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Even though the two possible rotamers of methoxy-substituted indoles only differ in the orientation of a
methoxy group, this slight geometry change can have a strong influence on the stabilities and further
molecular properties of the conformers. In the present study, we evaluate the effect of the methyl group
position on the presence of different conformers in molecular beam studies for the systems 4-, 5-, and
6-methoxyindole. By using rotationally resolved electronic Stark spectroscopy in combination with high
level ab initio calculations the structures of the observable conformers have been assigned and reasons for
the absence of the missing conformers discussed. Thereby, we could show that the relative ground state
energies and isomerization barriers for both conformers strongly depend on the position of the methoxy
group and are the main explanation for the absence of the syn conformers of 4-, and 5-methoxyindole.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The basic concept that structure always precedes function has
stimulated competing theories on molecular recognition like the
older lock and key principle by Fischer [1], the more recent concept
of induced fit by Koshland [2], and the conformational selection
theory [3]. Today it seems confirmed that in many cases conforma-
tional selection is followed by conformational adjustment [4]. This
means that allosteric binding at the receptor site of a protein
induces a conformational change at another site. Thus, barriers to
large amplitude motions have to be affected through the ligand
molecule.

However, the term structure should include not only geometric
effects on the interaction, but also electronic effects. Additionally,
the magnitude and especially the direction of the permanent
dipole moments in the electronic ground state strongly influence
ligand-receptor interactions. In an intuitive picture the individual
dipole moments of the polar groups in a molecule are summed
vectorially, resulting in the overall dipole moment. However, Pratt
and coworkers have shown that inductive effects may lead to
breakdown of this rule [5]. Even for the electronic ground state
theoretical predictions of electric dipole orientations can deviate
considerably from the experimental one [6,7]. Also electronic
excitations have been shown to dramatically change molecular
dipole moments, in some cases a complete reorientation was
observed [8].

For flexible molecules the dipole moment often depends on the
specific conformation, stressing the influence of the conforma-
tional space. For methoxyindoles the problem of different rotamers
in molecular beam experiments cannot be answered uniformly. In
general, they can exist in two rotameric forms which are due to the
twofold internal rotation of the methoxy group about the CO bond.
For 6-methoxyindole (6MOI) two electronic origins bands at
33,722 and 33,952 cm�1 were observed in resonant enhanced mul-
tiphoton ionization (REMPI) spectra [9]. Our group could show that
the shorter wavelength band at 33,716.58 cm�1 belongs to the anti
rotamer, the other band at 33,948.12 cm�1 to the syn rotamer [10].
However, the excitation spectrum of 5-methoxyindole (5MOI)
shows just a single origin band which could be shown to be due
to the anti conformer [11–13]. Also the laser induced fluorescence
spectrum of 4-methoxyindole (4MOI) consists of a single origin
band at 35,309 cm�1 [12]. Hence, the question arises why the num-
ber of observed conformers in molecular beam experiments
depends on the position of the substituent.

Here, we will study the position-dependent stability of the syn
and anti conformers of 4-, 5-, and 6-methoxyindole. The structures
of all molecules are shown in Fig. 1. Recently, the ground and
excited state structures of 5MOI and 6MOI [13,10] and the dipole
moments of 5MOI [6] have been presented. In the current
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Fig. 1. Atomic numbering of the heavy atoms of indole and overview of the structures of both conformers of 4-, 5-, and 6-methoxyindole in their respective principal axis
frame. For anti 4MOI a clockwise rotation of the TDM vector with respect to the a-axis is shown. The respective angle h is defined to be negative.
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contribution, we will extend the investigation to 4MOI, present the
dipole moments of 4MOI and 6MOI and compare the whole class of
methoxyindoles.
2. Experimental section

