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1. Introduction

The determination of torsional barriers and torsional constants
in different electronic states of a molecule with an internal top
attached to a rigid frame provides valuable insight into the
electronic properties of the molecular frame. Spectroscopic in-
formation about torsional barriers is available from low-resolu-
tion experiments, resulting in torsional frequencies for the
ground state by dispersed fluorescence (DF) spectroscopy and
for the excited state (laser-induced fluorescence (LIF), reso-
nance-enhanced two-photon ionization (R2PI) spectroscopy,
etc.). The analysis of these data in terms of periodic potential
functions has been described by Lewis et al.[1] High-resolution
spectroscopy, that is, experiments with rotational or rovibronic
spectral resolution, adds important information on the torsion-
al perturbation term series. The corresponding theory has
been developed by Lin and Swalen[2] and is used in a plethora
of publications.

Most of the publications on internal rotor problems of
three- or sixfold barriers are concerned with methyl tops. The
use of the triply deuterated methyl top in spite of the normal
isotopomer provides additional information on barriers and
torsional constants in cases where not enough spectroscopic
information is available from the methyl top. Use can be made
of geometrical relations between the internal rotation con-
stants of the different isotopomers. The torsional barrier is sup-
posed to be the same for different isotopomers, what is strictly
valid only in the Born–Oppenheimer approximation. Herein,
we describe a computer program (HTorFit) which is capable of
fitting torsional barriers and internal rotation constants to tor-
sional frequencies and perturbation terms of several isotopic
species of a (symmetric) top-attached to an asymmetric rigid
frame.

Using the program we reanalyze the torsional structures of
the hydrogen-bonded phenol–water, phenol–ammonia, and
phenol–methanol clusters and compare them with results for
the naphthol–ammonia clusters. As chromophore of the amino
acid tyrosine, photoexcited clusters of phenol with different
cluster partners found widespread interest as model systems
for proton and electron transfer in excited states of amino
acids. These processes play important roles in photobiology,
for example, in the photosystem II. In the water-oxidizing com-
plex of photosystem II, tyrosine is oxidized and reduced by
electron–proton transfer and hydrogen atom transfer mecha-
nisms involving tyrosine, water, and histidine.[3]

The phenol–water system shows a twofold periodic poten-
tial due to the internal rotation of the water moiety about the
hydrogen bond while phenol–ammonia and phenol–methanol
systems exhibit a threefold periodic potential due to the inter-
nal rotation of ammonia and of the methyl group, respectively.
In these examples, interesting structural changes of the cluster
occur when the chromophore (phenol) is excited to the
S1 state. They can be observed by the torsional potentials and
torsional constants involved, which serve as a probe of the al-
tered electronic and geometric surrounding of the cluster part-
ner. As a general feature we found that in the first-excited sin-

We present a computer program that is capable of fitting n-fold
torsional barriers Vn (n=2–6) and torsional constants F simulta-
neously to high- and low-resolution spectroscopic data of differ-
ent isotopomeric internal rotors. The program has been utilized
to fit independently barriers and torsional constants for both
electronic states of several aromatic clusters. The constant F of
the ammonia moiety in the phenol–ammonia cluster is shown to
decrease upon electronic excitation, thus imaging the formation
of a hydrogen-bonded complex between the phenoxy radical and
the NH4 radical in the excited state. In contrast, for the naph-
thol–ammonia 1:1 clusters no change of F of ammonia could be

found. For phenol–methanol cluster we found a decrease of F
upon excitation which points to a stronger hydrogen bond be-
tween phenol and methanol in the excited state. A strong reduc-
tion of the torsional barrier upon excitation points to the forma-
tion of a methoxonium radical in a similar photoreaction as in
phenol–ammonia cluster. For the phenol–water system we postu-
late the same mechanism, a photoreaction, which leads to a
translocated hydrogen atom in the S1 state what can be deduced
from the change of the torsional constant upon electronic excita-
tion.
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glet state of all phenol clusters a H atom translocation to the
respective cluster partner takes place. This mechanism was
postulated for 1:1 clusters of the phenol–ammonia system to
occur as hydrogen transfer after photoexcitation.[4] We propose
the H translocation in the electronically excited S1 state to be a
more general photoreaction of phenol clusters, which is
mostly independent of the nature of the cluster partner. In the
cases studied here, an early stage of the formation of hydroni-
um, ammonium, and methoxonium radicals due to H atom
translocation from photoexcited phenol is postulated on the
basis of different spectroscopic evidences. For the ammonia
clusters of naphthol no such spectroscopic evidence is found.

2. Theory

2.1. The Pure Torsional Problem

In a one-dimensional model the torsional motion of an internal
rotating symmetric top can be described by the Hamiltonian in
Equation (1):

HT ¼ Fp2 þ 1
2

X

n

Vnð1�cosnaÞ ð1Þ

with the angular momentum of the internal rotor defined by
Equation (2)

p ¼ �i�h
d
da

ð2Þ

and the torsional angle a. The kinetic energy term Fp2 is that
of a free rotor model with the torsional constant F, while the
second term introduces a barrier consisting of different n-fold
periodic potentials, where in our case n is restricted to a maxi-
mum value of six. Using the free rotor basis functions given in
Equation (3):

jmi ¼ 1ffiffiffiffiffiffi
2p

p eima m ¼ 0,	 1,	 2, . . . ð3Þ

one can set up the Hamiltonian matrix with the elements
given in Equations (4a) and (4b),

hmjHTjmi ¼ Fm2 þ 1
2

X

n

Vn ð4aÞ

hmjHTjm0i ¼ hm0jHTjmi ¼ � 1
4
V jm�m0 j for m 6¼ m0 ð4bÞ

Diagonalization of this matrix provides the torsional energy
levels as well as coefficients of the corresponding Eigenfunc-
tions given in Equation (5),

