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Abstract

The structure of phenol in the electronically excited S1-state has been examined by rotationally resolved UV-

spectroscopy of different isotopomers of phenol. The geometry has been fit to the inertial parameters of 12 isotopomers,

using different pseudo-Kraitchman fitting strategies. The resulting r0, rs, rð1Þm , and rð2Þm structures, which differ in the

amount of consideration of vibrational effects, will be compared among one another as well as to the results of pub-

lished ab initio studies. The geometry of the -COH substructure has been determined separately for both electronic

states by applying Kraitchman’s equations. Independent of the fitting strategy we found a shortening of the CO bond,

an increase of the OH bond length and an expansion of the aromatic ring upon electronic excitation. The internal

rotation of the hydroxy group causes line splittings that could be observed in the case of the OH species, but remained

unresolved for all OD isotopomers. The S1-state lifetimes of the different isotopomers are shown to depend mainly on

the presence of the OH function and depend less on the exchange of CH by CD. Thus, the OH stretching mode is most

likely the dominant accepting mode, responsible for the rapid internal conversion in phenol. � 2002 Elsevier Science

B.V. All rights reserved.

1. Introduction

Electronic excitation of aromatic molecules is
always accompanied by a change of the geometry
of the molecule, reflecting the altered electronic
surrounding. In most cases the lowest lying elec-
tronic transitions in aromatic molecules are of

p�  p-type, causing a lowered bond order in the
excited aromatic system and therefore generally
causing an expansion of the aromatic ring. In case
of substituted aromatics the electronic influence of
the substituent plays an important role and has to
be considered. Because of the large influence of the
substituent on the reactivity of the aromatic, the
determination of structures of electronically ex-
cited aromatics provides a key also for the exam-
ination of their dynamical behavior.
In the last few years hydrogen bonded clusters

of phenol with different solvent molecules like
water, alcohols, and amines etc. have found
growing interest as more or less simple model
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systems for hydrogen bonding and solvation of
aromatic molecules [1–18]. The determination of
the structure of such aggregates from their rota-
tional constants demands for an exact knowledge
of the respective monomer geometries. Cvita�ss et al.
[19–22] deduced structural changes upon electronic
excitation of several mono- and disubstituted
benzenes from their rotational band contours in
the electronic spectra. For phenol Christoffersen
et al. [23] calculated a shortening of the CO bond
of 4.4 pm and an increase in the C6C1C2 angle of
3.7� using the rotational constants, obtained from
a band contour analysis. Humphrey and Pratt [24]
determined the structural change of hydroquinone
(p-dihydroxybenzene) upon electronic excitation
using rotationally resolved LIF spectroscopy.
From the rotational constants of three isotopo-
mers they deduced a quinoidal structure in the S1-
state.
For a multitude of isolated molecules their

structures in the electronic ground state – gener-
ally their rs-structures – have been investigated by
microwave (MW) spectroscopy of isotopically
substituted species. Regarding the high resolution
of MW spectroscopy a mixture of isotopomers in
their natural abundance can be utilized and usu-
ally only few pure isotopically substituted sub-
stances have to be used. Unfortunately,
rotationally resolved UV spectroscopy lacks this
ultra high resolution, so that the isotopically
substituted species must be bought, what is ex-
pensive, or synthesized, what is laborious. For this
reason only few studies on the rs-structures of
electronically excited aromatics have been per-
formed.
The complete rs-structure of phenol in the

electronic ground state has been determined by
applying Kraitchman’s equations using rotational
constants from microwave spectroscopy [25]. The
rotational constants of h6-phenol in the S1-state
have been reported by Berden et al. [6] and for [7-
D]phenol by Helm and Neusser [26]. In the fol-
lowing publication, the structure in the S1-state
will be examined using parameters determined
from rotationally resolved LIF spectroscopy of 12
different isotopomers. We reexamined the two
hitherto measured isotopomers, in order to be in-
dependent of different Hamiltonians used in the fit.

Electronically excited phenol is known to be a
strong acid (pKs ¼ 6) compared to phenol in the
electronic ground state (pKs ¼ 9:8) [27]. This in-
crease in acidity by almost four orders of magni-
tude has been explained by a shift of electron
density from the hydroxyl group into the aromatic
ring, although more recent theoretical studies
point out, that the role of the deprotonated
phenolate is more important, than electronic ef-
fects in the protonated species [27].
The structure of phenol in the electronically

excited S1-state has been examined theoretically by
different groups using the Complete Active Space
Self Consistent Field (CASSCF) method with an
active space of eight electrons in seven orbitals
(CAS(8,7)) [28] and of eight electrons in nine
orbitals (CAS(8,9) [29,30]. Furthermore a com-
bined theoretical/experimental work has been
published in which a comparison of a Franck–
Condon analysis of dispersed fluorescence spectra,
obtained via different vibronic levels, with the re-
sults of ab initio calculations is performed [31].
In the following we will deduce the structure of

phenol in the electronically excited state using
different models for the geometry and different
fitting strategies and compare them to the struc-
ture predicted by ab initio theory.

2. Experimental

2.1. High resolution laser induced fluorescence

The experimental setup for the rotationally re-
solved LIF is described elsewhere [16]. Briefly, it
consists of a ring dye laser (Coherent 899-21) op-
erated with Rhodamine 110, pumped with 6 W of
the 514 nm line of an Arþ-ion laser (Coherent
Innova 100). The light is coupled into an external
folded ring cavity (LAS WaveTrain) [32] for sec-
ond harmonic generation (SHG). The molecular
beam machine consists of three differentially
pumped vacuum chambers that are linearly con-
nected by skimmers. The expansion chamber is
evacuated by a 8000 l/s oil diffusion 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). The sec-
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ond chamber serves as buffer chamber and is
pumped by a 400 l/s turbo-molecular pump (Ley-
bold Turbovac 361), backed by a 40 m3=h rotary
pump (Leybold D40B), maintaining a chamber
pressure below 1� 10�5 mbar. The third chamber
is pumped by a 145 l/s turbo-molecular pump
(Leybold Turbovac 151) through a liquid nitrogen
trap and backed by a 16 m3=h rotary pump
(Leybold D16B) resulting in a vacuum better than
1� 10�6 mbar. The molecular beam is crossed at
right angles with the laser beam 360 mm down-
stream of the nozzle. The resulting fluorescence is
collected perpendicular to the plane defined by
laser and molecular beam by an imaging optics
setup consisting of a concave mirror and two
plano-convex lenses. The integrated molecular
fluorescence is detected by a photo-multiplier tube
(Thorn EMI 9863QB) whose output is discrimi-
nated and digitized by a photon counter (Stanford
Research Systems SR400) and transmitted to a PC
(Pentium II/233). Also the UV laser power, the
iodine absorption spectrum and the interferometer
transmission signal are detected by photo diodes
and stored with the spectrum.

