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Position matters: High resolution spectroscopy of 6-methoxyindole
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(Received 29 August 2012; accepted 12 December 2012; published online 14 January 2013)

The structures of syn and anti 6-methoxyindole have been determined in the electronic ground and
excited states using rotationally resolved electronic spectroscopy and high level ab initio calculations.
Second order coupled cluster theory predicts the lowest excited singlet states to be heavily mixed
and the transition dipole moments to depend strongly on the geometries. From the analysis of the
rovibronic spectra of seven isotopomers, the absolute orientation of the transition dipole moment
within the principle axis frame was determined to be Lb-like for both conformers. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4773468]

I. INTRODUCTION

Control of chemical reactivity through the electronic
properties of substituents and their position in aromatic sys-
tems is a routine task in every chemical laboratory. The pre-
diction of photochemical and photophysical reactivity is a
much more demanding task. The change of electron density
through mesomeric and inductive effects does not only affect
the reactivity of the molecule but also the relative positions
of electronically excited states. Some of these might be re-
pelling and the position of a crossing (or conical intersection)
between them, relative to the excitation energy, strongly influ-
ences the photochemical and photophysical behavior. Thus, a
systematic study of the influence of substitution on the rela-
tive positions of excited states is highly desirable. Rotation-
ally resolved spectroscopy of electronically excited states can
be used to label the states via the direction of the transition
dipole moment (TDM) in the inertial frame of the molecule
and at the same time to determine the excited state lifetimes
through the line shapes of the individual rovibronic transi-
tions. The coordinates which drive the excited states into a
conical intersection (CI) may be determined by isotopic sub-
stitution, which leaves in first order the electronic energy un-
changed, but changes the zero-point vibrational energy. Thus,
the tunneling probability and as a consequence of this the ex-
cited state lifetime is modified, if the states are below the CI.

Recently, we investigated the influence of different sub-
stituents at the C5 atom of indole (for atomic numbering cf.
Figure 1).1–5 Depending on whether electrons are donated to
or withdrawn from the chromophore, the energetic position of
the two lowest excited singlet states can be considerably al-
tered, and even a change of their energetic order is observed.
To elucidate the different effects systematically, one could
also choose a substituent and change its position at the chro-
mophore, like it was done, for instance, by Eftink et al.,6 and
Albinsson and Nordén7 for methyl- and methoxyindoles. The
most peculiar impact regarding the orientation and size of the
TDM was observed for solvated 4- and 6-methoxyindole. In
contrast to all other derivatives, the TDM vectors for the two

a)E-mail: mschmitt@uni-duesseldorf.de.

lowest excited singlet states are not orthogonal, but make an
angle of around 19◦–40◦ with respect to each other.

In this publication, we take a closer look at the electronic
origin of the anti and the syn conformers of 6-methoxyindole
(6MOI) and compare the experimental results to high level
ab initio calculations. Furthermore, several deuterated iso-
topomers are included in this study to clarify the orienta-
tion of the TDM vector within the inertial axis frame ex-
perimentally. 6-methoxyindole itself has found only little ex-
perimental interest so far. Sulkes and Borthwick8 measured
the excited state lifetimes of both the syn and anti conformer
of 6MOI in a supersonic jet and determined them to be 6.7
and 6.8 ns, respectively. From the lifetimes of the vibronic
bands, they concluded that coupling to the 1La does not take
place within 1000 cm−1 above the electronic origin of the
1Lb state. The orientations of the transition dipole moments
for several excited singlet states were determined both in a
stretched polyethylene host7 and in glycol glass.6 Both exper-
iments agree in a significant alteration of the TDM orientation
of the 1Lb state due to a methoxy group at C6 compared to in-
dole. Recently, 5-hydroxyindole (5OHI) has been investigated
in our group.1 From the analysis of the syn and the anti con-
formers, a significant dependence of the orientation of tran-
sition dipole moment on the conformation became apparent.
In this context, it is very interesting to analyze the possible
explanations for the unusual dependency of the TDM on the
substituent. Furthermore, 6MOI offers the possibility to inves-
tigate both conformers, which was not possible for the related
5-methoxyindole because in this case only the anti conformer
is present in the jet.