Y j ¼
1ffiffiffiffiffiffi
2p

p
X1

m¼�1
AðjÞ

me
ima ð5Þ

for the jth energy level. Two more quantum numbers, v and s,
are introduced to unambiguously classify the jth energy level
in Equation (5). The principal torsional quantum number v is
used to classify the torsional states for a single N-fold poten-

tial, and the N torsional sublevels have to be distinguished by
a further quantum number s. This s is chosen in such a way
that it represents the symmetry of the torsional wavefunctions
and therefore, the torsional problem is diagonal in s. The
range of the integer s is given by �N/2<s�N/2 and values
only differing in sign build up a degenerate pair. For even v,
the absolute value of s increases with increasing energy, while
the order is reversed for odd values of v.

For every electronic state, the torsional energy levels can be
calculated from the respective set of parameters F and V1–V6.
Transition energies between these states can easily be ob-
tained relative to the difference of the vibronic ground states.
In the program, a set of assigned transition energies can be
fitted to the parameters of both vibronic states involved. If the
internal rotating group is exchanged by an adequate isotopo-
meric group (e.g. , CH3 by CD3), the barriers are assumed to be
identical because of nearly identical electronic properties of
these groups as long as the Born–Oppenheimer approximation
holds. Hence, different energy values are assumed to result
only from different values of F. Therefore, transitions from dif-
ferent isotopomers can be fitted synchronically to different
values of F, where fixed relations between them can optionally
be defined.

2.2. Coupling of Torsion and Overall Rotation

The one-dimensional model of a pure torsional motion has to
be refined when high-resolution data (rotation) are taken into
account. Due to coupling of torsion and overall rotation, the
complete Hamiltonian is not separable into pure rotational
and torsional parts. It can be written as Equation (6),

H ¼ HR þ Fðp�PÞ2 þ 1
2

X

n

Vnð1�cosnaÞ ð6Þ

where the first two terms describe the kinetic energies of over-
all and internal rotation, respectively, and the last term is the
torsional potential energy as in Equation (1). In this form of the
Hamiltonian, F (in Hz) is defined as Equation (7)

F ¼ h
8p2rIa

ð7Þ

with r given by Equation (8),

r ¼ 1�
X

g¼a,b,c

l2
gIa
Ig

ð8Þ

where Ia is the moment of inertia of the internal rotor, the Ig
are the principal moments of inertia of the whole molecule,
and the lg are the direction cosines between the inertial axes
and the axis of internal rotation. P is defined by Equation (9)

P ¼
X

g¼a,b,c

1gPg ð9Þ

with 1g given in Equation (10).
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1g ¼ lg

Ia
Ig

ð10Þ

The difference p�P describes the angular momentum of
the internal rotor relative to the frame. While the sum of Fp2

and the potential energy term is identical to HT in Equation (1),
the quadratic term FP2 can be absorbed into the rotational
Hamiltonian HR, which leads to slightly modified rotational con-
stants, and so the Hamiltonian of Equation (6) can be rewritten
as Equation (11).

H ¼ H0
R þ HT�2FpP ð11Þ

In this equation the last term acts on the coordinates of overall
and internal rotation, is nondiagonal in K and v, and can there-
fore not be solved without further approximations. By succes-
sive applications of a Van Vleck transformation[5] one can
reduce the nondiagonal elements to any order. Generally, a re-
duction to second order is sufficient to neglect the remaining
nondiagonal terms. In this way, the problem gets diagonal for
the pure torsional part and we can solve the torsional and ro-
tational problems separately in the usual way. This approxima-
tion is only valid, if the distances of the rotational levels are
small compared to the levels of different v. Strictly, this condi-
tion is fulfilled only for high barriers, why it is called the high-
barrier approximation. In some of the examples that we will
give below, the barrier is low, on the order of 30–50 cm�1. Nev-
ertheless, the torsional energy splitting is larger by at least an
order of magnitude compared to the rotational level separa-
tion. Thus, also in these cases the approximation for the high-
barrier limit holds.

The resulting Hamiltonian of the torsion–rotation interaction
given by �2FpP, which is correct up to second order in the
high-barrier limit, can be written as Equation (12),[6, 7]

Hvs
RT ¼ FWð1Þ

vs

X

g¼a,b,c

1gPg þ FWð2Þ
vs

X

g¼a,b,c

ð1gPgÞ2 ð12Þ

where the WðnÞ
vs are the perturbation coefficients to the order n.

The Van Vleck transformation leads to two modifications in the
rotational Hamiltonian Hvs

R , which is only valid for one specific
torsional state jv,si. The quadratic terms in Equation (12) can
be incorporated into the rotational constants of the pure rota-
tional Hamiltonian. For a threefold potential, for example,
there are two different sets of rotational constants Bv,0

g and
Bv,	1
g for every v. The geometrical rotational constants Bg can

easily be determined from these quantities (see Equation (16),
below). The second modification is the introduction of terms
that are linear in the components of angular momentum and
are only nonzero for degenerate levels. The resulting effective
rotational Hamiltonian for the state jv,si can now be written
as Equation (13),

Hvs
R ¼

X

g¼a,b,c

Bvs
g P2

g þ
X

g¼a,b,c

DgPg ð13Þ

where the Dg are defined by Equation (14).