2.2. The isotopically substituted substances

The atomic numbering for phenol used in this
publication is given in Fig. 1. h6-phenol (99.5%)

was purchased by Riedel de Haen and used
without further purification. [7-D]phenol has been
prepared by refluxing dried h6-phenol with an
excess of D2O (Merck, isotopic purity >98:8%)
for three times and subsequent removal of water.
Isotopic purity of the sample was higher than
95%. The sample of d6-phenol (isotopic purity
99%) was purchased from Chemotrade and used
without further purification. [18O]phenol has been
prepared using the method described by Winkel
et al. [33]: 4-nitrophenol reacts with H2[

18O] in the
presence of tert-butoxide to the [18O]-labelled 4-
nitrophenol. The resulting nitrophenol was
reduced to 4-aminophenol, followed by diazoti-
zation and subsequent exchange of the diazo
group with hydrogen using hypophosphoric acid.
Isotopic purity of the sample was 60%. [18O][7-
D]phenol has been synthesized by refluxing
[18O]phenol with D2O with subsequent removal of
water. This procedure was performed only once
because of the small amount of [18O]phenol
available. [1-13C]phenol (isotopic purity >99%)
was purchased by Isotec and used without further
purification.
[1-13C][7-D]phenol has been synthesized by re-

fluxing [1-13C]phenol with D2O and subsequent
removal of water. Again, this procedure was per-
formed only once because of the small amount of
[1-13C]phenol available. [2-D][7-D]phenol, [3-D][7-
D]phenol and [4-D][7-D]phenol have been syn-
thesized using the method described by Pedersen
and Larsen [34] by reacting the respective brom-
ophenols with n-butyllithium in THF at )78 �C
and subsequent deuteriolysis with D2O. [4-D]phe-
nol was obtained by reaction of [4-D][7-D]phenol
with H2O.

3. Results and discussion

The internal rotation of the hydroxyl group
causes the 2–3 and the 5–6 side of the molecule (cf.
Fig. 1) to be indistinguishable. Therefore phenol
has to be described using the molecular symmetry
(MS) group G4. This is also correct for all iso-
topomers, which are substituted at position 1 or 4,
or which are symmetrically ring substituted (2 and
6, 3 and 5, or combinations thereof). The singly

Fig. 1. Atomic numbering and orientation of the principal axis

system in phenol. The deviation of the COH group from lin-

earity (cf. Section 3.5.3) is exaggerated for sake of clarity.
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ringdeuterated isotopomers, with the exception of
[4-D], exist in two different conformers, with dif-
ferent energies and can be labelled as cis and trans,
regarding the orientation of the hydroxyl group
with respect to the substituted position. They have
to be classified using the MS group G2 (or the
point group Cs).
The rovibronic spectra of the electronic origins

(eAA1B2  eXX1A1 for G4 and eAA1A0  eXX1A0 for G2)
of the 12 isotopically substituted phenols investi-
gated in this study are shown in Figs. 2(a) and (b).
All rovibronic spectra exhibit a distinct Q-branch
gap and can be classified as b-type bands. The
rovibronic spectra of the 12 isotopomers are shif-
ted relative to each other, so that their vibronic
origins are at zero.
At first sight the spectra can be divided into two

classes, regarding the linewidth of the single ro-
vibronic lines. The lines of all [7-H] species are
considerably broader than that of the [7-D] spe-
cies. This can be attributed to a shorter lifetime
and to an only partially resolved torsional splitting
of the [7-H] isotopomers. Both topics will be dis-
cussed later (Sections 3.3 and 3.4).
Three of the rovibronic spectra shown in Figs.

2(a) and (b) are composed of overlapping bands,
which are due to different isotopomers [18O]phe-
nol/[16O]phenol, [18O][7-D]phenol/[16O][7-D]phe-
nol, and [3-D][7-D]phenol/[5-D][7-D]phenol). In
the following these spectra will be discussed in
more detail.
In case of [18O]phenol, the chemical synthesis

yielded a mixture of [18O] and [16O]phenol with
isotopomeric purity of only 60% for the [18O] iso-
topomer. Because the electronic origins of
[18O]phenol and [16O]phenol are shifted by only
0:1 cm�1 their rovibronic bands overlap. The fre-
quency axis in the fourth trace of Fig. 2(a) refers to
the [18O]phenol isotopomer. The completely over-
lapping vibronic origins and the broad spectral
lines, which are caused by a short lifetime and an
unresolved torsional splitting made the identifica-
tion of single rovibronic lines difficult. Fig. 3 shows
the central part of the spectrum in the region of the
gap of the b-type band with the contributions of
both isotopomers together with the fit for both
spectra. Comparison of the sum spectrum with the
fits of the individual components shows, that some

of the lines are completely overlapping within their
bandwidth. Therefore the number of lines, which
can be used for an assigned fit of the [18O]phenol
spectrum is quite small compared to the other
isotopomers. However, the relatively large uncer-
tainty of the inertial parameters does not limit the
overall reliability of the fit, because the different
accuracies of the inertial parameters will be ac-
counted for in the structural determination
through the covariance matrices of the parameters.
Thus, rotational constants determined with lower
precision have a smaller weight on the final
structure.
The rovibronic spectra of the overlapping elec-

tronic origins of [18O][7-D]phenol and of [16O][7-
D]phenol have an even smaller spectral shift of the
electronic origins relative to each other, than
the undeuterated species. The frequency axis in the
fifth trace of Fig. 2(a) refers to the [18O][7-D]phe-
nol isotopomer. Because of the smaller line width
of the OD isotopomer it nevertheless was possible
to resolve and assign more single rovibronic lines
than for [18O]phenol. Thus, the uncertainties of the
rotational constants of [18O][7-D]phenol are
smaller than those of [18O]phenol.
The third spectrum, which shows two overlap-

ping origin bands, due to different isotopomers,
namely [3-D][7-D]phenol and [5-D][7-D]phenol is
shown in the last trace of Fig. 2(b). The spectral
shift between their origins amounts to only
0:5 cm�1. Therefore no Q-branch gap can be ob-
served at first sight in the spectrum. These two
isotopomers interconvert rapidly under the exper-
imental conditions of the synthesis, and can
therefore not be isolated. Nevertheless the rota-
tional assignment was straightforward utilizing an
autocorrelation of the overlapping spectrum. This
yields two autocorrelation peaks, whose distance
gives immediately the frequency difference of the
vibronic origins. With this additional information
the two spectra could be separated and assigned
easily.

