviations of the rotational constants from the true values lead
to an apparent broadening or narrowing of the observed lines.
In cases where too many transitions overlap to form the ob-
served lines, the determination of the lifetime from a deconvo-
lution of the Voigt profile results in less reliable values for the
Lorentzian contribution, thus not allowing for an exact deter-
mination of the lifetime.

3.1. Determination of the Structure

A first approach to the change of the cluster structure upon
electronic excitation can be made using the center of mass
(COM) distance of the monomer moieties in the cluster, as has
been shown by Connell et al.[45] and later by Weichert et al.[46]

The COM distance of the two monomer moieties is given by
Equation (3):

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
g IDimerg �

P
g IDonorg �

P
g I
Acceptor
g

2m

s
ð3Þ

where m is the reduced mass of donor and acceptor, and the Ig

are the respective moments of inertia, described by their su-
perscripts, which are calculated from experimentally deter-
mined rotational constants. The COM distance for the h6-h6
and the d1-d1 clusters in the ground state are calculated using
the same monomer rotational constants for the acceptor and
donor moieties. They are obtained from the fit of microwave
transitions given in ref. [61] to the Hamiltonian used in the
study by Ratzer et al.[15] in order to be based on the same
model as the dimer rotational constants. The ground-state
COM distance of the d6-d6 cluster is calculated using the rota-
tional constants from ref. [15] based on the microwave spectra
of Forest and Dailey.[62] For the mixed d1-h6 cluster the micro-
wave spectra from ref. [61] , and for the 13C-13C dimer from
ref. [50], are used to evaluate the inertial data. The standard
deviations for the COM distances were calculated using the full
covariance matrices obtained from the fits of the monomer
moieties to the microwave transitions and from the fit of the
dimer, described above. They represent pure statistical errors.
Systematic deviations, for example, from the assumption of un-
altered monomer geometries upon complexation, are not
taken into account and might be larger than the quoted stand-
ard deviations.
Assuming local excitation in the donor moiety, the COM dis-

tance in the electronically excited state can also be calculated.
Therefore, we use the rotational constants of the electronically
excited state from the high-resolution UV spectroscopy of
phenol[15] for one of the monomer moieties and the ground-
state rotational constants for the other one. The S1-state rota-
tional constants of the 13C isotopomer have so far not been
published.[63] Table 2 summarizes the results for the observed
isotopomers. The differences between the COM distances of
the different isotopomers can be attributed to the shift of the
COM in each monomer moiety due to isotopic substitution. In
all cases an increase of the COM distance of the monomer
moieties upon electronic excitation is found.
The program pKrFit[15] was used to determine the intermo-

lecular structure of the phenol dimer in the S0 and S1 states
from the rotational constants given in Table 1. pKrFit uses a
gradient-based c2 minimizer as well as a GA-based global opti-
mizer.[64] While the speed of the gradient method is appealing,
the main disadvantage is the possibility of being trapped in a
local minimum. The GA library[54] was applied in minimization
mode, and thus directly used the correspondingly defined c2

value as cost function.

Table 2. COM distance [pm] of the five observed isotopomers of the phenol dimer in the ground and electronic excited states. Standard deviations of the
distance differences are typically smaller than those of the individual ones due to high correlations between S0 and S1 state values. The lower three rows
give the COM distances calculated from the fitted pseudo-rs structures in Table 3.

h6-h6 d1-d1 d1-h6
[a] d6-d6

3C-13C

S0 525.126(1) 521.730(19) 523.645(54) 527.0091(77) 523.848(22)
S1 530.187(5) 525.591(15) 529.000(42) 531.4022(36) 528.871(22)
D 5.061(3) 3.861(2) 5.455(10) 4.3931(7) 5.022(4)
S0

[b] 524.99 521.80 523.44 526.91 524.02
S1

[c] 531.85 528.61 530.88 534.31 530.77
S1

[d] 531.64 527.72 529.90 533.27 530.57

[a] Donor moiety deuterated. [b] S0(rs) structure. [c] S1(rs) structure of model 1. [d] S1(rs) structure of model 2.
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We performed two different fits of the structural parameters
to the rotational constants.[65] The first fit neglects the vibra-
tional contributions from the different isotopomers completely
and is based on the assumption [Eq. (4)]:

I0g ¼ Iegðr0Þ ð4Þ

where I0g are the experimentally determined zero-point aver-
aged moments of inertia with respect to the inertial axes g.
The functions Iegðr0Þ are calculated from the structural parame-
ters r0 using rigid-molecule formulas.

