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Rotationally resolved electronic spectra of the A and B bands of melatonin have been analyzed using an
evolutionary strategy approach. From a comparison of the ab initio calculated structures of energy
selected conformers to the experimental rotational constants, the A band could be shown to be due to
a gauche structure of the side chain, while the B band is an anti structure. Both bands show a complicated
pattern due to a splitting from the threefold internal rotation of the methyl rotor in the N-acetyl group of
the molecules. From a torsional analysis we additionally were able to determine the barriers of the
methyl torsion in both electronic states of melatonin B and give an estimate for the change of the barrier
upon electronic excitation in melatonin A. The electronic nature of the lowest excited singlet state could
be determined to be 1Lb (as in the chromophore indole) from comparison to the results of ab initio
calculations.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is an animal and
plant hormone [1] which regulates physiological processes like
the circadian rhythms [2], influences the immune system [3], and
acts as free radical scavenger and potent antioxidant [4]. Its phys-
iological action strongly depends on the interaction with specific
receptors. Quantitative structure–activity relationship (QSAR)
studies have proven that the crucial motifs for pharmacological
activity are the methoxy and the N-acetyl groups, while indole
merely serves as scaffold which determines the distance and rela-
tive orientation of these groups. Even the chemically very different
naphthalene [5] or tetrahydronaphthalene molecules [6] are good
bioisosteric substitutes for indole in melatonin analogs. The exact
knowledge of the conformer space of these biologically active sero-
tonin derivatives is crucial for performing and understanding
experiments on structure–affinity relationships.

Dian et al. [7] studied the infrared-induced conformational
isomerization and vibrational relaxation dynamics in melatonin
using IR–UV hole-filling spectroscopy and IR-induced population
transfer spectroscopy. Using a combination of two-color resonant
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two-photon ionization (R2PI), laser-induced fluorescence (LIF), res-
onant ion-dip infrared spectroscopy (RIDIRS), fluorescence-dip
infrared spectroscopy (FDIRS), and UV–UV hole-burning spectros-
copy, Florio et al. [8] investigated the conformational preferences
of melatonin in a molecular beam. They identified three major
trans-amide conformers and two minor cis-amide structures. Florio
and Zwier [9] studied the influence of water solvation on the con-
formational space of melatonin. Contrary to the case of tryptamine
[10], the conformational richness is not significantly influenced by
water complexation. The gas phase He(I) photoelectron spectra of
melatonin have been reported by Kubota and Kobayashi [11]. They
found that the interaction of the p orbital of the 5-methoxyindole
part of the molecule and the p and the nC@O orbitals of the N-ethy-
lacetamide moiety depend strongly on the conformations.

In the present work, we investigate two major conformers of
melatonin by a combination of rotationally resolved electronic
spectroscopy and ab initio calculations. In molecules of this size,
the rotational constants are relatively small, so that the classical
line position assignment of the spectra seems to be reaching its
limits here. Up to 100 single rovibronic transitions with intensi-
ties of more than 10% of the strongest line can contribute to
one feature which is observed as ‘‘line’’ in the experimental rovib-
ronic spectrum. As a result, semi-automated procedures that rely
on evolutionary strategies have been used to fit these spectra,
thereby testing the applicability of this approach to even larger
systems.
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2. Experimental details

The experiments were performed at the University of Pitts-
burgh, using an experimental setup that have been described else-
where [12]. In brief, melatonin was heated to 175–225 �C, seeded
in 300–500 mbar of argon, and expanded into vacuum. The beam
was confined by skimmers, resulting in Doppler-broadening of
individual rotational lines to 20 MHz full-width-at-half-maximum
(FWHM) in a differentially pumped vacuum system. The molecular
beam was crossed at right angles by UV radiation near 280 nm
using an Ar+-pumped frequency doubled ring dye laser
(FWHM < 1 MHz, Spectra Physics 380D). The integrated laser-in-
duced fluorescence was collected using a lens system and detected
by a photomultiplier tube. The relative frequency was determined
to ±0.0005 MHz by comparison to a quasi-confocal Fabry–Perot
interferometer and the absolute frequency was determined by
simultaneously recording the iodine absorption spectrum and suc-
cessive comparison to the tabulated transition frequencies [13].
3. Computational details

3.1. Ab initio calculations

Structure optimizations were performed employing the valence
triple-zeta basis set with polarization functions (d,p) from the TUR-

BOMOLE library [14,15]. The equilibrium geometries of the electronic
ground and the lowest excited singlet states were optimized using
the approximate coupled cluster singles and doubles model (CC2)
employing the resolution-of-the-identity approximation (RI) [16–
18].