Dg ¼ 1gFW
ð1Þ
vs ¼ lgBgW

ð1Þ
vs

r
ð14Þ

Here, Wð1Þ
vs is the first-order perturbation coefficient for the

state jv,si coming from the Van Vleck transformation and it is
given by Equation (15).

Wð1Þ
vs ¼ �2hvsjpjvsi ð15Þ

The Bvs
g are defined by Equation (16)

Bvs
g ¼ Bg þ FWð2Þ

vs 1
2
g ð16Þ

with second-order perturbation coefficients Wð2Þ
vs given by

Equation (17).

Wð2Þ
vs ¼ 1þ 4F

X

v0 6¼v

jhvsjpjv0sij2
Evs�Ev0s

ð17Þ

The integrals which are used to calculate the perturbation
coefficients in Equation (15) and Equation (17) can easily be de-
termined from the coefficients of the torsional Eigenfunctions
given in Equation (18).

hvsjpjv0si ¼
X1

m¼�1
mAvs

mAv0s
m ð18Þ

2.3. Program Options

We set up the HTorFit program for a simultaneous fit of the re-
duced barrier height in both electronic states to the experi-
mentally determined torsional splitting Ev,0–Ev,	1 from solving
Equation (1), to the difference of the rotational constants
DBg=Bv,0

g �Bv,	1
g [see Equation (16)] , and to the torsion–rotation

parameters Dg [Equation (14)] of several isotopomers using the
Levenberg–Marquardt algorithm as local minimizer.[8, 9] Also Dg

and DBg parameters for higher v states can be fitted. Further-
more, the program is capable of fitting the barriers and tor-
sional constants of both electronic states to torsional transi-
tions of different v in absorption Ev’s

!Ev’’s or in emission Ev’s!
Ev’’s. They are obtained from low-resolution spectra of several
isotopomers. The transitions may be defined in vs or ms no-
menclature in the input file, where the classification m refers
to the quantum numbers of the free rotor basis functions, de-
fined in Equation (3). While the vs nomenclature is used in the
case of twofold barriers, the ms nomenclature is more fre-
quently utilized for threefold potentials. Anyhow, both can be
used to assign transitions for all types of barriers in the pro-
gram.

Barriers and torsional constants can be fitted in one elec-
tronic state and confined to the fitted value in the other elec-
tronic state or they may be fitted independently in both states.
Relations between the torsional constants of the isotopomeric
tops can be used, for example, F(CH3)=2·F(CD3) or they may
be fitted independently. Potential barriers are assumed to be
equal for different isotopomeric tops attached to identical
frames what is valid in the Born–Oppenheimer approximation.

1688 6 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemphyschem.org ChemPhysChem 2004, 5, 1686 – 1694

M. Schmitt and C. Jacoby

www.chemphyschem.org


The standard deviations of the fit parameters are determined
from the covariance matrix using the uncertainties of the ex-
perimental values.

3. Results and Discussion

As examples for possible applications of our program, we
chose molecular systems with two- and threefold barriers, but
there is no limitation to these cases. The change of F upon
electronic excitation bears important information about struc-
tural changes of the top. Nevertheless, in many cases it is not
possible to fit F of both states independently of the barriers,
which is due to a lack of sufficient spectroscopic data. This lack
sometimes impedes the independent fit of both F values, that
is, the ground and excited state F have to be set equal. We will
show in the following how the program can be utilized to
combine all spectroscopic information about the barriers and
the torsional constants in two different states from several iso-
topomeric tops.

3.1. Threefold Barriers

Threefold barriers are probably the most abundant case of all
hindering potentials. A large number of molecules has been in-
vestigated by using both high- and low-resolution spectros-
copy. We tested our program on a number of molecules with
threefold rotors, among them 1- and 2-methylnaphtalene,[10]

1-methylindole,[11,12] 3-methylindole,[13,14] and 5-methylin-
dole[11,13,14] and found good agreement with the cited barriers
and internal rotation constants in all cases. As the geometry
change along the torsional coordinate upon electronic excita-
tion is small, the torsional transitions in these molecules are
generally weak. Therefore, in many cases not enough spectro-
scopic information provided for an independent fit of the tor-
sional constants in both states. This is true especially for cases
in which the internal rotation takes place not in the chromo-
phore itself, but in a second molecule which is hydrogen- or
van der Waals-bound to the chromophore. In these cases, the
use of additional spectroscopic information from isotopomeric
species adds valuable information for the independent deter-
mination of barriers and torsional constants in both electronic
states.

The method is applied to clusters of ammonia and methanol
with naphthol isomers and phenol. The geometry change of
the top in these clusters can be utilized as a probe for the dif-
ferent electronic properties of the chromophore upon excita-
tion. We will show in the following, how an independent eval-
uation of the torsional constants in both electronic states per-
mits interpretation of exited state photoreactions between the
chromophore and the cluster partner. The structures of the
molecules discussed herein and the orientation of the torsional
axes are shown in Scheme 1.