II. TECHNIQUES

A. Experimental procedures

6-Methoxyindole (≥98%) was purchased from Apollo
Scientific and used without further purification. The experi-
mental setup for the rotationally resolved laser induced flu-
orescence spectroscopy is described in detail in Ref. 9. In
brief, the laser system consists of a single frequency ring
dye laser (Sirah Matisse DS) operated with Rhodamine 6G,
pumped with 7 W of the 514 nm line of an Ar+-ion laser

0021-9606/2013/138(2)/024321/9/$30.00 © 2013 American Institute of Physics138, 024321-1
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FIG. 1. Structures of anti (left) and syn (middle) 6MOI in their respective principle axis frame. The definition of the positive direction of the TDM angle θ and
the axis reorientation angle θT are shown on the right.

(Coherent, Sabre 15 DBW). The dye laser output was coupled
into an external folded ring cavity (Spectra Physics Wave-
train) for second harmonic generation. The resulting output
power was constant at about 15 mW during the experiment.
The molecular beam was formed by co-expanding 6MOI,
heated to 194 ◦C, and 650 mbar of argon through a 200 μm
nozzle into the vacuum chamber. The molecular beam ma-
chine consists of three differentially pumped vacuum cham-
bers 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 setup. In the
third chamber, 360 mm downstream of the nozzle, the molec-
ular beam crosses the laser beam at a right angle. The imag-
ing optics setup consists of a concave mirror and two plano-
convex lenses to focus the resulting fluorescence onto a photo-
multiplier tube, which is mounted perpendicularly to the plane
defined by the laser and molecular beam. The signal output
was then discriminated and digitized by a photon counter and
transmitted to a personal computer for data recording and pro-
cessing. The relative frequency was determined with a quasi
confocal Fabry-Perot interferometer. The absolute frequency
was obtained by comparing the recorded spectrum to the tab-
ulated lines in the iodine absorption spectrum.10

B. Computational methods

1. Quantum chemical calculations

All calculations were performed with the TURBOMOLE

program package.11, 12 Dunning’s correlation consistent polar-
ized valence triple zeta (cc-pVTZ) basis sets from the TUR-
BOMOLE library were used.13 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.14–16 Spin-component scaling (SCS)
modifications to CC2 were taken into account.17

2. Fits of the rovibronic spectra using
evolutionary algorithms

The search algorithm employed for the fit of the rota-
tionally resolved electronic spectra is an evolutionary strategy
(ES) adapting normal mutations via a covariance matrix adap-
tation (CMA) mechanism. This (CMA-ES) algorithm was de-
veloped by Ostermeier and Hansen18, 19 and is designed espe-

cially for optimization on rugged search landscapes that are
additionally complicated due to noise, local minima and/or
sharp bends. It belongs, like other search algorithms we also
use, to the group of global optimizers that were inspired by
natural evolution. For a detailed description of these evolu-
tionary strategies refer to Refs. 2 and 20.

III. RESULTS

A. Computational results

The CC2-calculated relative energies along with the adi-
abatic excitation energies of the first two excited singlet states
for the syn and anti conformer of 6MOI are compiled in
Table I. Additionally, the results from the genuine CC2 cal-
culation are shown in Figure 2. All energies are corrected for
the contribution of zero point vibrations. As can be seen, the
energies of both conformers are quite similar in the S0 and S1,
only in the S2 state a pronounced difference in the energies
of the two conformers is predicted. In the electronic ground
state, the anti conformer is more stable than the syn conformer
by around 250 cm−1. Both genuine CC2 and SCS-CC2 are
in very good agreement regarding this value. In the first ex-
cited singlet state, both ab initio methods agree in diminishing
the energetic gap between the conformers. However, they do
not agree in the energetic order. While genuine CC2 predicts
the syn conformer to be more stable by 204 cm−1 in the S1

state, this conformer is shifted slightly to higher energies by
the SCS-CC2 calculations. Here, the anti conformer is more
stable by 93 cm−1. In the S2 state, anti 6MOI is predicted by
both methods to be more stable than the syn conformer by 667
and 850 cm−1, respectively.

Table II collects the rotational constants A, B, and C, in
the electronic ground state and their changes upon excitation
to the S1 and S2 state from the genuine CC2 and SCS-CC2
optimizations. Rotation of the bulky methoxy group about
the bond connecting it to the indole chromophore has a pro-
nounced effect on the rotational constants: A(S0) changes by
nearly 600 MHz and B(S0) by 60 MHz. Therefore, no ambigu-
ities in the assignment of the conformers are to be expected.
The changes of the rotational constants upon excitation to S1

state are similar for both conformers and the same is true for
excitation to the S2. The bond lengths are given in Table III,
the Cartesian coordinates of all conformers and states investi-
gated are given in the supplementary material.31
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TABLE I. Excitation energies and relative energies of the syn and anti conformer of 6MOI calculated at CC2/cc-pVTZ and SCS-CC2/cc-pVTZ level of theory.
All energies are zero-point corrected. Additionally, the oscillator strength f and the permanent dipole moment are given. HOMO is replaced by H, LUMO by L
throughout the table.