Singlet state energies and wavefunctions were calculated using
the combined density functional theory/multi-reference configura-
tion interaction (DFT/MRCI) method developed by Grimme and
Fig. 1. Schematic overview of the tree of melatonin conformers. The syn-5-methoxy an
shown to which minimum the starting structures finally converge. At the bottom, the re
are given. For details see text.
Waletzke [19]. Configuration state functions (CSFs) in the MRCI
expansion were constructed from Kohn–Sham (KS) orbitals, opti-
mized for the dominant closed shell determinant of the electronic
ground state employing the BH-LYP [20,21] functional. All 56 va-
lence electrons were correlated in the MRCI runs and the eigen-
values and eigenvectors of five singlet states were determined.
The initial set of reference configuration state functions was gener-
ated automatically in a complete active space type procedure
(including all single and double excitations from the five highest
occupied molecular orbitals in the KS determinant to the five low-
est virtual orbitals) and was then iteratively improved. The MRCI
expansion was kept moderate by extensive configuration selection.
The selection of the most important CSFs is based on an energy gap
criterion as described in Ref. [19]. Only those configurations were
taken into account that have an energy below a certain cutoff en-
ergy. The energy of a given configuration was estimated from orbi-
tal energies within the selection procedure. The cutoff energy was
given by the energy of the highest desired root as calculated for the
reference space plus a cutoff parameter dEsel = 1.0EH. The latter
choice has been shown to yield nearly converged results [19].
3.2. Evolution strategies used for spectra fitting

The rovibronic spectra were fit to a rigid asymmetric rotor
Hamiltonian [22] by using a derandomized (DR) evolution strategy
(ES) that was developed by Ostenmeier et al. [23]. A special imple-
mentation, which we employed in the present study, represents
the second generation of derandomized ES and is abbreviated as
DR2 [24]. It was shown [25] to be a very good alternative to the
genetic algorithm based fits we have employed in the past [26].
Evolution strategies like DR2 are optimizers that are inspired by
reproduction and natural selection in nature. While classical genet-
ic algorithms aim to find a solution in the parameter space by ran-
d the cis-amide branches have been discarded in this study. In the lower half, it is
lative CC2 ground state energies (in cm�1) of the CC2/cc-pVTZ optimized structures



Table 1
Relative CC2 ground state energies (in cm�1) of the CC2/cc-pVTZ and CC2/TZVP optimized structures of various melatonin conformers. The energies are measured with respect to
the most stable conformer at each level of theory. Rotational constants (in MHz) in both electronic states are for the CC2/cc-pVTZ optimized structures. Adiabatic CC2 excitation
energies m0 at CC2/cc-pVTZ optimized structures in cm�1 without ZPE correction.

Conformer Relative CC2 energy S0 S1 m0

cc-pVTZ TZVP A B C DA DB DC

Gph(trans-in)/anti 0 0 550 497 309 +10 +10 +15 33931
Anti(trans-out)/anti 645 934 630 339 226 +1 +2 +1 34091
Gpy(trans-out)/ anti 683 593 544 505 305 +42 �4 +21 33680
Gpy(trans-in)/anti 801 648 785 310 266 +3 �10 �10 34317
Anti(trans-in)/anti 1533 1925 775 230 181 �4 0 +1 34440
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domly combining information from a set of trial solutions, the DR2
algorithm can sense in which direction the quality of a fit increases.
In the first step, the DR2 algorithm generates trial solutions
(offspring) by using a random distribution around some starting
point (parent) each consisting of the complete parameter set which
is necessary to simulate the spectrum. Offspring with higher
fitness than the parent are kept and used to compute the next gen-
eration. The DR2 algorithm makes use of the parameter correlation
matrix for successive changes in the parents (mutations). This
means that if for some parameter a parent has evolved in the same
direction for several generations, resulting in a positive correlation,
the most likely solution is assumed to be further in that direction
and the next parameter mutation will be larger. Correspondingly,
two anticorrelated mutations will lead to a smaller mutation.
Compared to classical genetic algorithms, this procedure has been
shown to lead to faster convergence of the parameters [25].
Table 2
Adiabatic DFT/MRCI excitation energies m0 of the lowest excited singlet state at CC2/
cc-pVTZ optimized structures in cm�1 without ZPE correction. h and / are the polar
angles of the TDM in the inertial axis system of the respective conformer, and href is
the angle of the TDM with the a-axis (the pseudo-symmetry axis) in the indole
chromophore, cf. Fig. 2.