Trans-1-Naphthol(NH3)1

Torsional bands of trans-1-naphthol(NH3)1 have been observed
for the ground and excited state by using DF and R2PI

spectroscopy, respectively.[15] Furthermore, excited-state tor-
sional bands were given in the above publication for the [d3]1-
naphthol(ND3)1 tautomer. Humphrey and Pratt[16] presented the
rotationally resolved spectrum of the electronic origin of
1-naphthol(NH3)1. From their experiments the AE splitting and
the torsion–rotation perturbation terms Da,b in both electronic
states were determined. Table 1 summarizes the experimental
data and the results of a fit with our program HTorFit, using
the approximation of F(NH3)=2F(ND3).

In this way it was possible to fit the ground- and excited-
state V3 barriers and the torsional constants in both states in-
dependently. The fit resulted in barriers of V3’’=40.2 cm�1 and
V3’=46.8 cm�1, respectively. F was determined to be nearly
the same in both electronic states (6.71 cm�1). These values are
close to the values determined by Humphrey and Pratt[16] who
made the assumption that the torsional constants are equal in
both electronic states (F=6.62 cm�1, V3’’=39.9 cm�1, V3’=
46.5 cm�1).

Trans-2-Naphthol(NH3)1

Torsional bands of trans-1-naphthol(NH3)1 have been observed
for the ground and excited state by using DF and R2PI
spectroscopy, respectively.[17] A vibronic band at 33.5 cm�1 was
assigned to the intermolecular b1 vibration and a transition at
27 cm�1 in the DF spectrum to the same transition in the
ground state.[17] On the basis of the fit to the torsional spec-
trum, we propose another assignment of these two bands.
Both fit perfectly to the 2e !1e (33.5 cm�1) and 1e!2e
(�27 cm�1) transitions, respectively. Plusquellic et al. deter-
mined the torsion–rotation perturbation terms and the AE
splitting from the rotationally resolved spectrum of the elec-
tronic origin of trans-1-naphthol(NH3)1.

[18] As in the case of

Scheme 1. Structures of the 1-naphthol–ammonia, 2-naphthol–ammonia,
phenol–ammonia, phenol–methanol and phenol–water clusters along with the
orientation of the respective torsional axis.
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trans-1-naphthol(NH3)1, the fit resulted in almost equal torsion-
al constants for the ground and excited state (6.59 cm�1). Barri-
ers of V3’’=33.9 cm�1 and V3’=57.9 cm�1 were obtained
(Table 2).

The change in barrier height upon electronic excitation is
slightly different from the respective values determined by
Plusquellic et al.[18] by using the approximation of equal F for
both electronic states (F=6.58 cm�1, V3’’=34.2 cm�1, V3’=
58.2 cm�1).

Thus, for both naphthol–ammonia clusters the torsional con-
stant and therefore the geometry of the ammonia moiety does
not change upon electronic excitation. We will show in the fol-
lowing that this is different for clusters of phenol.

Phenol(NH3)1

The vibronic spectrum of the hydrogen-bonded phenol(NH3)1
cluster has been observed by using two-color R2PI spectros-
copy.[19] Due to unfavorable Franck–Condon factors, only one
torsional band in the electronically excited state could be as-
signed. Jacoby[20] investigated the vibronic spectrum of the
phenol(ND3)1 cluster and found three bands which can be as-
signed to torsional transitions of the ND3 moiety. By using
these four transitions, one from phenol(NH3)1 and three from
phenol(ND3)1, the V3 barriers and the torsional constants of
both electronic states could be calculated. On the basis of this
calculation, we performed a simulation with V3’’=34.1 cm�1,
F’’=6.656 cm�1, V3’=54.5 cm�1, and F3’=5.978 cm�1, which al-
lowed us to assign two more torsional transitions in the
normal isotopomer. They appear in the R2PI spectrum of
ref. [19], but they are very weak in the hole-burning spectrum
shown in the same publication. For that reason, they were
classified as bands from fragmentation of higher clusters. From
the simulation, we predict these two bands to be the 2e !1e
and the 4e !1e torsional transitions (Table 3).

By using the barriers and torsional constants quoted above
a subtorsional splitting of 1.5 cm�1 is predicted for the elec-
tronic origin. If the hole-burning spectrum shown in ref. [19]
was analyzed at the high-frequency side of the origin band,

Table 1. Torsional parameters of the hydrogen-bonded trans-1-naph-
thol(NH3)1 cluster. The electronic transitions are labeled by the m quantum
number and the symmetry of the subtorsional level s : ms(S1)

!ms(S0) for
absorption bands and ms(S1)!ms(S0) for emission bands. DBg=Bg

v,0�Bg
v,	1

for v=0. F is identical to F(NH3)=2F(ND3).

Exptl. Fit. Exptl�Fit Unit

trans-
1-naphthol(NH3)1
1e !1e �0.429(2)[a] �0.429 0 cm�1

2e !1e 29.2(2)[b] 30.3 �1.1 cm�1

3a1

!0a1 70.6(2)[b] 67.8 �2.8 cm�1

0a1!3a1 �69(5)[c] �66 �3 cm�1

Da(S0) 2001.3(2)[a] 2001.3 0 MHz
Db(S0) 0(25)[a] 0 0 MHz
Da(S1) 1745.0(2)[a] 1745.0 0 MHz
Db(S1) 0(25)[a] 0 0 MHz
DBa(S0) 12.2(2)[a] 12.6 �0.4 MHz
DBb(S0) �0.1(2)[a] 0.0 0 MHz
DBa(S1) 12.4(2)[a] 12.9 �0.5 MHz
DBb(S1) 0.0(1)[a] 0.0 0 MHz