2.1. Experimental methods

4-Methoxyindole (P 99%) and 6-Methoxyindole (P 98%) were
purchased from Sigma–Aldrich and Apollo Scientific. All samples
were used without further purification. The experimental set-up
for the rotationally resolved laser induced fluorescence spec-
troscopy is described in detail elsewhere [14,15]. In brief, the laser
system consists of a single frequency ring dye laser (Sirah Matisse
DS) operated with Rhodamine 110 and Rhodamine 6G pumped
with 7.5 W of the 514 nm line of an Ar+-ion laser (Coherent, Sabre
15 DBW). The dye laser output was coupled into an external folded
ring cavity (Spectra Physics Wavetrain) for second harmonic gen-
eration. The resulting output power was constant at about
12 mW for 4-methoxyindole and 6-methoxyindole during the
experiment. The molecular beam was formed by co-expanding 4-
methoxyindole (6-methoxyindole), heated to 200 �C, and 300 mbar
(700 mbar) of argon through a 200 lm nozzle into the vacuum
chamber. The molecular beam machine consists of three differen-
tially pumped vacuum chambers that are linearly connected by
skimmers (1 mm and 3 mm, respectively) in order to reduce the
Doppler width. The resulting resolution is 18 MHz (FWHM) in this
set-up. In the third chamber, 360 mm downstream of the nozzle,
the molecular beam crosses the laser beam at a right angle. The
detection volume for the fluorescence light is formed by a concave
mirror (f = 25 mm) in a distance of 50 mm below the crossing of
molecular beam and laser beam and a plano-convex lens
(f = 50 mm) at a distance of 50 mm above the molecular beam.
The light is then focused onto the photocathode of a UV enhanced
photomultiplier tube (Thorn EMI 9863QB) using a lens of
f = 130 mm in a distance of 70 mm. For Stark measurements a par-
allel pair of electroformed nickel wire grids (18 mesh per mm,
50 mm diameter) with a transmission of 95% in the UV is used
[6]. The grids have an effective distance is 23.49 � 0.05 mm and
are symmetrically aligned with respect to the laser beam. In the
present experiment we used a field strength of 397.19 V/cm and
a polarization of the laser which is parallel to the electric field.
Due to technical reasons we always observe a weak contribution
(20%) of light perpendicular polarized which is accounted for in
the analysis.
2.2. Quantum chemical calculations

The equilibrium geometries of the electronic ground and the
lowest excited singlet states were optimized using second-order
approximate coupled-cluster (CC2) calculations employing the
resolution-of-the-identity approximation (RI) [16–18], with Dun-
ning’s correlation consistent polarized valence triple zeta (cc-
pVTZ) from the TURBOMOLE library [19,20]. Vibrational frequencies
and zero-point corrections to the adiabatic excitation energies
were obtained from numerical second derivatives using the Num-
Force script [21] implemented in the TURBOMOLE program suite [22].
A natural-bond-orbital (NBO) analysis [23] was performed at the
optimzed geometries by using the wavefunctions from the CC2 cal-
culations as implemented in the TURBOMOLE package [22].
2.3. Fits of the rovibronic spectra using evolutionary algorithms

The rotationally resolved electronic spectra are fit using evolu-
tionary strategies (ES), described in detail in Refs. [24–27]. For the
fits of the spectra we used the CMA-ES algorithm [28,29]. In this
variant of global optimizers mutations are adapted via a covariance
matrix adaptation (CMA) mechanism to find the global minimum
even on rugged search landscapes that are additionally compli-
cated due to noise, local minima and/or sharp bends.

The intensities of the rotational lines in the Stark spectra are
calculated from the eigenvectors of the Stark Hamiltonian and
the direction cosine matrix elements. The static electric field mixes
the rovibronic eigenstates, so that J; Ka, and Kc are no good
(pseudo-) quantum numbers any more, M is the only remaining
good quantum number.
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3. Results

3.1. Computational results

The relative energies of the syn and anti conformers of 4MOI,
5MOI, and 6MOI in the electronic ground and lowest electronically
excited state are compiled in Fig. 2. In the electronic ground state
the anti conformer is the most stable conformation for both 4-
and 5-methoxyindole. The respective syn conformers lie
1160 cm�1 (4MOI) and 409 cm�1 (5MOI) higher in energy, includ-
ing zero-point vibrational energy. For 6MOI the relative stability of
the conformers is interchanged and the syn conformer is lowest in
energy in the S0. These rotamers can be interconverted via a rota-
tion around the CO bond. The respective barriers for isomerization
depend strongly on the position of the methoxy group at the indole
chromophore. For 4MOI the barrier for syn! anti isomerization
amounts only to 155 cm�1, increases to 678 cm�1 for 5MOI and
reaches 1134 cm�1 for 6MOI.