Conformer m0 h / href f

Gph(trans-in)/anti 34108 16 67 53 0.07
Anti(trans-out)/anti 33797 �22 82 51 0.08
Gpy(trans-out)/anti 33410 �40 65 52 0.07
Gpy(trans-in)/anti 33824 �142 66 46 0.07
4. Theoretical results

4.1. Conformer structures and energies

The nomenclature for the melatonin conformers follows the
suggestion of Florio et al. [8]. In their study, they optimized differ-
ent melatonin conformers, which have been preselected via OPLS-
AA force field calculations, using density functional theory with the
Becke-3LYP functional and the 6-31+G⁄(5d) basis set. The elec-
tronic energies of the lowest energy conformers were determined
via single-point localized MP2/aug-cc-pVTZ(-f) calculations and
corrected for zero-point vibrational contributions using the
Becke-3LYP/6-31+G⁄(5d) vibrational frequencies.

We decided to follow another route for determination of the
geometries at the minima of the potential energy surface and the
respective energies. Structure optimizations were performed with
the approximate coupled cluster singles and doubles model (CC2)
within the resolution-of-the-identity approximation (RI) using
the cc-pVTZ basis set. This combination of method and basis set
has been shown to yield very good results for the structures in
the electronic ground and excited singlet states, measured by the
differences between the observed rotational constants and the cal-
culated ones. At these geometries, the ground state and excitation
energies have been calculated using the DFT/MRCI method from
Grimme and Waletzke [19].

Due to the expensive method and the large conformational
space, we restricted our search considerably to a subspace that
was chosen from experiences on similar systems. Only these start-
ing structures were then subjected to geometry optimization at the
CC2/cc-pVTZ level of theory. Melatonin has the following degrees
of freedom for internal motions that have to be considered in the
generation of the conformers; a threefold rotation about the
C8AC9 bond, resulting in two different gauche and one anti confor-
mations, a twofold rotation about the amide bond (N10AC11)),
which generates cis- or trans-amide structures, and a twofold rota-
tion of the 5-methoxy group, which can lead to syn and anti
conformers, cf. Fig. 1. From the analysis of the rotationally resolved
spectra of 5-methoxyindole [27] and 5-methoxytryptamine [28],
we have learned that all experimentally observed conformers be-
longed to the anti class of conformers for the methoxy group with
respect to the indole NH. Therefore, we excluded from the begin-
ning all syn-methoxy conformers. Since the cis-amide conformers
are considerably higher in energy than the respective trans-amide
structures, they also were not considered as starting structures.
Thus, three classes of conformers served as basis of the conforma-
tional search; the first is based on the Anti(trans)anti family, the
second on the Gpy(trans)anti, and the third on the Gph(trans)anti
structures. The remaining degree of freedom is the threefold
rotation about the C9AN10 bond, which leads to conformers that
are labeled by the orientation of the amide NAH with respect to
the chromophore as in, out, and up.

For the Anti(trans)anti family the in, out, and up conformers
have been used as starting structures, resulting in Anti(trans-
out)/anti and Anti(trans-in)/anti minima on the potential energy
surface. The up structure converged in the course of the optimiza-
tion to the Anti(trans-in)/anti minimum. Also, for the two Gauche
families, the up conformer converged to one of the in and out con-
formers. For the Gph conformers, additionally, the out conformer
relaxed to the in structure. Thus, five low energy conformers of
melatonin are found in our analysis, keeping in mind that we did
not explore the whole conformational space.