S0 S1 S2

syn anti syn anti syn anti

ν0 (cm−1) CC2 . . . . . . 34 589 34 136 38 624 37 708
ν0 (cm−1) SCS-CC2 . . . . . . 34 508 34 337 39 239 38 125
�E (anti-syn) (cm−1) CC2 0 +249 +204 0 +667 0
�E (anti-syn) (cm−1) SCS-CC2 0 +264 0 +93 +850 0
f CC2 (SCS-CC2) . . . . . . 0.10 (0.07) 0.13 (0.10) 0.05 (0.03) 0.05 (0.09)
| �μ|/(D) CC2 (SCS-CC2) 3.08 0.82 4.3 (3.8) 1.9 (1.4) 4.61 (4.8) 2.00 (2.35)
θ ( �μ) (deg) CC2 −85 −72 −83 −69 −56 −33

. . . . . . 0.84(H→L) 0.89(H→L) −0.72(H→L) 0.77(H-1→L)
CC2 . . . . . . −0.32(H→L+4) 0.29(H→L+4) 0.56(H-1→L) −0.48(H→L)

. . . . . . . . . . . . . . . 0.31(H→L+4)

. . . . . . 0.75(H→L) 0.79(H→L) 0.65(H→L) −0.65(H-1→L)
SCS-CC2 . . . . . . 0.40(H-1→L) 0.36(H→L+4) −0.63(H-1→L) 0.65(H→L)

. . . . . . . . . 0.35(H-1→L) . . . . . .

As the orientation of the TDM results from the or-
bitals involved, it is interesting to take a closer look
at these. Taking the energetic order shown in Figure 3
as a reference, excitation to the 1La state is in general
dominated by HOMO→LUMO excitation, while the 1Lb

state involves equal contributions of HOMO-1→LUMO and
HOMO→LUMO+4 (due to the insertion of Rydberg orbitals
in 6MOI, LUMO+4 corresponds to LUMO+1 in the general
case).2, 21 In Table I, all excitations contributing more than 8%

S0

S1

S2

syn anti

249 cm-1

204

667

270 cm-1

34136 cm-1

37708 cm-1

34589 cm-1

38624 cm-1

FIG. 2. Energies of the lowest three singlet states according to the genuine
CC2/cc-pVTZ calculations. All energies are corrected for zero point energies
and given in cm−1. For the results from the SCS-CC2 calculations refer to
Table I.

are listed. From the entries it is apparent that both states have
one-electron excitations in common and hence are strongly
mixed. According to the genuine CC2 calculations, the ma-
jor contributions to the S1 state is HOMO→LUMO excita-
tion (71% and 79%) attributed to an La-like state, but there
are weaker ones (10% and 8%) belonging to an Lb-like state.
For the S2 state the leading contribution depends on the con-
former: for the syn conformer it is 58% La and 32% Lb, and for
anti it is 69% Lb and 23% La. In the SCS-CC2 calculations,
the state mixing is even more pronounced: In the S1 state, the
Lb contributions increase to 16% and 25%, while the S2 is a
1:1 mixture of La and Lb contributions.

The difference in the magnitude of the excited state
dipole moment for the S1 and S2 state (cf. Table I), another
distinguishing characteristic, is much less pronounced than
in other indole derivatives, like 5-hydroxyindole.1 The vari-
ation of the permanent dipole magnitude observed for the dif-
ferent conformers of 6MOI can be explained by simple geo-
metric addition of the local dipoles of the NH and the ether
group. For the syn conformer, the angle between the vec-
tors is 40◦, while it increases to 165◦ for anti 6MOI. Hence,
the local dipole moments of the latter conformer compensate
one another partially which leads to a smaller overall dipole
moment.