[d3]trans-
1-naphthol(ND3)1
2e !1e 26.0(2)[b] 26.4 �0.4 cm�1

3a1

!1a1 40.5(2)[b] 45.5 �5.0 cm�1

4e !1e 61.5(2)[b] 60.0 1.5 cm�1

V3(S0) 40.15(20) cm�1

F(S0) 6.712(34) cm�1

V3(S1) 46.79(25) cm�1

F(S1) 6.716(37) cm�1

[a] AE splitting, DBg, and Dg constants from Humphrey et al.[16] [b] Vibronic
transitions from Henseler et al.[15] [c] DF data from Henseler et al.[15]

Table 2. Torsional parameters of trans-2-naphthol(NH3)1. The electronic
transitions are labeled by their m and s quantum numbers: ms(S1)

!ms(S0)
for absorption bands and ms(S1)!ms(S0) for emission bands. DBg=

Bg
v,0�Bg

v,	1 for v=0.

Exptl. Fit Exptl.�Fit Unit

trans-
2-naphthol(NH3)1
1e !1e �45439.8(2)[a] �45439.8 0 MHz
2e !1e 33.5(1)[b] 33.5 0 cm�1

1e!2e �27.4(10)[c] �27.7 �0.3 cm�1

Da(S0) 3274.7(1)[a] 3274.7 0 MHz
Db(S0) 233.9(1)[a] 233.9 0 MHz
Da(S1) 1911.8(1)[a] 1911.8 0 MHz
Db(S1) 174.9(1)[a] 174.9 0 MHz
DBa(S0) 27.6(3)[a] 25.7 1.9
DBb(S0) 0.0(2)[a] 0.1 �0.1
DBa(S1) 26.4(3)[a] 24.6 1.8
DBb(S1) 0.0(2)[a] 0.2 �0.2

V3(S0) 33.79(68) cm�1

F(S0) 6.586(13) cm�1

V3(S1) 57.829(165) cm�1

F(S1) 6.593(19) cm�1

[a] AE splitting, DBg, and Dg constants from Plusquellic et al.[18] [b] Vibronic
transitions from Droz et al.[17] [c] DF data from Droz et al.[17]

Table 3. Torsional parameters of phenol(NH3)1. The electronic transitions are
labeled by their m and s quantum numbers: ms(S1)

!ms(S0).

Exptl. Fit Exptl.�Fit Unit

phenol(NH3)1
2e !1e 31.0(2)[a] 31.3 �0.3 cm�1

3a1

!0a1 64.5(2)[a] 65.2 0.3 cm�1

4e !1e 99.0(2)[a] 98.7 0.3 cm�1

phenol(ND3)1
2e !1e 26.9(2)[b] 26.9 0.0 cm�1

3a1

!0a1 45.9(2)[b] 45.3 0.6 cm�1

4e !1e 59.2(2)[b] 59.5 �0.3 cm�1

V3(S0) 34.1(20) cm�1

F(S0) 6.656(121) cm�1

V3(S1) 54.5(3) cm�1

F(S1) 5.978(19) cm�1

[a] Vibronic bands of phenol(NH3)1 from Schiefke et al.[19] [b] Vibronic
bands of phenol(ND3)1 from Jacoby.[20]
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the small intensity of the E bands in the hole-burning spec-
trum could easily be explained.

In contrast to the naphthol(NH3)1 clusters, the torsional con-
stant of phenol(NH3)1 changed considerably upon electronic
excitation. The phenol–ammonia cluster shows in some re-
spect a quite different behavior compared to that of other hy-
droxyaromatics–ammonia clusters. The lifetimes of trans-1-
naphthol(NH3)1 and trans-2-naphthol(NH3)1 have been deter-
mined to be 40 ns and 31 ns, respectively,[16,18] while the life-
time of phenol(NH3)1 is only about 1 ns.[4] This short lifetime
has been attributed to the excited-state photoreaction, Equa-
tion (19),

PhOH*�NH3 ! PhOC � � � NH4
C ð19Þ

by GrHgoire et al.[4,21] The rotational constant of ammonia
about its symmetry axis is 6.228 cm�1,[22] while the rotational
constant of the spherical rotor NH4C is 5.674 cm�1, determined
from a rotationally resolved photoelectron spectrum.[23] This
difference between the rotational constants of NH3 and NH4C is
similar to the reduction of F, which we observe in the phenol–
ammonia cluster upon electronic excitation. Therefore, we pro-
pose that the torsional constants image the change of the ge-
ometry in the electronically excited 1pp* state of phenol(NH3)1
due to an early precursor of the excited-state photoreaction
[Equation (19)] leading to the Rydberg radical NH4C. CASSCF cal-
culations of Domcke and Sobolewski show, that the vertically
excited 1pp* state has a structure in which the phenoxy radical
is hydrogen-bonded to the NH4C radical.[24] In this picture, the H
atom transfer could be viewed as a transition from the directly
excited 1pp* state to the 1ps* state with a low barrier separat-
ing them.