3.1. Vibronic origin frequencies

Since all isotopomers share the same electronic
potential energy surface, differences in the vibronic
origin frequencies are only due to vibrational zero-
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(a)

Fig. 2. (a) Rotationally resolved spectra of the electronic origins of h6-phenol, [7-D]phenol, d6-phenol, [
18O]phenol/[16O]phenol,

[18O][7-D]phenol/[16O][7-D]phenol, and [13C][7-D]phenol. The frequency axes in trace four and five refer to the [18O] isotopomers.

(b) Rotationally resolved spectra of the electronic origins of [4-D]phenol, [4-D][7-D]phenol, [2-D][7-D]phenol, [6-D][7-D]phenol,

[3-D][7-D]phenol and [5-D][7-D]phenol. The spectra are shifted relative to each other so that the vibronic origins are at zero. The

frequency axis in the last trace refers to the [3-D][7-D] isotopomer.
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(b)

Fig. 2. (continued)

158 C. Ratzer et al. / Chemical Physics 283 (2002) 153–169



point energy differences between ground and ex-
cited state. The vibronic origin frequencies of all
isotopomers are given in Table 1; the frequency
shifts relative to h6-phenol are shown in Table 2.
The shifts of [2-D][7-D]phenol, [3-D][7-D]phenol,
[4-D][7-D]phenol, [5-D][7-D]phenol and [6-D][7-
D]phenol, relative to [7-D]phenol are 42.2, 29.4,
24.7, 29.9 and 33:7 cm�1 ð

P
¼ 159:9 cm�1Þ; the

shift of the completely ringdeuterated d6-phenol
amounts to 169:9 cm�1 (cf. Table 2). The ap-
proximate additivity of the ZPE shifts caused by
the CH$ CD exchange, points to a considerable
local character of the CH stretching modes in
phenol. The high barrier to internal rotation of the
OH-group (V2 ¼ 1215 cm�1 in the S0-state and
4710 cm�1 in the S1-state [6]) causes the unsym-
metrically 2/6 and 3/5 deuterated isotopomers to
be inequivalent. The different zero-point energies
of these isotopomers in both electronic states are
reflected in their considerably shifted electronic
origins. Therefore, it was possible to examine these
isotopomers selectively, although they could not
be separated chemically. The decision which of the
electronic origins belong to which isotopomer has

been made by the fit of the geometry to the rota-
tional constants and is described in Section 3.5.2.

3.2. Inertial parameters

All spectra are comprised of pure b-type tran-
sitions which were fit to a rigid rotor model. The
ground state rotational constants of h6-phenol
[35], [4-D]phenol, [7-D]phenol [36], d6-phenol, and
[18O]phenol [37] have been obtained by fitting the
published microwave transitions of these isotopo-
mers to a rigid rotor Hamiltonian. This was done
to rely on inertial parameters, which were obtained
using the same model Hamiltonian for both elec-
tronic states. In a subsequent fit of the excited state
parameters, the ground state parameters have been
constrained to the so obtained values. For all other
isotopomers used in this study, no microwave
spectra were available and all inertial parameters
(ground and excited state) have been fitted simul-
taneously. The accuracy of the ground state pa-
rameters obtained from the fit to the MW
experiment is about two orders of magnitude
higher than of the parameters obtained from a fit

Fig. 3. Central part of the spectra of [18O]phenol/[16O]phenol, together with a simulation of the individual isotopomers, using the

inertial parameters from Table 1.
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to our LIF spectra. The number of digits retained
for each parameter in Table 1 were calculated ac-
cording to the scheme proposed by Watson [38].

Using this number of digits, the line frequencies
can be reproduced within 10% of their standard
deviation. The uncertainties of the rotational

Table 1

Molecular constants of 12 isotopomers of phenol

h6-Phenol
a [7-D]Phenolb d6-Phenol

c [18O]Phenolc

A00 (MHz) 5650.440(55) 5609.321(15) 4654.384(40) 5650.087(6)

B00 (MHz) 2619.205(49) 2528.464(10) 2342.108(31) 2487.333(4)

C00 (MHz) 1789.845(34) 1743.159(9) 1558.383(25) 1727.230(4)

DI 00 ðu�AA
2
Þ )0.033(4) )0.050(1) )0.064(3) )0.032(1)

A0 (MHz) 5313.844(229) 5276.429(47) 4404.560(120) 5313.194(205)

B0 (MHz) 2620.315(238) 2531.007(22) 2340.250(41) 2491.973(234)

C0 (MHz) 1755.943(126) 1711.598(14) 1529.322(26) 1696.145(128)

DI 0 ðu�AA
2
Þ )0.165(29) )0.188(3) )0.231(7) 0.037(33)emm ðcm�1Þ 36348.71(1) 36346.90(5) 36518.61(5) 36348.64(5)

t1=2 (ns) 2:4� 0:3 13:3� 1:6 12:5� 1:5 2:2� 0:4
Dmsub (MHz) 56� 4 – – 55� 5
Lines 27 100 83 33

SðyÞ (MHz) 7.5 1.8 1.9 10.0

[7-D][18O]Phenol [7-D][1-13C]Phenol [4-D]Phenolb [4-D][7-D]Phenol

A00 (MHz) 5607.182(217) 5608.389(149) 5650.235(3) 5608.051(118)

B00 (MHz) 2407.924(66) 2518.169(66) 2506.187(2) 2420.633(63)

C00 (MHz) 1684.810(71) 1738.162(66) 1736.367(2) 1691.043(42)

DI 00 ðu�AA
2
Þ )0.050(10) )0.049(9) )0.0410(2) )0.040(7)

A0 (MHz) 5274.407(110) 5275.921(126) 5316.580(364) 5275.258(130)

B0 (MHz) 2411.944(75) 2520.726(70) 2506.624(129) 2423.183(62)

C0 (MHz) 1656.038(54) 1706.814(56) 1705.539(77) 1661.563(45)