The second method uses a “Kraitchmans Ansatz” for individ-
ual coordinates to obtain the rs structure of the molecule.

[66,67]

The approximation assumes equal vibrational contributions for
all isotopomers [Eq. (5)]:

I0g ¼ IegðrsÞ þ
1
2
e0g ð5Þ

where the three e0g contain the average vibrational contribu-
tions with respect to the inertial axes g. The original Kraitch-
man method is only applicable to singly or symmetrically sub-
stituted isotopomers. In our case the structure is fitted to the
moments of inertia, given by Equation (5). The resulting struc-
ture is called a pseudo-rs structure. As the three e0g have to be
fitted, three inertial parameters are lost for the structure deter-
mination.
Additional information from the spectra, which is used in

the fit of the intermolecular dimer structure, is contained in
the transition dipole moment (TDM) orientations of the differ-
ent conformers. Since the orientation of the TDM does not
change upon isotopic substitution, it is only subject to
changes upon rotation of the inertial system. These rotations
depend on the structure of the cluster and can be used to im-
prove the fit of the geometry. Although the differences of the
orientation angles are small, the structure fit is more stable
and the correlations between the parameters are reduced if
the TDM directions of the isotopomers are included in the fit,
as has been shown in a recent publication.[64]

The relative orientation of the two phenol moieties can be
described by six intermolecular coordinates: one distance of
two selected atoms (one from each monomer), two angles,
and three dihedral angles, which describe the relative orienta-
tion of the monomer moieties. Thus, the 15 rotational con-
stants from five isotopomers are sufficient for the determina-
tion of the intermolecular geometry under the assumption of
known monomer geometries.
For the determination of the intermolecular cluster structure

in the ground state, the experimentally determined
S0 monomer structure of Larsen[50] was used for both donor
and acceptor phenol. Table 3 reports the structural parameters
from the fit. The assumption of unchanged monomer geome-
tries has to be made due to a lack of sufficient data that can
be used to fit the monomer geometries. Nevertheless, in many
cases the approximation of unaltered monomer geometries in
the cluster has been proven to be reasonably good. The results
of the fit of an r0 and pseudo-rs structure to the rotational con-
stants is given in Table 3. Both structures are very similar,
which arises from the fact that the vibrational corrections e0g
are small. Two different views of the resulting pseudo-rs struc-
ture are also shown in the upper part of Figure 5. An addition-
al measure for the quality of the applied model is the compari-

Table 3. Comparison of experimentally determined r0 and rs geometry parameters of the phenol dimer in the S0 and S1 states. All distances are given in
pm, angles and dihedral angles in degrees, and pseudo-rs parameters e0a,b,c in mQ2. For the fit of the intermolecular structure of the dimer in the S1 state,
we used the monomer geometries from a CIS/6-311G ACHTUNGTRENNUNG(d,p) calculation of the dimer in model 1 and a locally excited donor moiety in model 2.

Model 1 Model 2
S0(r0) S0(rs) S1(r0) S1(rs) S1(r0) S1(rs)

rACHTUNGTRENNUNG(H7aO8) 235.4(49) 236.9(54) 229.3(86) 229.0(87) 174.7(16) 174.4(16)
aACHTUNGTRENNUNG(O7H7aO8) 150.6(18) 150.5(20) 179.9(10) 179.9(1) 179.9(1) 179.9(1)
aACHTUNGTRENNUNG(C9O8H7a) 138.6(15) 139.8(14) 104.0(19) 104.1(20) 135.5(8) 135.7(9)
d(O8H7aO7C1) 19.6(45) 9.4(47) 46.8(21) 46.9(21) 63.9(9) 63.4(9)
d(C9O8H7aO7) 63.5(46) 62.8(46) �131.4(21) �131.2(20) �115.1(9) �114.8(9)
d(C10C9O8H7a) �181.0(19) �178.2(22) �104.0(19) �104.1(29) �101.6(14) �101.5(14)
e0a – 0.0(10)[a] – 0.0[b] – 0.0[b]

e0b – 3.11(13) – 3.11[b] – 3.11[b]

e0c – 1.9(2) – 1.9[b] – 1.9[b]

[a] Estimated uncertainty, since fit converged to lower parameter boundary. [b] Fixed to the ground-state value.