Phenol(CH3OH)1

The phenol–methanol cluster presents an interesting example
of an internal rotation in which the top is not directly attached
to the chromophore through a hydrogen bond such as in
phenol–ammonia clusters. Furthermore, three projections of
the internal rotor axes have to be taken into account in con-
trast to the above examples of a top-attached to a planar
frame. No torsional bands can be observed in the low-resolu-
tion spectra because of unfavorable Franck–Condon factors,
but the torsional splitting between 0a1

!0a1 and 1e !1e was
observed in combination with all vibronic bands. Symmetry-la-
beled hole-burning spectroscopy has been performed, but no
bands were found because of pure excitation of the torsional
motion.[25] The perturbation terms and AE splitting for phenol-
(CH3OH) are taken from ref. [26], those for phenol(CD3OH) from
Westphal et al.[27] The perturbation terms for phenol(CD3OH)
from ref. [27] contain large uncertainties which is due to a
small number or completely resolved rovibronic lines. We per-
formed a global fit to the lineshape of the complete transition
using a genetic algorithm (GA) based fitting scheme.[28,29] In
this fit, all transitions are accounted for and much more accu-
rate values for the Dg are obtained.[30]

Table 4 shows the result of the fit. If both torsional constants
and the barriers in both electronic states are fitted independ-
ently, we obtain a value for F, which cannot be interpreted
geometrically. On the other hand, the experimentally deter-
mined parameters could not be fitted by assuming equal F for
both states, or for torsional constants, which are close to a
geometrically meaningful value of around 5 cm�1.

It is well known for the methanol dimer, that the internal ro-
tation of the methyl group is strongly perturbed by the libra-
tional motion of the acceptor moiety about the a axis of meth-
anol.[31] Axes and displacement vectors for both motions nearly
coincide as has been shown for the phenol–methanol cluster
as well.[25] Thus, a strong coupling of both motions is plausible.

The barrier to methyl torsion in free methanol from micro-
wave spectroscopy is 376.8 cm�1.[32] The internal rotation con-
stant F in the methanol monomer is determined to be
27.634 cm�1.[33] For a very weak (hydrogen) bond between the
two moieties the value of F should approach this value of free
methanol, while the other limit for a strongly bound methanol
would be about 5.2 cm�1, calculated from the geometrical Ia of
the methyl group attached to a heavy frame. Our analysis
gives an intermediate value of 16.2 cm�1 for the electronic
ground state and of 12.0 cm�1 for the electronically excited
state. These values reflect the increased hydrogen-bond
strength in the electronically excited state of phenol–methanol
cluster.

Assuming hydrogen atom translocation from photoexcited
phenol to the methanol moiety, we are able to explain the
large decrease of barrier height upon electronic excitation. The

Table 4. Torsional parameters of phenol–methanol cluters. The electronic
transitions are labeled by their m and s quantum numbers: ms(S1)

!ms(S0)
for absorption bands.

Exptl. Fit Exptl.�Fit Unit

phenol(CH3OH)1
1e !1e 3557.621(740)[a] 3557.621 0
Da(S0) 32.83(34)[a] 32.85 �0.2 MHz
Db(S0) 14.3(78)[a] 14.3 0 MHz
Dc(S0) 40.312(178)[a] 40.332 �0.2 MHz
Da(S1) 78.90(32)[a] 79.5 �0.6 MHz
Db(S1) 38.2(34)[a] 38.5 �0.3 MHz
Dc(S1) 52.134(187)[a] 52.532 �0.398 MHz

phenol(CD3OH)1
1e !1e 438.52(107)[b] 438.52 0 MHz
Da(S0) 3.188(100)[c] 3.307 0.119 MHz
Db(S0) 1.497(100)[c] 1.553 �0.056 MHz
Dc(S0) 2.722(100)[c] 2.823 �0.101 MHz
Da(S1) 11.124(400)[c] 10.241 0.883 MHz
Db(S1) 4.348(400)[c] 4.003 0.345 MHz
Dc(S1) 5.667(400)[c] 5.217 0.450 MHz
V3(S0) 520.2(39) cm�1

F(S0) 16.193(130) cm�1

V3(S1) 328.7(38) cm�1

F(S1) 11.972(130) cm�1

[a] AE splitting and Dg constants from Schmitt et al.[26] [b] AE splitting
from Westphal et al.[27] [c] Dg constants from ref. [30] .
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torsional barrier of methanol, the methoxonium cation
(CH3OH2

+) and the methoxonium radical (CH3OH2C) have been
calculated at the UMP2/6-311G(d,p) level of theory. Although
the absolute torsional barrier cannot be reproduced with high
accuracy, the relative changes between the barriers of the
three species are sufficiently exact in order to explain the ob-
served differences. Figure 1 depicts the results of the calcula-

tions. The torsional barrier of methanol is overestimated at this
level of theory (506 cm�1). The barrier of the methoxonium
cation is found to be even slightly larger (530 cm�1) than the
methanol barrier. The barrier of the methoxonium radical
shows exactly the effect that is observed in the experiment: a
distinct reduction in barrier height compared to that of metha-
nol (399 cm�1), see Table 4.

Thus, we propose a photoreaction that is equivalent to
phenol–ammonia clusters to take place in phenol–methanol
clusters with the phenolic H atom translocated from the
phenol to the methanol moiety [see Eq. (20)] .

PhOH*�CH3OH ! PhOC � � � CH3OH2
C ð20Þ

3.2. Twofold Barriers

In the principal-axis method (PAM)[6] used herein, the principal
axes of the entire molecule are considered as reference system
for the rotation of the top. A symmetric top (n�3) leaves this
reference system unaltered during rotation, while an asymmet-
ric top changes the orientation of the inertial axes, thus violat-
ing the preconditions for the PAM. If, on the other hand, the
asymmetric top is sufficiently light compared to the frame, the
orientation of the top axis remains nearly unaltered by the tor-
sion. This condition is fulfilled for the torsion of the water
moiety in the phenol–water cluster (n=2). We will discuss this
system in the following.