Table 1 shows the energies, relative stabilities and rotational
constants of the five lowest energy conformers of melatonin found
in our study, calculated for the CC2/cc-pVTZ optimized structures.
The most stable conformer was found to be Gph(trans-in)anti, fol-
lowed by Anti(trans-out)/anti, 645 cm�1 above. The energetically
following conformer is the analog of the most stable, but with
the side chain pointing in the pyrrole direction Gpy(trans-in)anti,
683 cm�1 above the minimum. In order to check how much the
energetics are influenced by BSSE effects of the side chain–chromo-
phore interaction, we optimized the structures of the three most
stable conformers with the smaller TZVP basis. The relative energy
of the Anti(trans-out)/anti conformer increases, while Gpy(trans-
in)anti and Gph(trans-in)anti stay constant relative to each other.
Obviously, BSSE effects stabilize both gauche structures equally
and will not cause large variations in their relative energies.

The adiabatic excitation energy (CC2/cc-pVTZ) of the Anti
(trans-out)/anti conformer is calculated to be 34091 cm�1 for
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Fig. 2. (a) Definition of href, the angle between the TDM and the pseudo-symmetry axis of the indole chromophore. (b) Frontier orbitals of the Anti(trans-out)/anti conformer.
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Gph(trans-in)anti 33931 cm�1, and for Gpy(trans-in)anti
34317 cm�1. The differences of the excitation energies are consid-
erably larger than the wavenumber difference of the origin bands
of conformers A–E in Ref. [8]. In order to quantify the excitation
properties, we calculated excitation energies and transition dipole
moments using DFT/MRCI at the CC2 optimized structures. This is
described in the following section.

4.2. Excited singlet states

Using DFT/MRCI at the CC2 optimized geometries, we calcu-
lated excitation properties of the four lowest energy conformers,
described in the preceding section. Table 2 gives the lowest adia-
batic singlet excitation energies of the four lowest energy conform-
ers along with the orientations of the transition dipole moments
Fig. 3. Experimental and simulated spectrum of melatonin B. The lower four traces show
two torsional subbands. For details see text.
(TDM) in the principal inertial axis system of the conformers (h
and /), and also with respect to the pseudo-symmetry axis of the
indole chromophore (href, cf. Fig. 2a), which is independent of the
different inertial axis orientations in the different conformers.
The lowest singlet excitation of all four conformers has its TDM ori-
ented as in the 1Lb state of indole, with slightly larger angles href

than in indole (+38.3�). The positive direction of the angle href is de-
fined in Fig. 2a.

The excitation scheme of the lowest singlet excitation is that of
a nearly pure LUMO HOMO transition (cf. Fig. 2b). The excitation
to the second singlet state, which is the 1La-state, is mainly of LU-
MO HOMO – 1 character. These excitation schemes for the 1La

and 1Lb states are different than those of indole. As we showed in
a recent publication on 5-methoxyindole [27], the methoxy substi-
tuent introduces an additional node in the molecular orbital, which
expanded views of the experiment, the simulation and the deconvolution into the
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Fig. 4. Simulated stick spectrum of melatonin B along with the convolution, using the experimental line width. The lower two traces show enlarged regions of the spectra in
the P- and in the Q-branch, illustrating the complexity of the spectrum at this resolution.
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Fig. 5. Inertial a and b-axes of the Anti(trans-out)/anti conformer of melatonin
along with the internal rotor axis of the methyl rotor in the acetyl group. The
internal rotor axis is nearly parallel with respect to the inertial a-axis.
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was formerly the HOMO – 1 in indole, and which becomes the
HOMO in 5-methoxyindole. This causes a change in energy order-
ing between indole, 5-methoxyindole and melatonin for the HOMO
and HOMO – 1, respectively, and is responsible for the altered exci-
tation scheme of melatonin compared to indole.

The second excited singlet state is the 1La state, about
4000 cm�1 above the 1Lb state for each conformer, with an oscilla-
tor strength of about 0.14 (approximately twice that of the 1Lb

state). The permanent dipole moment of this state is calculated
to be more than twice that of the 1Lb state (7.4 vs. 3.5 Debye).