DI 0 ðu�AA
2
Þ )0.175(8) )0.184(7) )0.358(18) )0.203(7)emm ðcm�1Þ 36346.80(5) 36347.90(5) 36374.96(5) 36373.38(5)

t1=2 (ns) 16:7� 1:3 12:5� 0:7 2:1� 0:4 12:6� 0:7
Dmsub (MHz) – – 59� 4 –

Lines 59 64 44 64

SðyÞ (MHz) 1.8 2.0 11.1 2.5

[2-D][7-D]Phenol [6-D][7-D]Phenol [3-D][7-D]Phenol [5-D][7-D]Phenol

A00 (MHz) 5343.102(229) 5335.403(194) 5338.161(166) 5349.789(175)

B00 (MHz) 2519.703(115) 2521.039(128) 2490.353(134) 2487.484(121)

C00 (MHz) 1712.662(101) 1712.387(71) 1698.567(65) 1698.088(76)

DI 00 ðu�AA
2
Þ )0.072(14) )0.055(14) )0.075(13) )0.019(13)

A0 (MHz) 5035.634(174) 5026.591(209) 5028.744(131) 5042.982(193)

B0 (MHz) 2520.631(126) 2522.985(123) 2492.041(121) 2487.567(116)

C0 (MHz) 1681.138(75) 1681.028(64) 1667.541(78) 1666.963(71)

DI 0 ðu�AA2Þ )0.240(12) )0.2142(13) )0.227(14) )0.203(13)emm ðcm�1Þ 36390.91(5) 36382.37(5) 36378.13(5) 36378.57(5)

t1=2 (ns) 32:5� 3:1 12:7� 1:7 38:8� 7:0 15:6� 2:2
Dmsub (MHz) – – – –

Lines 59 56 62 61

SðyÞ (MHz) 2.9 2.4 2.9 1.7

The number of digits retained for each parameter were calculated according to the scheme of Watson [38], so that the calculated line

frequencies can be reproduced within 10% of their standard deviation.
a The ground state rotational constants have been obtained by fitting the microwave transitions from [35].
b The ground state rotational constants have been obtained by fitting the microwave transitions from [36].
c The ground state rotational constants have been obtained by fitting the microwave transitions from [37].
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constants are considered by the covariance matrix
(see matrix W in Eqs. (5) or (7), Section 3.5.1/Fit
procedure). The reported standard deviations, gi-
ven in Table 1, are the square-roots of the diagonal
elements of this matrix (the variances).
The resulting molecular parameters for both

electronic states are compiled in Table 1. The in-
ertial parameters for ground and excited state will
be used later on to deduce the structural changes
upon electronic excitation.
Table 2 compiles the changes of the rotational

constants upon electronic excitation as obtained
from the fit of the spectra of all isotopomers.

3.3. Excited state lifetimes

The S1-lifetimes for the different isotopomers
have been calculated from the Lorentz contribu-
tions to the linewidths of single rovibronic lines.
They vary between 2.1 ns for [4-D]phenol and 38.8
ns for [3-D][7-D]phenol as can be seen fromTable 1.
The isotopomers can roughly be divided into

two groups, regarding their lifetimes. Isotopomers
with an OH group have a generally much shorter
lifetime (around 2 ns) than the OD isotopomers
(between 10 and 15 ns), whereas the exchange of
all CH by CD as in d6-phenol does not change the
lifetime considerably compared to [7-D]phenol.
This is further evidence that the accepting mode
for the rapid internal conversion in phenol is the
OH stretching vibration, as discussed by Sur and
Johnson [2] and Lipert and Colson [39], whereas

the effects of the CH stretching vibrations are al-
most negligible. Surprisingly, the fluorescence
lifetimes of [2-D][7-D]phenol (32.5 ns) and [3-D][7-
D]phenol (38.8 ns) are by about 20 ns longer than
of the other ringdeuterated [7-D]isotopomers,
whereas the lifetimes of [5-D][7-D]phenol (15.6 ns)
and [6-D][7-D]phenol (12.7 ns) are in the range of
all other [7-D]isotopomers. Obviously, the lifetime
depends on the cis/trans position of the C–D with
respect to the hydroxy group.

3.4. Torsional splitting and spin statistics

The lineshapes of the rovibrational lines of all
[7H] isotopomers are unsymmetrical because of an
unresolved torsional splitting (cf. Fig. 4). This was
already found to be the case in [16O]phenol [6]. For
[18O]phenol a fit of 15 individual lines to two Voigt
profiles with a fixed Doppler contribution of 25
MHz, which is the instrumental line width, yielded
a Lorentzian line width of 70� 10 MHz and a
torsional splitting of 55� 5 MHz (cf. Fig. 4). The
ratio of intensities was not constrained during the
fit. Spin statistical consideration lead to the con-
clusion that the intensity ratio for Ka even:Ka odd
should be 10:6 for the r ¼ 0 subtorsional compo-
nent and 6:10 for the r ¼ 1 component. The ratio
obtained from the fit of the r ¼ 0 subtorsional
component is 1.7 which agrees well with the the-
oretical value of 1:6 (10:6). The r ¼ 0 subtorsional
band is the higher frequency component, thus the
transition 211 202, shown in Fig. 4 is split into a

Table 2

Frequency shifts of the electronic origins of the phenol isotopomers with respect to the origin of h6-phenol (in cm
�1), and changes of

the rotational constants (in MHz) and the inertial defects (in u�AA
2
) upon electronic excitation

h6 [7-D] d6 [18O] [7-D][18O] [7-D][1-13C]

Dm ðcm�1Þ 0 )1.8 +169.9 )0.1 )1.9 )0.8
DA (MHz) )336.60 )332.89 )249.82 )336.89 )332.77 )332.47
DB (MHz) +1.11 +2.54 )1.86 +4.64 +4.02 +2.56

DC (MHz) )33.90 )31.56 )29.06 )31.08 )28.77 )31.35
DDI ðu�AA

2
Þ )0.13 )0.14 )0.17 +0.07 )0.13 )0.14

[2-D][7-D] [3-D][7-D] [4-D][7-D] [5-D][7-D] [6-D][7-D] [4-D]

Dm ðcm�1Þ +42.2 +29.4 +24.7 +29.9 +33.7 +26.2

DA (MHz) )307.47 )309.42 )332.79 )306.81 )308.81 )333.66
DB (MHz) +0.93 +1.69 +2.55 +0.08 +1.95 +0.44