Phenol(H2O)1

The subtorsional splitting between the transitions (s=
0)’ !(s=0)’’ and (s=1)’ !(s=1)’’ was determined to be
25455(10) MHz by Berden et al. by using rotationally resolved
UV spectroscopy.[34] No information on the first-order perturba-
tion coefficients is available from a twofold potential because
of the lack of degenerate levels in this case. The second-order
perturbation coefficients can be obtained from the difference
of the rotational constants of (s=0) and (s=1) levels. Further-
more, the torsional bands in the electronically excited state ob-
tained by R2PI and UV–UV double resonance spectroscopy[35]

and in the ground state obtained by DF spectroscopy[36] were
utilized in the fit. Due to unfavorable Franck–Condon factors,
only few torsional bands can be observed, so that additional
information from different isotopomers has to be used. We in-
cluded the torsional bands of phenol(D2O)1 in the fit using the
approximate relations between the torsional constants,
F(H2O)=2F(D2O). The results of the fit are shown in Table 5.

The torsional constants could be determined independently
for both electronic states. The fit yields F’’=14.813 cm�1 and
F’=13.415 cm�1, showing a decrease of F upon electronic exci-
tation. This reduction of F might be explained by the same
photoreaction mechanism as in phenol–ammonia and phenol–
methanol clusters. A hydrogen atom translocation takes place
in the S1 state from the phenol to the water moiety.

The rotational constant of water for rotation about the sym-
metry axis is 14.51 cm�1,[37] while the corresponding (calculat-
ed) rotational constant of H3OC is 9.85 cm�1.[38] The torsional
constant of the ground state differs slightly from the B rota-

Figure 1. MP2/6-311G(d,p) ab initio torsional potentials of methanol
(solid line c), the methoxonium cation (dashed line a), and the methoxo-
nium radical (dotted line g). Zero degrees refer to the most-stable staggered
conformation of methanol (S), 60 degrees to the eclipsed conformer (E).

Table 5. Torsional parameters of two isotopomeric phenol–water clusters.
The transitions are labeled by jvsi’ !jvsi’’ for absorption and jvsi’!
jvsi’’ for emission lines. DBg=Bg

v,0�Bg
v,1 for v=0.

Exptl. Fit Exptl.�Fit Unit

phenol(H2O)1
j0,1i’ !j0,1i’’ 25455(10) 25454 1 MHz
j2,0i’ !j0,0i’’ 94.3(5) 93.7 0.6 cm�1

j2,1i’ !j0,1i’’ 153.0(5)[b] 153.6 0.6 cm�1

j2,0i’ !j0,0i’’ �126(1) �127 �1 cm�1

DBa(S0) �9.73(5)[a] �9.76 0.3 MHz
DBb(S0) 0.181(3)[a] 0 0.181 MHz
DBc(S0) 0.181(3)[a] 0 0.181 MHz
DBa(S1) �21.40(160)[a] �20.97 0.43 MHz
DBb(S1) 0.03(40)[a] 0 0.03 MHz
DBc(S1) 0.23(16)[a] 0 0.230 MHz

phenol(D2O)1
j0,1i’ !j0,1i’’ 0.1(1)[b] 0.121 0 cm�1

j2,0i’ !j0,0i’’ 77.9(5)[b] 76.4 1.3 cm�1

j4,0i’ !j0,0i’’ 150.3[b] 150.6 -0.3 cm�1

V2(S0) 175.4(13) cm�1

F(S0) 14.813(118) cm�1

V2(S1) 109.1(2) cm�1

F(S1) 13.415(25) cm�1

[a] Experimental torsional splitting and DBg from Berden et al.[34] [b] Tor-
sional bands from Schmitt et al.[35] [c] DF from ref. [36] .
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tional constant of water indicating that the internal rotation is
not a simple one-dimensional rotation about the symmetry
axis of the water moiety. Instead, it is a more complicated
motion, which couples the torsional motion and the in-plane
bending motion of the water moiety.[34,39,40] A complete six-
dimensional analysis of the intermolecular vibrations of phenol–
water clusters by Jansen and Gerhards[41] shows that indeed all
six intermolecular vibrations are strongly coupled, giving fur-
ther evidence that a one-dimensional analysis of the torsion
might not be appropriate in the case of this cluster. Therefore,
the torsional constant is not conserved during the torsional
motion, and the discussion of relative changes upon electronic
excitation is more speculative than in the above cases.

This interpretation is supported by IR measurements of the
phenolic OH stretching frequency in the S1 state of the
phenol–water cluster.[42] A larger redshift of the OH stretching
frequency in the S1 state compared to that of the S0 state
points to a considerable attraction of the H atom to the water
site in agreement with the above considerations. On the other
hand the antisymmetric OH stretch vibration of the water
moiety does not change upon electronic excitation.[43] If the
H atom was dislocated considerably, this frequency should also
decrease by a large amount.