5. Experimental results

The rotationally resolved LIF spectrum of melatonin B (referring
to the nomenclature of Florio et al. [8]) shows a split band with Dm
of 2270 MHz, cf. Fig. 3. The fit of the spectrum shows that both sub-
bands have very similar rotational constants, both in the ground
and in the electronically excited states. The lower frequency com-
ponent can be fit with a normal rigid rotor Hamiltonian, while the
blue component shows slight deviations. We based the analysis of
the structure of this conformer on the rotational constants of the
red component.

The need for using the automated evolution fitting procedure
described above is illustrated in Fig. 4. Two different regions of
the simulated spectrum have been enlarged in the figure in order
to highlight the enormous number of rovibronic transitions that
contribute to the observable features, which appear as single lines
in the spectrum. In the outer wings of the P-branch, up to 100 lines
contribute to each feature; in the region of the Q-branch it is a few
hundred. A quantum-number based assignment procedure as has
been used in the analysis of smaller molecules for decades is thus
impossible here.

Comparison to the results of ab initio calculations (CC2/cc-pVTZ)
proves that only the rotational constants of the Anti(trans-out)/
anti conformer are in agreement with the experimental ones (cf.
Fig. 5). The splitting has to be assigned to a large amplitude motion.
Here, we have two possible ones; the threefold methyl rotation of
the 5-methoxy group (high barrier) and the threefold methyl
rotation of the acetyl group (low barrier). N-phenylacetamide for
example, has a ground state barrier for the methyl rotation in the
acetyl group of less than 30 cm�1, and of 50 cm�1 in the electron-
ically excited state with an experimentally observed AE splitting of
about 4 cm�1 [29]. In melatonin, the acetamide group is separated
from the chromophore by two methylene groups. Therefore, we
expect the torsional barrier of the methyl group to be similar in
both electronic states, resulting in a much smaller AE splitting.
The chemically more similar N-phenethyl-acetamide shows no ob-
servable AE splitting of the origin band in the R2PI spectrum [30].

We fit both subbands in the rotational spectrum of melatonin B
to an effective rotational Hamiltonian for the torsional state jv,r i,
which is defined as [31,32]:



Fig. 6. Experimental and simulated spectrum of melatonin A. The lower four traces show expanded views of the experiment, the simulation and the deconvolution into the
two torsional subbands. For details see text.
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Hvr
R ¼

X

g¼a;b;c

Bvr
g P2

g þ
X

g¼a;b;c

DgPg ð1Þ

The quantum-numbers, v and r, are introduced to unambiguously
classify the energy levels for the torsional problem. v is the prin-
cipal torsional quantum-number used to classify the torsional
states for a single threefold potential and the three torsional sub-
levels have to be distinguished by a further quantum-number r.
This r is chosen in such a way that it represents the symmetry
of the torsional wavefunctions and therefore the torsional problem
is diagonal in r. The Bvr

g are the torsionally averaged rotational
constants for the state jv,ri (terms quadratic in the overall angular
momenta Pg), and the terms linear in angular momentum Dg are
defined by

Dg ¼
kgBgW ð1Þ

vr
r

ð2Þ

From the ab initio calculated structure of Anti(trans-out)/anti mel-
atonin, we know that the methyl rotor of the acetyl group is par-
allel to the inertial a-axis and perpendicular to b and c (cf. Fig. 5).
Therefore, only one linear term, namely Da is needed, while Db

and Dc are zero. kg are the direction cosines of the methyl top axis
and the main inertial axes (in the case at hand, ka = 1, kb = kc = 0).
W ð1Þ

vr the first order perturbation coefficient for the state jv,ri, is
given by

W ð1Þ
vr ¼ �2hvrjpjvri ð3Þ

and

r ¼ 1�
X

g¼a;b;c

k2
g Ia
Ig

ð4Þ

where Ia is the moment of inertia of the methyl top and Ig are the
moments of inertia of the whole molecule with respect to the main
inertial axes. The Bvr