DC (MHz) )31.52 )31.03 )29.48 )31.13 )31.36 )30.83
DDI ðu�AA

2
Þ )0.17 )0.15 )0.16 )0.18 )0.16 )0.32
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weaker band at lower frequencies and a stronger
band at higher frequencies.
As in the case of [18O] and [16O]phenol the ro-

vibronic lines of [4-D]phenol show a considerable
broadening due to the short lifetime and the sub-
torsional splitting. A lineshape fit gave a Lo-
rentzian contribution to the total line width of
76� 5 MHz and a line splitting of the two Voigt
components of 59� 4 MHz, with the same spin
statistical weights as for [18O] and [16O]phenol.
Thus, within their uncertainties, the lifetimes and
torsional splitting of [18O]phenol, [4-D]phenol and
[16O]phenol (taken from [6]) are the same. This can
be expected, because the effect of [18O]$ [16O] and
½4-H $ ½4-D exchange on the frequency of the
OH stretching vibration, which is supposed to be
the accepting mode for a rapid internal conversion
is small. 3 The observed torsional splitting is
mainly determined by the torsional splitting in the
electronic ground state, which changes only little
upon the isotopical substitution of the O-atom, as
already has been shown by Forest and Dailey [37].

This can be attributed to the fact, that the oxygen
atom lies close to the torsional axis and has only
little effect on the value of the torsional constant.
The unsymmetrically ringdeuterated isotopo-

mers, belonging to the MS group G2 do not exhibit
nuclear spin statistics. For all [7-D]-substituted
species, the subtorsional splitting could not be re-
solved (cf. Table 1). The torsional splitting in the
MW spectrum of [7-D]phenol was experimentally
determined to be 0.44 MHz [36]. Thus the splitting
between the torsional levels in the ground state is
only 0.22 MHz (Dr ¼ �1), compared to 56 MHz
for [7-H]phenol. This is a consequence of the re-
duced torsional constant F, which amounts
690 GHz for [7-H]phenol [6] and to 345 GHz for
[7-D]phenol. Because the splitting of subtorsional
levels in the electronically excited state is much
smaller, due to the higher barrier, and we observe
only the differences of the splitting, the upper limit
for the torsional splitting in our experiment is 0.22
MHz. Regarding our instrumentally limited
Doppler width of 25 MHz, it is impossible to re-
solve such a small splitting.

3.5. Determination of the structure

In the following we will denote the calculated
structures as ground state structures in a sense of
nonexisting vibrational excitation, i.e., excitation
of only the vibrationless electronic origin S1  S0.
There exist several models to extract structural
data from ground state rotational constants, each
resulting in a different degree of approximation
with respect to the functional relation of the ob-
servable rotational constants B0g to the values B

e
g of

the hypothetical equilibrium structure. The sub-
script g denotes the inertial axes a, b, and c, and
the superscripts 0 and e mark zero-point vibra-
tionally averaged constants and equilibrium con-
stants, respectively. All fits, described in the
following can be performed on the rotational
constants or on the moments of inertia, related by
I0g ¼ h2=8p2cB0g and Ieg ¼ h2=8p2cBeg.
The simplest approach to the structure is a

global fit of the structural parameters of the mol-
ecule to the inertial parameters. This completely
neglects vibrational effects and implies the ap-
proximation

Fig. 4. 211 202 Transition in the rovibronic spectrum of

[18O]phenol together with a lineshape fit to two Voigt profiles

(dashed line). The quoted Lorentzian linewidth contribution

and torsional splitting are the mean of 15 independently fitted

individual lines in the spectrum.

3 We calculated the frequency difference mð16OHÞ � mð18OHÞ
in the electronic ground state using analytical derivatives at the

optimized MP2/6-31G(d,p) geometry to be 12:6 cm�1, which is
only 0.3% of the mOH frequency.
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I0g ¼ Iegðr0Þ: ð1Þ

The resulting structures, derived from (zero-
point) vibrationally averaged inertial parameters,
are denoted as r0-structures. These structures lar-
gely depend on the isotopomers examined, as has
been shown by Costain [40].
The second approach is the use of Kraitch-

mans equations for individual coordinates in
order to obtain the rs-structure of the molecule
[41,40]. Costain showed, that using this method
the vibrational effects of the different iso-
topomers largely cancel, and that the resulting
rs-structures depend little on the isotopo-
mers chosen for the analysis [40]. Implicitly
the Kraitchman–Costain method assumes
equal vibrational contributions for all isotopo-
mers:

I0g ¼ IegðrsÞ þ
1

2
�0g: ð2Þ

The �0g contain the average vibrational contribu-
tions with respect to the inertial axes g. One
problem is, that in general one needs all single
isotopically substituted species of the parent mol-
ecule, which is prohibitive for larger systems.
Multisubstitution, as well as different isomeric
substitutions at the same positions, can only be
included in cases of high symmetry [42].
The third approach is described by Rudolph

[43] and results in a pseudo-Kraitchman (p-Kr)
structure (pseudo-rs-structure), which includes the
information from all isotopomers simultaneously
in a nonlinear fit procedure to inertial parameters
as given in Eq. (2). This technique has the
advantage, that also multiply substituted isotopo-
mers can be used, in order to obtain the rs-struc-
ture. The first p-Kr fits on larger systems were
performed by N€oosberger et al. [44] on fluoroethane
and furan.
Watson [45–48] has introduced the concept of

mass-dependent structures, which he designated as
rð1Þm and rð2Þm -structures. They are obtained by a fit
of the structure to the inertial parameters accord-
ing to

I0g ¼ Ieg rð1Þm
� �

þ cg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ieg rð1Þm
� �r

ð3Þ

for the rð1Þm -structure and by

I0g ¼ Ieg rð2Þm
� �

þ cg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I eg rð2Þm
� �r

þ dg
m1m2 . . .mN

M

� �1= 2N�2ð Þ
ð4Þ

for the rð2Þm -structure. In the r
ð1Þ
m case no additional

parameters have to be fit (the fit of three �0g is
replaced by a fit of three cg) whereas in the rð2Þm case
three additional parameters dg have to be fit. We
have written a computer program, pKrFit, for a
nonlinear fit of the geometry parameters, in in-
ternal coordinates, to the inertial constants, ap-
plying the four models described above.