The V2 barriers in ground and excited states are determined
to be 175.4 cm�1 and 109.1 cm�1, respectively. As the O···O dis-
tance between phenol and water decreases upon electronic
excitation, one should expect an increase of the torsional barri-
er because of increased sterical hindrance. Nonetheless, the
opposite is observed experimentally. In the trans-linear struc-
ture of the hydrogen-bonded phenol–water cluster, the OH···O
distance of the hydrogen bond is calculated at the MP2/6-
31G(d,p) level of theory to be 185.8 pm.[44] The CH···O distance
of the ortho-CH group in phenol is calculated at the same level
to be 270.2 pm. Thus, two hydrogen bonds are formed, a
stronger OH···O and a weaker CH···O bond, see Scheme 1. If we
look to the localized molecular orbitals, both hydrogen bonds
are oriented in the direction of the equivalent oxygen lone
pairs of the water moiety, thus hindering efficiently the torsion-
al motion. When the phenolic H atom is translocated towards
the water moiety, its structure will become nonplanar and the
remaining lone pair will be less directed in direction of the
ortho-CH bond. This fact might explain the surprising decrease
of the torsional barrier upon electronic excitation.

4. Conclusions and Outlook

Torsional barriers and torsional constants of hydrogen-bonded
clusters of phenol with ammonia, methanol, and water have
been determined from various experimental findings. In all
three cases, changes of the torsional constants and barriers are
observed, which suggest a hydrogen atom translocation to
occur in the electronically excited state of the cluster. For com-
parison to the phenol case, we also investigated the ammonia
clusters of trans-1- and trans-2-naphthol. In these clusters, the
torsional constant is determined to be the same in both elec-
tronic states. Therefore, no geometry change of the ammonia
moiety is observed. In contrast, the value of F in the phenol–

ammonia cluster decreases by almost 10% upon excitation.
Such a large decrease denotes a considerable change of the
structure of the ammonia top. It might be explained by an in-
creased NH bond length or/and by an increased H�N�H bond
angle. We trace the decrease of F back to an H atom transfer
in the excited state, which forms the ammonium Rydberg radi-
cal. This mechanism has been proposed by Gregoire et al.[4, 21]

based on the lifetimes of several phenol–ammonia clusters
and their perdeuterated isotopomers.

While the torsional motion in phenol–ammonia takes place
about the hydrogen bond (“intermolecular torsion”), it is locat-
ed in the methanol moiety of the phenol–methanol cluster
(“intramolecular torsion”). Two effects have to be discussed for
the phenol–methanol cluster. A strong coupling between the
torsion and an in-plane librational motion leads to values of F
which cannot be interpreted geometrically. The value of F
should lie between the limits of a methyl top in the cluster
(5.2 cm�1) and in the pure methanol (27.6 cm�1). The weaker
the hydrogen bond between the cluster partners, the closer
the value should approach the value of F for pure methanol. In
our analysis, we found a decrease of F from 16.2 cm�1 to
12.0 cm�1 upon electronic excitation, which reflects the in-
creased hydrogen bond strength in the S1 state. The other
effect which has to be explained is the large decrease of barri-
er height upon electronic excitation (from 520 cm�1 to
329 cm�1). As the excitation takes place locally in the phenol
chromophore, which is weakly bound to the methanol moiety,
this is a rather large effect on the methyl barrier. We performed
ab initio calculations on methanol and on the species that
might be responsible for this change of barrier height: the me-
thoxonium cation as result of an intracluster proton transfer
and the methoxonium radical as result of an intracluster hydro-
gen atom translocation upon electronic excitation. Only the
latter species shows the observed reduction of the barrier
height. Therefore, we assume the same hydrogen transfer in
the excited state as in phenol–ammonia clusters to take place
also in phenol–methanol clusters.

The phenol–water case is again similar to the phenol–
ammonia case, although the conclusions are not so sound as in
the other two cases. This is due to the fact, that the principal
axis method (PAM) theory of internal rotors works strictly only
for symmetric tops, attached to rigid frames, what is only ap-
proximately fulfilled for the water top. Nevertheless, since the
hydrogen atoms are light the torsional axis changes its direc-
tion only slightly during rotation and the analysis in the PAM
formalism still seems to be valid. From the reduction of the
torsional constant upon electronic excitation, the translocation
of the H atom from phenol can be assumed. This photoreac-
tion has been recognized by Soboleski and Domcke as transi-
tion from the excited 1pp* state to the 1ps* state[24] with a
higher barrier than the respective transition in phenol–ammo-
nia clusters. Jansen and Gerhards[41] showed that all six inter-
molecular modes are strongly coupled for the phenol–water
complex. Thus, the strictly one-dimensional model applied
herein might be not appropriate and the results for phenol–
water clusters have to be regarded with more wariness.
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To conclude, we found that in phenol clusters with ammo-
nia, water, and methanol an H atom translocation in the first
excited singlet state from phenol to the respective cluster part-
ner takes place. Regarding the different nature (e.g. , the acidi-
ties) of these substituents, H atom transfer in the excited state
of phenol can be viewed as a quite general mechanism, al-
ready at the size of 1:1 clusters. The driving force for this excit-
ed-state hydrogen translocation is the nonadiabatic curve
crossing between 1pp* states and 1ps* states as has been
postulated recently by Domcke and Sobolewski.[45] This curve
crossing depends on the nature of the aromatic system and is
supposed herein to lead to a higher barrier for excited-state
hydrogen transfer in naphthol clusters than in the respective
phenol clusters.

Further support of the interpretations given herein can be
obtained from higher-level ab initio calculations of the excited
states of these clusters. Structure optimizations for the systems
discussed herein on the CASPT2 level for both electronic states
involved in the transition are on the way and will be presented
soon.
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