g are defined by
Bvr
g ¼ Bg þ FW ð2Þ

vr ð5Þ

with second order perturbation coefficients W ð2Þ
vr given by

W ð2Þ
vr ¼ 1þ 4F

X

v 0–v

jhvrjpjv 0rij2

Evr � Ev 0r
ð6Þ

Thus, the barrier to internal rotation and its change upon electronic
excitation can be determined from the values of Da, from the
difference of the torsionally averaged rotational constants in the E
and the A states, and from the subtorsional splitting DEea ¼
ðEm0�1 � Em00�1Þ � ðEm00 � Em000Þ. Using a fitting program, which addi-
tionally uses the information of higher torsional transitions [33],
we made a fit of the barriers in ground and excited state, including
the 2e0  1e00 transition, which we assigned to be the 41 cm�1 band
in the low resolution R2PI spectrum of Florio et al. [8]. According to
a harmonic normal mode analysis of Anti(trans-out)/anti melatonin,
the lowest energy vibration is the bending vibration of the side
chain at 87 cm�1. It seems therefore safe to assign the lowest
observed vibronic frequency to the torsional 2e0  1e00 transition.
Fixing the torsional constant F to 5.2 cm�1, we obtained barriers
of V3(S0) = 63 cm�1 and V3(S1) = 64 cm�1. These values are larger
than the ground state V3 torsional barrier in acetamide that has
been determined to be 25 cm�1 by microwave spectroscopy [34].
Also in this molecule, the inertial a-axis is nearly parallel to the
internal rotor axis, as in melatonin B.

Since the methyl rotor points away from the bulky indole chro-
mophore, the reason for the higher barrier in melatonin B com-
pared to acetamide cannot be a steric one, but must be
electronic. Plusquellic and Pratt [35] have shown that a correlation
exists between the internal rotation barriers of methyl groups
attached to a peptide bond and the relative weight of the two
principal resonance structures (a purely covalent and an ionic res-
onance structure) that contribute to the peptide bond. The weight
of these resonance structures strongly depends on the nature of the
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Fig. 7. Inertial a and b-axes of the Gph(trans-in)/anti conformer of melatonin along
with the internal rotor axis of the methyl rotor in the acetyl group. The polar angles
of the internal rotor axis with the inertial axes are f = 40� and g = 10�. Here g is the
angle between the projection vector of the threefold rotor axis on the ab-plane and
the a-axis and f the angle between the threefold rotor axis and the c-axis.

Table 3
Molecular parameters of the melatonin A and B origin bands obtained from ES-DR2
fits of the experimental spectra. The changes of the rotational constants upon
electronic excitation are defined as DA = A0 � A00 , etc. where the doubly primed
parameters refer to the electronic ground state and the singly primed to the excited
state. The linear angular momentum terms D00a and D0a are defined by Eq. (2). The
angles h and / define the orientation of the transition dipole moment in the principal
axis system of the molecule. h is the angle between the projection vector of the
transition dipole moment on the ab-plane, and the a-axis and / the angle between the
transition dipole moment and the c-axis. s is the excited state lifetime, determined
from the Lorentz contribution to the Voigt profile of the rovibronic transitions. T1,T1,
and wT are the parameters from a two-temperature fit [36] to the relative intensities
of the rovibronic transitions: nðT1 ; T2;wT Þ ¼ e�E=kT1 þwT e�E=kT2 .

Anti(trans-out)anti Gph(trans-in)anti

A E A E

A00 (MHz) 627.62(7) 627.30(7) 541.99(22) 543.93(19)
B00 (MHz) 327.50(4) 327.50 487.03(17) 488.90(14)
C00 (MHz) 221.41(4) 221.41 312.26(13) 311.70(12)
D00a (MHz) – 338.7(10) – –
DI00 (uA2) �65.8(2) �66.2(2) �351.9(1) �341.6(1)
DA (MHz) 0.80(3) 0.73(3) 0.62(1) 0.57(2)
DB (MHz) 1.12(8) 1.12(7) 8.19(2) 7.53(5)
DC (MHz) 0.67(2) 0.76(2) 7.55(3) 6.64(3)
DI0 (uA2) �66.1(2) �66.5(2) �371.9(1) �358.7(1)
D0a (MHz) – 326.8(11) – –
h (degree) 39 39 25 25
/ (degree) 88 88 81 81
s (ns) 3 3 2 2
T1 9.7 9.7 4.5 4.5
T2 2.7 2.7 13.4 13.4
wT 0.34 0.34 0.08 0.08
m0(cm�1) 32549.19(1) 32549.11(1) 32978.04(1) 32977.92
DEea (MHz) �2262(3) �3640(20)
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substituents at the peptide bond and their conformations. Thus,
the difference of the melatonin B methyl rotor barrier compared
to that of acetamide is easily understood.