3.5.1. Fit procedure
A precondition for any geometry fit of a given

molecule based on rotational constants is a
mathematical relation between the observed
n ¼ 3k rotational constants B0g;i ðg ¼ a; b; c; i ¼
1; . . . ; kÞ or moments of inertia I0g;i of k isotopo-
mers to the calculated moments of inertia I eg;i for
the equilibrium structure according to one of the
described models given in Eqs. (1)–(4). However,
the calculated moments of inertia Ieg;i depend on a
set of j ¼ 1; . . . ;m independent internal coordi-
nates bj which describe the equilibrium structure.
Thus, we have to connect the observables B0g;i and
the coordinates bj for any of the i ¼ 1; . . . ; k iso-
topomers via a relation f which can be expressed as
B0g;i ¼ f ½si ðb1; . . . ; bmÞ; s characterizing the model
(Eqs. (1)–(4)) used.
The coordinates may be given in internal co-

ordinates or Cartesian coordinates. In comparison
to Cartesian coordinates the internal coordinates
are biased in a sense that parameters may depend
on the change of other parameters. This depen-
dency can be removed or minimized by a careful
selection of the model. The main advantage of the
use of internal coordinates is, that they directly
fulfill the three center-of-mass and the three van-
ishing products-of-inertia conditions and that it is
relatively easy to define additional linear con-
straints among these coordinates. In cases where
the number of data points n is less than the num-
ber of independent parameters m, one needs to use
such constraints in the fit. The constraints applied
are presented in the following section.
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The aim of the fit is to find the set of internal
coordinates b̂b1; . . . ; b̂bm which gives the closest
agreement between the measured and the calcu-
lated rotational constants B0g;i. It is convenient to
introduce the vector y which collects the n rota-
tional constants, the transpose of this vector being:
yT ¼ ðB0a;1;B0b;1;B0c;1; . . . ;B0a;k;B0b;k;B0c;kÞ. In general,
the agreement between the vectors of n experi-
mental and computed rotational constants, yexp
and ycalc, respectively, will be represented by a
minimum of a weighted sum of squared residuals
Dy ¼ yexp � ycalc, i.e.,

v2 ¼ yexp
�

� ycalc
�T
W yexp
�

� ycalc
�

¼ DyTWDy; ð5Þ

where the n-by-n positive definite weight matrixW
is the inverse of the covariance matrix of the n
experimental rotational constants [49,50]. If we
assume that these covariances are dominated by
the statistical error represented by the covariances,
which were obtained from preceding fits of the
rovibrational spectra (see Section 3.2) then W

obviously is a block matrix consisting of k 3-by-3
inverse covariance matrices of the so determined
rotational constants. The other extreme position
would assume that the fit error is dominated by an
average model error. In this case W can assumed
to be a diagonal matrix where each diagonal ele-
ment has the same (positive) value. We tried both
weighting models and found no basic differences in
the final results, so that the presented results where
performed using the covariances of the rotational
constants.
Because of the nonlinear relation f ½s between

internal coordinates and rotational constants,
containing one of the above mentioned models s
¼ (1), (2), (3), or (4):

ycalc;i ¼ f ½si ðb1; . . . ; bmÞ; i ¼ 1; . . . ; n ð6Þ

it is necessary to perform a nonlinear fit, which
means that starting values for the parameters bi
are needed and an iterative procedure has to be
applied. This might possibly lead to different local
minima of v2, depending on the starting parameter
set. We tried several starting geometries, which all
converged into the same minimum. Nevertheless,
the implementation of a global optimizer despite

our local optimizer is necessary to exclude the
possible existence of another (deeper) minimum.
This will be one of the next projects. Using a
Newton-type approximation leads to the uncon-
strained solution of the m-dimensional step vector
dbðrÞ of the internal coordinates at the rth iteration
step [43,50]

DbðrÞ ¼ JTWJ
� ��1

JTWDy; ð7Þ

where J is the n-by-m Jacobian with the elements
Ji;j ¼ of ½si ðb1; . . . ; bmÞ=obj ði ¼ 1; . . . ; n; j ¼ 1; . . . ;
mÞ. After each step a new set of internal coordi-
nates is created via bðrÞ ¼ bðr�1Þ þ DbðrÞ until a
minimum of the merit function (5) is found, where
b̂b ¼ bðrÞ.
In the C++ program pKrFit, 4 developed to

solve these equations, a Levenberg–Marqu-
ardt [51,52] variant similar to that proposed by
Brandt [50] is used as local minimizer. The al-
gorithm consequently uses orthogonal trans-
forms to solve the equation system (7) which are
known to numerically stabilize the solution
of nearly singular equation systems (see [44,50]
and references therein). All derivatives needed
for the calculation of the Jacobian J where
computed as numerical derivatives using forward
differences.
Because of the lack of sufficient input data, this

minimization procedure was performed under ad-
ditional ‘ linear constraints (‘ < m) among the
internal parameters which can generally be ex-
pressed as

AbðrÞ ¼ d; ð8Þ
where A is the ‘-by-m coefficient matrix and the
vector d of length ‘ the right-hand side of these
equations. It can be shown, that such a constraint
fit can be performed by solving an equation sys-
tem similar to (7), where the matrix J is replaced
by the product JZ. Here Z is an m-by-ðm� ‘Þ
column-orthogonal matrix computed from the LQ
decomposition of the coefficient matrix A; for
details see [50,53]. Using pKrFit it is possible to
express the equations, which define the linear
constraints as symbolic equations. They are au-

4 pKrFit, source code available on request.
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tomatically transferred into the mathematical
form (8) by means of symbolic algebra in our
program.
Finally the estimated uncertainties uj of the

j ¼ 1; . . . ;m estimated internal coordinates b̂bj can
be computed via the well-known error-propaga-
tion formula (see [49,50]) as

uj ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

v2

n� m

r
JTWJ
� ��1h i

j;j

for any unconstrained fits and as

uj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

n� m� ‘ð Þ

s
Z ZTJTWJZ
� ��1

ZT
h i

j;j

for the constrained fits. These equations reflect
both the relative uncertainties and correlations of
the input data via the weight matrix W and the
average consistency of the model via v2.