In the ground state all anti conformers lie within an energy
band of �600 cm�1. The same is true for the syn conformers. Exci-
tation to the lowest excited singlet state leads to a pronounced
shift in the relative energies of the molecular structures. For the
anti conformer of 4MOI we observe a blue-shift of more than
2500 cm�1 compared to anti 5MOI. Also the relative stability of
the conformers differ in the two electronic states. For 5MOI and
6MOI the energetic order of syn and anti is exchanged in the S1
compared to the S0. For 4MOI the syn and anti conformation
become isoenergetic in the S1. Here the strongest influence of the
electronic excitation on the relative stability of the conformers is
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Fig. 2. Relative energies of both conformers of 4-, 5-, and 6-methoxyindole accordi
observed (DE � 1100 cm�1). This shows that the energetic ordering
of the conformers strongly depends on the position of the sub-
stituent at the chromophore.

Table 1 summarizes the natural charges in the electronic
ground and lowest electronically excited state of the methoxyin-
doles compared the one of indole itself, derived from an NBO anal-
ysis. The methoxy group donates electron density to the
conjugated p-system via the mesomeric effect (þM). Calculating
the electron density difference between the atoms of the
methoxyindoles and indole in the ground state ðqMOI

i � qindole
i Þ

reveals that the electron density is primarily increased at the
atoms in ortho and para position with respect to the methoxy
group. Furthermore, the largest increase is observed at the ortho
carbon atom to which the methyl group points, similar to the
observation for 5-hydroxyindole [30]. Another remarkable point
is that the addition of the methoxy group does not influence the
electron distribution inside the pyrrole ring.
3.2. Experimental results

The rotationally resolved spectrum of the electronic origin of
4MOI is shown in Fig. 3. The molecular parameters extracted from
the best CMA-ES fit of this spectrum are compiled in Table 2 and
compared to the ab initio values for the two conformers of 4MOI.
The assignment of the molecular structure is based on the rota-
tional constants in the ground (A00; B00; C00) and excited state
(A0; B0; C0). We observe excellent agreement between the experi-
mental data and the predictions for the anti conformer. The angle
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Table 1
Natural charges from a natural population analysis (NPA) for both conformers of 4-, 5-, and 6-methoxyindole using the CC2/cc-pVTZ wave functions. For atomic labeling see Fig. 1.

Indole 4-methoxyindole 5-methoxyindole 6-methoxyindole

Anti Syn Anti Syn Anti Syn

Ground state
N1 �0.50 �0.50 �0.50 �0.50 �0.50 �0.51 �0.50
C2 �0.02 �0.03 �0.03 �0.02 �0.02 �0.03 �0.03
C3 �0.29 �0.28 �0.30 �0.29 �0.29 �0.29 �0.28
C4 �0.18 +0.32 +0.31 �0.29 �0.24 �0.17 �0.17
C5 �0.22 �0.33 �0.27 +0.28 +0.28 �0.31 �0.25
C6 �0.20 �0.18 �0.19 �0.24 �0.29 +0.30 +0.30
C7 �0.23 �0.26 �0.26 �0.21 �0.21 �0.28 �0.34
C8 +0.13 +0.14 +0.15 +0.11 +0.11 +0.15 +0.15
C9 �0.09 �0.13 �0.16 �0.07 �0.07 �0.11 �0.11
O1 – �0.47 �0.48 �0.48 �0.48 �0.48 �0.47
C10 – �0.21 �0.20 �0.21 �0.20 �0.20 �0.21