Figure 5. Top: two different views of the S0 (rs) geometry of the phenol
dimer from Table 3. Bottom: same viewing angles for the excited-state struc-
ture. The depicted geometry is the pseudo-rs structure of model 1 in Table 3.
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son of the COM distances, which are obtained directly from
the moments of inertia of the monomer moieties and the clus-
ter [Eq. (3)] and the COM distance calculated for the fitted
structures. The respective values are given in Table 2. For the
electronic ground state the difference is about 0.1 pm, which
shows the reliability of the assumptions made in the course of
the fit.
The determination of the S1-state structure is much more

difficult, since the geometry changes in the monomer moieties
are not known. We first performed a local fit with the intermo-
lecular geometry of the ground state as starting parameters.
The geometry of the monomer moieties in the S1 state is de-
rived from a CIS/6-311G ACHTUNGTRENNUNG(d,p) optimized geometry of the cluster.
In this fit (model 1 in Table 3), the structural parameters of the
monomer moieties obtained from the ab initio calculations of
the cluster are retained, while the six intermolecular geometry
parameters are fitted. The COM distances of the different iso-
topomers of the monomer moieties have been calculated from
the fitted S1 structure, as for the ground state. The deviation
from the directly calculated COM distances is larger (typically
2–3 pm, compared to 0.1 pm for the ground state).
We also tried to fit the structure of the dimer in the excited

state using the excited-state structure of the phenol monomer
determined by Ratzer et al.[15] for the donor moiety, and the
unaltered S0 structure of Larsen

[50] for the acceptor moiety. Two
approximations are made at this level : the monomer moieties
in the cluster are unaltered and the excitation takes place lo-
cally in the donor moiety. The first approximation has already
been discussed for the ground-state geometry. The second
one seems to be more arguable. A purely local excitation in
one of the aromatic rings is quite unlikely, since a considerable
dispersive interaction has to be considered for the ground
state, which will dramatically change upon electronic excita-
tion of one of the phenol moieties. A local fit of the intermo-
lecular parameters using the model of localized excitation in
the donor moiety (model 2 in Table 3) leads to a strongly
shortened O···O hydrogen bond in comparison to the fit using
model 1 (see Table 3).
In the next step we tried the global fit of the intermolecular

parameters, as for the ground state. For the excited state we
found geometry minima, which depend strongly on the
chosen geometry of the monomer moieties, thus leading to no
stable fits. Furthermore, all geometries obtained with the
global fitter show large changes compared to the ground
state. In nearly all cases even the hydrogen bond is broken in
favor of a “T-shaped” structure.

4. Conclusions

The intermolecular structure of the phenol dimer in the elec-
tronic ground state can be described as hydrogen bonded,
with one phenol moiety acting as proton donor and the other
as proton acceptor. The rings are more tilted than expected
from a pure translinear arrangement, as found, for example,
for the phenol–water cluster. This deviation is a consequence
of the additional dispersive interactions between the two aro-
matic rings, as has already been pointed out by Hobza et al.[47]

Nevertheless, there are important differences between the
structure we determined on the basis of five different iso-
topomers and the results of the MP2/6-31G(d) counterpoise-
corrected calculations from ref. [47] . To properly compare the
two structures, we determined the intermolecular distances
and angles, which were defined in ref. [47], in our experimen-
tally determined geometry. The results are presented in
Table 4.

First of all, the O7···O8 distance obtained from our structure is
larger than that from the ab initio calculations. Given the fact
that the A rotational constant of the ab initio calculations is
too large by about 40 MHz, and the O···O hydrogen bond is
oriented more or less along the inertial a axis, this difference is
easily understandable. All other angles and dihedral angles are
quite similar, but point to a slightly more bent structure than
that predicted by the ab initio calculations. The apparently
large difference in the dihedral angle d ACHTUNGTRENNUNG(C1O7O8C9) only de-
scribes two different orientations of the acceptor ring relative
to the donor ring. In one of the structures, the acceptor is
below, and in the other it is above, the donor plane. These ori-
entations are equivalent with respect to the intermolecular in-
teractions and describe the same molecule. Thus, to conclude
the results for the electronic ground state, we find a weaker
hydrogen-bonding interaction than predicted by the ab initio
calculations, but a stronger dispersive interaction between the
aromatic rings. The applicability of the model employed in this
study (same geometry for both acceptor and donor) can be
checked using the COM distances calculated from Equation (3).
If this assumption is correct, the COM distances calculated
from Equation (3) and from the best structure fit using pKrFit
should coincide within their uncertainties. For all isotopomers,
we found close coincidence between the COM distances calcu-
lated in these two manners.
Since the assumption of local excitation in just one mono-