3.5.2. Overall fit of the structure change upon
excitation
Because the number of isotopically substituted

phenols is not sufficient to independently deter-
mine a complete structure, several restrictions to
the model must be made, which are explained in
the following. Phenol is assumed to be planar in
the electronically excited state. This assumption
leaves 2n� 3 internal coordinates for a planar
molecule to be determined, which in the case of
phenol are 23, still exceeding the number of inde-
pendent parameters, obtained from the experi-
ment. Thus the number of variables has to be
reduced further by some simplifying assumptions
for the model used in the fit.
Fig. 1 depicts the model and the atomic num-

bering we have used. The bond length between C1
and C2 has been set equal to the distance between
C6 and C1. In the same manner C2C3 is set equal to
C5C6 and C3C4 is set equal to C4C5. This reduces
also the number of independent angles in the fit:
C1C2C3 is equal to C5C6C1 and C2C3C4 is equal to
C4C5C6. All CH distances are treated as being
equal, all CCH angles are fixed to a value of
ð360�� CCCÞ=2, which is the bisector of the ex-
ternal angle of three adjacent C-atoms. Also the
sum of internal angles in the benzene hexagon was

set to 720�, which of course is true for any hexa-
gon. This imposes six new linear boundary con-
ditions for the nonlinear fit. The C1O;OH
distances and the C1OH and C2C1O angles are fit.
So the number of independent structural parame-
ters used in the fit can be reduced to eleven. We
applied all fitting strategies of the geometry to the
inertial parameters, as described in Section 3.5.
The resulting geometrical structures are denoted as
r0, pseudo-rs, rð1Þm , and rð2Þm structures, as defined in
Section 3.5. As a test of the computer program, the
previously determined rs-structure of phenol in the
electronic ground state has been compared to a
pseudo-Kraitchman fit to the published inertial
parameters from MW measurements [25,36,37]
using pKrFit. The so calculated pseudo-rs structure
is in very good agreement with the rs-structure
given by Larsen [25]. In order to determine the
geometry changes upon electronic excitation, for
each fitting strategy the ground state geometry
must be fit to the same restricted model as is used
for the S1-state.
For the pair [2-D][7-D]phenol/[6-D][7-D]phe-

nol the decision which set of the moments of
inertia parameters belongs to which isotopomer
is not unambigious. However, an unique as-
signment can be given, based upon the quality of
the structure fit. The same holds true for the pair
of isotopomers [3-D][7-D]phenol/[5-D][7-D]phe-
nol. With the assignment of the isotopomers as
given in Table 1 stable fits could be obtained,
which depend very little on the starting geometry
chosen. The resulting structural parameters for
our model are given in Tables 3 and 4, respec-
tively.
None of the geometries for the electronically

excited state, given in Table 3 does support the
assumption of a quinoidal distortion of the aro-
matic ring in the S1-state [6]. Up to now, only the
C1-atom of the aromatic ring has been isotopically
substituted. This reduces the accuracy for the co-
ordinates of the C-atoms in the ring. Further work
on the missing 13C isotopomers, which will im-
prove the quality of the fit and present the possi-
bility to perform a complete Kraitchman–Costain
analysis, is on the way. Nevertheless, the current
results strongly suggest an aromatic and not a
quinoidal excited state.
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3.5.3. Determination of the geometry change of the
functional group
The rs-geometry of the COH group in the

electronically excited state has been determined
independently from the overall fit of the molecular
structure using the Kraitchman–Costain method
[41,54]. The rotational constants from Table 1 for
[7-D]phenol, [18O][7-D]phenol, [13C][7-D]phenol

and [18O]phenol were used to calculate the substi-
tution coordinates. Special attention has to be paid
to the coordinates of the O-atom, as Kraitchman’s
equation yield only the absolute values of the co-
ordinates. Since the center of mass of the OH
group lies on the inertial a-axis [36] the b-coordi-
nate of the oxygen atom must be negative for the
convention chosen, cf. Table 5 and Fig. 1.

Table 3

r0, rs, rð1Þm , and rð2Þm structural parameters of the electronically excited S1-state of phenol

r0 Pseudo-rs rð1Þm rð2Þm

C1–C2 (�AA) 1.4418(251) 1.4471(140) 1.4368(242) 1.4321(236)

C2–C3 (�AA) 1.4525(94) 1.4532(58) 1.4672(154) 1.3834(242)

C3–C4 (�AA) 1.4218(49) 1.4225(19) 1.4113(211) 1.3993(233)

C1–O (�AA) 1.3264(170) 1.3246(89) 1.3271(101) 1.3440(92)

O–H (�AA) 0.99221(522) 0.9897(293) 0.9882(320) 0.9697(265)

C–H (�AA) 1.071(3) 1.072a 1.0727(58) 1.0732(54)

C1–O–H (�) 107.51(313) 109.77(191) 109.25(205) 109.20(169)

C1–C2–O (�) 119.788(1.451) 119.84(80) 119.76(86) 120.22(68)

C1–C2–C3 118.283(0.359) 118.57(22) 118.55(24) 119.43(30)

C2–C3–C4 117.988(378) 118.31(23) 118.31(26) 119.21(32)

C1–C2–H2 123.728(710) 123.12(44) 123.14(49) 121.36(61)

�A=cA – 0.7745(3620) 0.1735(2600) 0.4542(2902)

�B=cB – )3.1377(12930) )0.1773(2039) )0.0164(1710)
�C=cC – )2.7768(12661) )0.0596(2945) 0.1264(2426)

dA – – – 0.0703(1308)

dB – – – 2.1695(5997)

dC – – – 3.2272(9445)

a This parameter has not been fit due to numerical instabilities and was varied manually.

Table 4

r0, rs, rð1Þm , and rð2Þm structural parameters of the electronic ground state S0 of phenol

r0 Pseudo-rs rð1Þm rð2Þm

C1–C2 (�AA) 1.3827(745) 1.4187(139) 1.4298(142) 1.4061(309)

C2–C3 (�AA) 1.4021(192) 1.3912(34) 1.4075(50) 1.3849(447)

C3–C4 (�AA) 1.3991(172) 1.3931(24) 1.3957(70) 1.4047(81)

C1–O (�AA) 1.3686(332) 1.3562(55) 1.3482(50) 1.3612(108)

O–H (�AA) 0.9619(257) 0.9483(45) 0.9458(43) 0.9549(109)

C–H (�AA) 1.0792(57) 1.085a 1.0796(21) 1.0763(26)

C1–O–H (�) 107.84(417) 110.087(780) 110.62(70) 108.53(137)

C1–C2–O (�) 123.26(444) 121.49(75) 121.10(66) 122.94(128)

C1–C2–C3 120.23(123) 120.27(19) 120.25(16) 120.60(46)

C2–C3–C4 119.70(159) 119.86(27) 119.87(23) 120.18(48)

C1–C2–H2 120.07(134) 119.86(28) 119.88(23) 119.21(90)

�A=cA – 1.4072(2082) 0.0476(712) )0.0133(938)
�B=cB – 0.0782(650) )0.1258(824) )0.0919(1039)
�C=cC – 1.4057(611) )0.0810(1041) )0.0706(1322)
dA – – – 0.0752(460)

dB – – – 0.6681(11219)

dC – – – 0.5933(11100)

a This parameter has not been fit due to numerical instabilities and was kept fixed at the value given by Larsen [25].
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Because the C1-atom is close to the a-axis, its b-
coordinate cannot be determined with sufficient
accuracy. For the determination of the bond pa-
rameters it has therefore been set to zero. From the
substitution coordinates, given in Table 5 an in-
crease of the OH bond length of 1.9 pm, a decrease
of the CO bond length of 1.5 pm and an increase of
the COH angle of 1.0� are calculated (cf. Table 6).