Lowest electronically excited state
N1 �0.45 �0.46 �0.47 �0.47 �0.45 �0.47 �0.50
C2 �0.09 �0.09 �0.10 �0.09 �0.10 +0.00 +0.02
C3 �0.24 �0.22 �0.26 �0.26 �0.25 �0.22 �0.25
C4 �0.23 +0.30 +0.29 �0.32 �0.28 �0.29 �0.29
C5 �0.12 �0.21 �0.16 +0.33 +0.33 �0.35 �0.30
C6 �0.25 �0.29 �0.30 �0.31 �0.35 +0.34 +0.34
C7 �0.29 �0.24 �0.23 �0.30 �0.29 �0.38 �0.42
C8 +0.14 +0.11 +0.13 +0.16 +0.15 +0.13 +0.15
C9 �0.07 �0.18 �0.20 �0.08 �0.09 �0.11 �0.07
O1 – �0.43 �0.42 �0.40 �0.40 �0.41 �0.41
C10 – �0.21 �0.21 �0.21 �0.21 �0.21 �0.21

Bold numbers show the largest differences of the natural charges between the syn and the anti rotamers.
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Fig. 3. Rotationally resolved spectrum of the electronic origin of the anti conformer
of 4-methoxyindole, along with a simulation using the best CMA-ES fit parameters,
given in Table 2.
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h, which defines the orientation of the transition dipole moment
(TDM) with respect to the inertial a-axis, is predicted to be virtu-
ally identical for the two conformers within the accuracy of the cal-
culations. A negative sign is defined by a clockwise rotation from
the inertial a-axis onto the TDM vector, cf. Fig. 1. The experimen-
tally observed value is in general agreement with the calculated
ones. As the analysis of the band type yields only the projection
of h onto the inertial axes, we also measured a deuterated species
of 4MOI to lift this ambiguity. The exchange of one atom by a heav-
ier isotope rotates the a-axis towards this atom without affecting
the orientation of the TDM [31,32]. Stirring 4MOI with deuterated
methanol for a few hours leads to a new band in the fluorescence
spectrum, which is blue-shifted by around 6 cm�1 to the undeuter-
ated origin. The respective rotationally resolved spectrum of the
electronic origin of the deuterated isotopomer can be found in Sup-
porting Online Material. From the analysis of the rotational con-
stants we can assign this spectrum to a species deuterated at the
C3-atom, cf. Fig. 1. The comparison of the computed rotational con-
stants for all possible singly deuterated isotopomers from the
ab initio structures with the experimental values is also given in
Supporting Online Material. The increase in h by 0.7�shows that
the a-axis is rotated away from the TDM vector. Hence, we can
determine the sign of h to be negative. As it can be seen from
Fig. 1, a value of �17.2� for h corresponds to a TDM vector going
almost through the pyrrolic nitrogen, which is typically attributed
to the 1La state in indole [33]. Following the nomenclature of Platt
[34], the lowest two electronically excited states can be labeled as
1La and 1Lb. The transition to the former is dominated by a
LUMO HOMO excitation and the latter can be described by a
mixture of (LUMO + 1) HOMO and LUMO (HOMO � 1) contri-
butions [35,13]. While the TDM vector orientation for 5MOI is 1Lb
like and almost orthogonal to the 1La vector [13], the change of
the methoxy group to position 4 or 6 introduces LUMO HOMO
contributions in the S1 state. This leads to a reorientation of the
TDM vector [36,37].

The magnitude of the inertial defect DI, which is a measure of
the non-planarity of a molecule, points towards a mainly planar
structure of 4MOI in both states. The slightly negative value stems
from the two hydrogen atoms of the methyl group which are not
within the aromatic plane.