The rotationally resolved electronic spectrum of the melatonin
A band is shown in Fig. 6. Like the origin band of melatonin B, it
is split into two torsional components, which are in this case
3640 MHz (�0.12 cm�1) apart. Comparison of the rotational con-
stants of the A subtorsional component, which are given in Table 3,
to the results of the ab initio calculations shows good agreement
with the rotational constants of the Gph(trans-in)anti conformer.
Florio et al. [8] assigned the melatonin A band to belong to the
Gpy(trans-in)anti conformer. Based on the energetics, the rotational
constants and their changes upon electronic excitation (cf. Table 1),
we prefer the assignment of the melatonin A band being due to the
Gph(trans-in)anti conformer, an alternative assignment which has
not been explicitly excluded by Florio et al. [8].

The center frequency of the melatonin A band is found at
32978.04 cm�1, thus 430 cm�1 blue-shifted relative to the origin
of melatonin B, which could unambiguously be attributed to the
Anti(trans-out)anti conformer. Comparing the DFT/MRCI com-
puted origin frequencies from Table 2, one finds the origin of mel-
atonin Gph(trans-in)anti to be blue-shifted by 311 cm�1, while the
origins of both Gpy conformers are red-shifted. This is a further
indication that our assignment of melatonin A to the Gph(trans-
in)anti conformer is correct.

The torsional analysis in this case is much more difficult than in
the case of melatonin B, since the torsional axis makes an angle
with all three inertial axes (cf. Fig. 7). Thus, in addition to the rota-
tional constants for the A and the E subspectra, all three Dg have to
be fit for each electronic state. This proved to be impossible for this
conformer owing to the enormous line density of overlapping tran-
sitions. Using the subtorsional splitting of 3640 MHz and a fre-
quency of 45 cm�1 for the 2e0  1e00 transition of this conformer
from Ref. [8], we could estimate the difference of the torsional bar-
riers upon electronic excitation to about 6 cm�1 compared to
1 cm�1 for melatonin B.
6. Conclusions

Comparing the results of ab initio calculations with molecular
parameters obtained from the analysis of the rotationally resolved
electronic spectra of melatonin A and B, we were able to unambig-
uously assign a Gauche-phenyl structure to the melatonin A band,
and an Anti-structure to melatonin B. The CC2/cc-pVTZ calculated
ground state rotational constants of both conformers agree well
with the experimentally determined ones. The changes of the rota-
tional constants upon electronic excitation (and thus the excited
state structure) are perfectly described by CC2 theory for melato-
nin B, while the calculated changes of the rotational constants
DA and DC in melatonin A are slightly too large. This points to
an overestimate of dispersive interactions at the CC2 level in the
excited state of the folded melatonin A, while the linear melatonin
B lacks dispersive interactions between side chain and chromo-
phore and hence the geometry change upon electronic excitation
is reproduced with higher accuracy for melatonin B. The spectra
of both conformers are split by an internal threefold rotation of
the methyl rotor in the acetyl group of the side chain. Since the
spacing between the methyl rotor and the chromophore is large,
and the side chain bearing the methyl group points away from
the chromophore in the Anti-structure, the barriers in both elec-
tronic states are virtually the same. This situation changes in the
Gauche-conformer. The electronic isolation of methyl top and
chromophore is the same as in the Anti-conformer, but due to
the close proximity of methyl rotor and chromophore, a through-
space interaction may significantly change the barrier height upon
electronic excitation.

Independent of the conformer, the lowest electronically excited
singlet state has been found to be of 1Lb character with nearly iden-
tical values of the transition dipole moment orientation with re-
spect to the pseudo-symmetry axis of the indole chromophore.
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