3.6. Comparison to the results of ab initio calcula-
tions

We compare the results of our experimental
determination of the structural changes upon

electronic excitation in phenol to the results of
previously published CASSCF studies on phenol,
using an active space of eight electrons in nine
orbitals [30]. This is to our knowledge up to now
the largest active space used for a geometry opti-
mization of phenol in the S0 and S1-state.
The most significant structural change from the

ab initio calculations is an increase of all C-C bond
lengths, i.e., an inflation of the aromatic ring. The
C1C2 distance increases by 3.9 pm, C2C3 by 3.2
pm, C3C4 by 4.1 pm, C4C5 by 3.3 pm, C5C6 by 4.2
pm and C6C1 by 2.9 pm, whereas the CH distance
decreases slightly by approximately 0.3 pm for
each CH-bond. The CO bond length decreases by
1.9 pm, whereas the OH distance does not change
upon electronic excitation. Although most of the
geometry changes are confirmed by the experi-
ment, the OH bond length is found to be increased
between 1.5 and 4.2 pm, depending on the model
used for the fit, in sharp contrast to the calcula-
tions. Table 7 compares the values for the bond
length and angle changes calculated from Tables 3
and 4.

4. Conclusions

The geometric structure of phenol in its elec-
tronically excited S1-state has been determined
from the inertial parameters of 12 isotopomers.
For the two chemically inseparable pairs [2/6-D][7-
D]phenol and [3/5-D][7-D]phenol isotopomers it
was not obvious which electronic origin belongs to
which species. These species differ in the orienta-
tion of the OD group relative to the ringdeuterated

Table 6

Geometry parameters of the COH group of phenol for both

electronic states and their changes using the coordinates given

in Table 5

S0 S1 D

C–O Distance (�AA) 1.304(3) 1.289(4) )0.015
O–H Distance (�AA) 0.931(6) 0.950(4) +0.019

COH Angle (�) 113.7(6) 114.6(7) +0.9

The b-coordinate of the C atom has been set to zero due to

its smallness.

Table 7

Comparison of the experimental geometries changes (r0, pseudo-rs, rð1Þm , and rð2Þm ) upon electronic excitation with the ab initio based
results (re)

rea rs r0 Pseudo-rs rð1Þm rð2Þm

DC1–C2 (pm) +3.9 – +5.9 +2.8 +0.7 +2.6

DC2–C3 (pm) +3.2 – +5.0 +6.1 +0.4 +0.15

DC3–C4 (pm) +4.1 – +2.3 +2.9 +1.6 )0.5
DC1–O (pm) )1.9 )1.5 )0.5 )3.2 )2.1 )1.7
DO–H (pm) 0 +1.9 +3.0 +4.1 +4.2 +1.5

DC–H (pm) )0.03 – )0.8 )0.7 )0.3
DC1–O–H (�) +0.2 +0.9 +0.3 )0.3 )1.3 +0.7

DC1–C2–O (�) )1.2 – )3.5 )1.6 )1.3 )2.7
a The ab initio values from [30] are given.

Table 5

Substitution coordinates (in �AA) of phenol for both electronic

states

S0 S1

a b a b

C 0.907(1) 0.123(9) 0.905(3) 0.096(11)

O 2.2114(6) )0.124(6) 2.1949(7) )0.128(4)
H 2.586(1) 0.853(2) 2.591(2) 0.864(3)

The substitution chain [7-D]phenol, [18O][7-D]phenol,

[13C][7-D]phenol and [18O]phenol is used.
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position and can be labelled cis and trans. The
existence of two distinguishable isomers is con-
firmed by their considerably different zero-point
energy shifts. From the fit of the structure to the
inertial parameters the assignment within these
pairs was obvious due to large deviations between
the calculated and observed rotational constants
for all but one possible assignment. Moreover it
can be concluded, that the two cis-isotopomers
([2-D][7-D]phenol and [3-D][7-D]phenol) show a
significantly longer fluorescence lifetime compared
to all other isotopomers. In order to confirm this
surprising effect independent lifetime measure-
ments will be performed in the near future.
Several models for determination of the struc-

ture of phenol in both electronic states have been
applied, which all agree in the fact that the CO
bond length decreases, whereas the OH bond
length increases upon electronic excitation. This
increase is expected because of the increased
acidity of phenol in the electronically excited state.
The CASSCF calculations do not reproduce this
effect, whereas the CO shortening is predicted
quite well. This probably is caused by the relatively
small active space employed, not including r-type
orbitals in the OH bond, The individual CC bond
lengths of the aromatic ring increase, which also is
reproduced at the CASSCF level. Thus, the use of
molecular orbitals with exclusively p-symmetry in
the CASSCF calculations describes the geometry
changes in the aromatic ring satisfactorily,
whereas the r-type OH bond cannot be described
well. The extent to which the individual bond
length increase, depends on the model used. In
principle the rð2Þm -model should result in more re-
liable geometry parameters than the other models,
because vibrational effects are included in six ad-
ditional parameters. Nevertheless, for this model
there are three more degrees of freedom in the fit
than using the rð1Þm - or rs-models and six more de-
grees of freedom compared to the plain r0-struc-
ture. The model which appears to be most suitable
is the pseudo-Kraitchman fit. It slightly exagger-
ates the shortening of the CO bond, what is
compensated by an overestimation of the C2C3
bond length increase. Therefore a definite state-
ment about the absolute distortion of the aromatic
ring upon electronic excitation has to be post-

poned until further work on ½13C substituted
species (or other isotopomers, in order to increase
the degrees of freedom in the fit) has been
performed, but the current work suggests a
breathing-like expansion of the aromatic ring and
no quinoidal distortion.
Overall, the experimentally determined struc-

tural changes intuitively agree with the strongly
enhanced acidity of phenol in its excited singlet
state. Moreover many details of the changes in the
nuclear framework were determined.
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