Additionally, we recorded rotationally resolved electronic Stark
spectra at our maximum field strength of 397.19 V/cm to deter-
mine the ground and excited state dipole moments of 4MOI and
6MOI. However, for anti 6MOI the effect of the applied field
strength is not sufficient to result in a detectable change in the
spectrum. The respective values for 5MOI have been published pre-
viously [7]. During the analysis of the spectrum all molecular
parameter except for the dipole moment and its orientation were
kept constant at the values from the fit of the field free spectrum
(see Table 2 and Ref. [10]). Fig. 4 shows a small portion of the elec-
tronic origin of syn 6MOI compared to the Stark spectrum, along
with the simulations of the CMA-ES fit. The Stark spectrum of anti
4MOI can be found in Supporting Online Material. The resulting



-5000 0 5000 10000 15000
0 V/cm

7000 8000 9000 10000 11000 12000 13000 14000

397.19 V/cm, 80 % ΔM = 0

syn 6-Methoxyindol
0 V/cm

Experiment
Simulation

relative frequency / MHz

Fig. 4. Rovibronic spectrum of the electronic origin of the syn conformer of 6-
methoxyindole at 0 V/cm with a zoomed part of the spectrum at 0 V/cm and
397.19 V/cm with both field configurations along with a simulation using the best
CMA-ES fit parameters, given in Table 3.

Table 2
Experimentally observed molecular parameters of 4-methoxyindole in the S0 and S1 state and the respective values at CC2/cc-pVTZ level of theory. The undeuterated spectrum is
denoted with d0, the deuterated with [d-C3]. Changes of the rotational constants are defined as: DBg ¼ B0g � B00g , with Bg as rotational constants with respect to the inertial axes
g ¼ a; b; c. Double-primed constants belong to the ground state and single-primed to the excited state. m0 is the energy of the electronic transition and s the excited state
lifetime. For more details see text.

Experiment Theory, d0

d0 [d-C3] Anti Syn

A00/MHz 1971.9(2) 1917.91(19) 1981.9 1623.3

B00/MHz 1005.77(4) 1005.42(3) 1007.0 1227.7

C00/MHz 669.11(3) 662.67(2) 670.6 702.2

DI00/amu Å2 �3.46 �3.52 �3.20 �3.21
A0/MHz 1927.7(2) 1875.47(27) 1935.8 1580.8

B0/MHz 992.76(4) 992.34(3) 993.1 1223.3

C0/MHz 658.43(3) 652.09(2) 659.1 692.7

DI0/amu Å2 �3.67 �3.73 �3.21 �3.21
h/� �17.2(1) �17.9(1) �7 �3
m0/cm�1 35302.24(1) 35308.20(1) 36,101 34,938
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ground and excited state dipole moments l, the individual compo-
nents li along the main inertial axes i ¼ a; b(the value of lc is zero
by symmetry) and the angle hD of the permanent dipole moment
with the inertial a-axis are summarized in Table 3 and compared
to the values of 5MOI. Since electronic Stark spectroscopy only
yields the unsigned values of the Cartesian components, the orien-
tation of the dipole moment vector and thus the sign of hD remains
undetermined. This can be removed by comparison to the
calculations.

In the ground state the experimental dipole moment of anti
4MOI is in very good agreement with the calculated one. Regarding
the individual components, theory overestimates la and underes-
timates lb only slightly. Hence, the magnitude of hD is well repro-
duced and the negative sign can be adapted from theory. In the
electronically excited state the permanent dipole is reduced to
0.27 D. For such a small dipole moment the error of the calcula-
tions is on the same order as the value itself and we observe a large
deviation in hD between theory and experiment. For 6MOI the
overall magnitude of the dipole moment and its components in
the S0 are well described by theory as well. In the excited state
both la and lb are overestimated by 25% which results in an excel-
lent agreement regarding the orientation of the dipole moment.

From Table 3 it becomes apparent that the dipole moment of
the anti conformer is always smaller in magnitude than the one
of the respective syn conformer, both in the ground and the elec-
tronically excited state. A general and intuitive model to estimate
the magnitude and orientation of molecular dipole moments con-
sists of the vector sum of the respective bond or fragment dipole
moments. Neglecting inductive effects, this model works pretty
well for the electronic ground state, while it must be treated quite
carefully for the electronically excited states [5–7,38,39]. Here, we
will concentrate on the ground state and apply the vector additiv-
ity model for the three investigated systems. Fig. 5 shows the vec-

tor addition (l
!