mer moiety seems to be incorrect, the results for the determi-
nation of the structure of the electronically excited state are
more doubtful. We tried several different models to describe
the excitation in the dimer, but all of these models did not
converge to a physically meaningful structure. The most logical
assumption for the excited-state structures of the monomer
moieties seems to be a local excitation in the donor moiety,
with the geometry of the donor equal to the excited-state

Table 4. Comparison of experimentally determined rs geometry parame-
ters of the phenol dimer in the S0 state with the values of the MP2/6-
31G(d) calculation from ref. [47] . All distances are given in pm, angles
and dihedral angles in degrees.

rs MP2/6-31G ACHTUNGTRENNUNG(d,p)[47]

rACHTUNGTRENNUNG(O7O8) 321 295
aACHTUNGTRENNUNG(C1O7O8) 112.7 90.0
aACHTUNGTRENNUNG(O7O8C9) 117.1 134.2
aACHTUNGTRENNUNG(O7O8H8a) 116.0 132.1
dACHTUNGTRENNUNG(C2C1O7O8) 5.7 �2.4
dACHTUNGTRENNUNG(C1O7O8C9) 63.0 �56.1
d(O7O8C9C10) 12.2 �19.8
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structure of the phenol monomer and that of the acceptor
moiety equal to the ground-state structure. All models based
on this assumption led to dimer structures in which the hydro-
gen bond is broken and that could be better described as “T-
shaped”. Nevertheless, from low-resolution laser-induced fluo-
rescence and hole-burning experiments on the dimer, it is
known that the intermolecular stretching vibration has similar
frequencies in the S0 and S1 states.

[42] A break of the hydrogen
bond upon electronic excitation therefore seems to be unreal-
istic.
Based on the monomer geometries of a CIS/6-311G ACHTUNGTRENNUNG(d,p) cal-

culation, we fitted the intermolecular geometry parameters to
the rotational constants of the excited state (model 1, Table 3).
While the intermolecular geometry of the cluster is by no
means expected to be correct using a method that completely
neglects the dispersion interaction of the aromatic rings, the
monomer geometries in such a cluster are generally well-de-
scribed. A shorter hydrogen-bond length (229.3 pm) than in
the electronic ground state (235.4 pm) is found. The tilt of the
aromatic rings toward each other is smaller, that is, the disper-
sive interaction seems to be smaller in the excited state. This
opening of the dimer upon electronic excitation is further sup-
ported by the comparison of COM distances of the monomer
moieties in the S0 and S1 states. While the hydrogen-bond dis-
tance decreases upon excitation, the COM distance increases
for all isotopomers. This is only possible if the tilt angle of
both rings increases (see Figure 5). A fit assuming local excita-
tion in one of the phenol moieties (model 2, Table 3) leads to a
very short hydrogen bond (174.7 pm), which seems not to be
realistic. The same procedure as for the electronic ground state
has been used to check for reliability of the applied models.
For the excited state, the COM distances calculated from the
moments of inertia and from the fitted structures differ more
than those for the excited state, thus showing that the fit still
contains model errors. Both model 1 and model 2 show nearly
the same deviations, which makes it impossible to favor one of
them.
The results for the excited-state structure depend strongly

on the chosen model, and need further refinement using infor-
mation from isotopomers other than the ones used in this
study, to estimate the changes in the monomer moieties upon
electronic excitation. Nevertheless, decreases in hydrogen-
bond length and in the tilt angle of the aromatic ring are
found as common characteristics of all S1-state structures. Until
now no reliable theoretical method has been available for cor-
rectly describing the sensitive equilibrium between hydrogen
bonding and dispersion interaction in the electronically excited
state.
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