MOI ¼ l
!

indole þ l
!

anisole) of the experimental ground
state dipole moment vectors of indole [40] and anisole [41] in
order to estimate the magnitude and orientation of the ground
state dipole moments of the anti conformers of 4MOI and 6MOI
as well as of the syn conformer of 6MOI. The resulting dipole
moments of the methoxyindoles (0.81 D for anti 4MOI, 1.36 D for
anti 5MOI and 2.98 D for syn 6MOI) are in good agreement with
the experimental values from Table 3.

4. Discussion

The relative intensity of conformers in an electronic spectrum
depends on a number of parameters. The population of the initial
state has a major influence as it determines how many molecules
can be excited. However, also other effects play a role like the
conformer-dependent oscillator strength [42], Franck-Condon fac-
tors [43], quantum yields [44,45], or vibronic couplings [46,47]. In
the following we will address these points for the discussed
structures.

The most intuitive explanation for the presence or absence of
different conformers in molecular beam studies comes from the
comparison of the relative energies in the ground state. While for
4MOI and 5MOI only the anti conformer is observed experimen-
tally [11–13], both conformers are present for 6MOI [9,10]. For
5MOI this was explained with a combined effect of the stabiliza-
tion of the anti conformer compared to the respective syn counter-
part and the low barrier separating both conformers [6].
Consequently, all of the population of the syn conformer gets con-
verted into the anti structure via collisions with the seed gas in the
adiabatic expansion. This applies even more to 4MOI, where the
energy gap between both conformers is larger and the barrier
smaller for syn! anti-isomerization. These explanations are in
agreement with calculations made by Oliver et al., who determined
an abundance of 75% for anti 5MOI and 99% anti 4MOI in the
molecular beam at a temperature of 400 K before the expansion



Table 3
Summary of the calculated and experimental permanent electric dipole moments l and their components li along the main inertial axes i = a; b of both conformers of 4-, 5- and
6-methoxyindole. Double primed parameters belong to the electronic ground and single primed to the excited state. Additionally the angle hD of the dipole moment vector with
the main inertial a-axis is given. A positive sign of this angle means a clockwise rotation of the dipole moment vector onto the a-axis in the principal axis frame of the molecules
shown in Fig. 1. The uncertainties of the parameters are given in parentheses and are obtained as standard deviations by performing a quantum number assigned fit.

4-Methoxyindole 5-Methoxyindole [6] 6-Methoxyindole

Experiment Theory Experiment Theory Experiment Theory

Anti Anti Syn Anti Anti Syn Syn Anti Syn

l00a/D 0.82(9) 0.93 2.06 1.53(1) 1.64 1.00 0.22(20) 0.25 0.29
l00b/D 0.56(8) 0.43 1.93 0.42(6) 0.07 2.35 2.88(1) 0.79 3.01
l00/D 0.99(12) 1.03 2.82 1.59(3) 1.64 2.56 2.89(3) 0.83 [10] 3.08 [10]
h00D/� �34(4) �25 +43 �15(1) +2 �67 �86(1) �72 [10] �85 [10]

l0a/D 0.00 0.11 0.77 0.41(11) 0.29 0.49 0.42(11) 0.66 0.54
l0b/D 0.27(17) 0.15 1.93 1.06(2) 1.05 1.70 3.43(1) 1.75 4.28
l0/D 0.27(17) 0.19 2.08 1.14(6) 1.09 1.77 3.46(2) 1.87 [10] 4.31 [10]
h0D/� 90.0 �54 +69 �69(1) �75 �106 � 83(1) �69 [10] �83 [10]

a

b

anti 4MOI

a

b

anti 5MOI syn 6MOI

a

b

Fig. 5. Vector addition of the experimental ground state dipole moment of indole
(grey solid line) and the dipole moment of anisole (black dashed line). The resulting
vector (red dash-dotted line) represents the estimated ground state dipole moment
of the respective methoxyindole. For the sake of clarity and a better comparison to
the values in Table 3, they are shifted to the center of mass. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Table 4
Summary of the fluorescence quantum yields Qf of the experimentally observed
conformers of the investigated methoxyindoles. For more details see text.

Anti 4MOI Anti 5MOI Anti 6MOI Syn 6MOI

f 0.09 0.08 [6] 0.13 [10] 0.10 [10]
mfi/cm�1 36 204 33 271 33 598 34 353
sexp/ns 3.0(1) 6.7 [13] 4.3(1) [10] 4.5(1) [10]

Qf 0.3 0.4 0.4 0.4
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[48]. For 6MOI the barrier is sufficiently high between the two con-
formers that no conversion takes place and both conformers can be
investigated.

Recently, we could show that large geometry changes upon
excitation, and thus the decreasing Franck-Condon factors for the
origin excitations, can also play a major role in the discussion
500 1000 1500

syn 4MOI

500 1000 1500

umber [cm   ]

500 1000 1500 2000

syn 5MOI

syn 6MOI

-1

conformers of 4-, 5-, and 6-methoxyindole at CC2/cc-pVTZ level of theory.
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about the presence of different conformers [43]. In order to exam-
ine this effect, Frank-Condon simulations of the excitation spectra
have been made for all investigated systems and are compiled in
Fig. 6. They have been obtained from the ab initio optimized ground
and excited state structures of each conformer and the respective
Hessian using the program FCFit [49,50]. It computes the excitation
spectrum in the FC approximation in the basis of multidimensional
harmonic oscillator wavefunctions.

The 0,0 transition is the strongest transition, independent of the
position and conformation of the methoxy group. While for 4MOI
almost none of the oscillator strength is distributed over higher
vibronic levels, there are several vibronic levels of 5MOI and
6MOI with increased intensities. However, the Franck-Condon sim-
ulations for the syn conformers do not show significant changes
compared to the respective anti counterparts. Consequently, the
Franck-Condon factors cannot be used to explain the absence of
the syn conformers of 4MOI and 4MOI.

Conformer-dependent couplings to other states may also alter
the relative intensity of transitions in the fluorescence spectrum.
Although vibronic couplings to higher lying electronic states can
be excluded as we observe the S1 in its vibrationless ground state,
conformer-dependent couplings to non-radiative decay channels
may affect the relative intensities in the fluorescence spectrum.
This can be tested by determining the fluorescence quantum yields
Qf of the experimentally observed conformers. It can be calculated
from the ratio of the pure radiative life time snat , which is defined
as the inverse of the fluorescence rate constant kf , and the experi-
mental lifetime sexp, which includes all radiative and non-radiative
deactivation paths. The latter one has been determined from a fit of
the Lorentzian contribution to Voigt profiles.

Qf ¼
kf

kf þ
P

knr
¼ kfP

ki
¼ sexp
snat

ð1Þ

The experimental lifetime depends on the calculated transition
frequency mfi and transition dipole moment lfi given in Debye for
the vertical emission from the lowest excited to the electronic
ground state at the optimized S1 state geometry.

snat ¼ c3

8p2m3fi

3�0�h
l2

fi

ð2Þ

lfi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f�he2

4memfi

s
ð3Þ

In Table 4 the oscillator strengths f and transition frequencies mfi
obtained from the calculations as well as the experimentally deter-
mined life times sexp for all experimentally observed conformers
are compiled, together with the resulting fluorescence quantum
yields Qf .

All these values are well within the spread of the other con-
formers and, hence, cannot be held responsible for the missing
two rotamers as well.

5. Conclusion

Rotationally resolved electronic Stark spectra of anti 4MOI and
syn 6MOI have been recorded and analyzed in order to determine
the structures and dipole moments in the ground and lowest elec-
tronically excited state. The absence of the syn conformers for
4MOI and 5MOI in the spectra has been discussed in the context
of relative population and emission properties. As the emission
properties are rather homogeneous for 4MOI, 5MOI and 6MOI,
we conclude that the relative population of the rotamers in the
molecular beam is the reason for the experimental results. This
implies that a difference of less than 200 cm�1 in the barrier height
for isomerization decides whether both conformers are present in
a molecular beam (6MOI) or only one of them (5MOI).
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