The ambiguity regarding the electronic nature is also mir-
rored by the excited state structures. The bond lengths of both
conformers are compiled in Table III. Comparing the changes
upon excitation to the S1 state to the changes for the 1La and
1Lb of indole,21 a basic trend is apparent. The changes within
the pyrrole ring are closer to those attributed to the 1La state,
while the changes within the benzene ring resemble those of
the 1Lb.

B. High resolution spectra of the syn and anti
conformers of 6-methoxyindole

The high resolution electronic spectrum of the A band
at 33 716.58 cm−1 is shown in Figure 4, the corresponding

Downloaded 18 Jan 2013 to 134.99.152.12. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



024321-4 Brand et al. J. Chem. Phys. 138, 024321 (2013)

TABLE II. The CC2- and SCS-CC2-calculated rotational constants, orientation angles θ of the TDM and axis reorientation angles θT of syn and anti 6MOI
calculated in the lowest three singlet states together with the changes upon excitation. The angles θ have been calculated at the respective equilibrium geometries.

syn

CC2 SCS-CC2

S0 S1 S2 �S1 �S2 S0 S1 S2 �S1 �S2

A (MHz) 2786.9 2679.6 2746.6 −107.3 −40.3 2786.4 2689.5 2735.9 −96.9 −50.5
B (MHz) 772.0 774.9 759.2 +2.9 −12.8 768.0 767.0 758.1 −1.0 −9.9
C (MHz) 606.9 603.4 597.1 −3.5 −9.8 604.4 599.1 595.8 −5.3 −8.6
θ (deg) . . . −41 76 . . . . . . . . . −19 85 . . . . . .
θT (deg) . . . ±0.00 ±0.00 . . . . . . . . . 0.10 −0.21 . . . . . .

anti

CC2 SCS-CC2

S0 S1 S2 �S1 �S2 S0 S1 S2 �S1 �S2

A (MHz) 3376.6 3254.3 3337.0 −122.3 −39.2 3373.2 3238.6 3334.0 −134.6 −39.2
B (MHz) 710.7 712.3 697.7 +1.6 −13.0 707.8 707.9 696.5 +0.1 −11.3
C (MHz) 589.3 586.6 579.2 −2.7 −10.1 587.2 583.1 578.3 −4.1 −8.9
θ (deg) . . . −39 75 . . . . . . . . . −33 56 . . . . . .
θT (deg) . . . −0.36 0.35 . . . . . . . . . −0.25 0.18 . . . . . .

spectrum of the B band at 33 948.12 cm−1 is shown in
Figure 5. Our excitation energies of the two conformers
are only slightly different from the origin frequencies given
by Sulkes and Borthwick8 (33 722 and 33 952 cm−1). The
assignment of the two observed bands to syn and anti 6MOI is
straightforward: The origins of both conformers are in excel-
lent agreement with the theoretical predictions. In Table IV,
the molecular parameters taken from the best fits employing
the CMA-ES algorithm of the anti conformer are compiled. It
contains the rotational constants of the electronic ground (A′′,
B′′, C′′), the excited state (A′, B′, C′), the excited state lifetime
τ , and the in-plane orientation of the TDM with respect to
the inertial a-axis, described by the angle θ . The respective
data for the syn conformer are collected in Table V. Based

on a comparison of experimental and calculated rotational
constants, we assign band A to the anti conformer and band
B to the syn conformer. The predicted rotational constants
match the experimental values perfectly for both the S0 and
S1 state of the anti conformer. For the syn conformer slight
deviations from the experimental values become apparent,
but these stay always below 1%. Both spectra were analyzed
with a rigid rotor Hamiltonian including axis reorientation
within the plane of the chromophore.22 The band type of
the conformers is 68% a-type and 32% b-type for the anti
and 65% a-type and 35% b-type for the syn conformer.
Hence, the relative orientation of the TDM vector is nearly
the same for anti 6MOI (34.2◦) and syn 6MOI (36.2◦). As
the analysis of the spectra only yields the projection of the

TABLE III. Bond lengths of syn and anti 6MOI in the electronic ground and lowest excited singlet states from the genuine CC2 calculations utilizing the
cc-pVTZ basis set. All angles in deg, all distances in pm. For atomic numbering refer to Figure 1.

S0 (syn) S0 (anti) �S1 (syn) �S1 (anti) �Lb (indole)21 �La (indole)21

N1H1 100.5 100.5 +0.1 +0.2 +0.2 +0.5
N1C2 138.2 138.2 −2.2 −3.1 +4.0 −3.6
C2C3 137.5 137.4 +3.4 +4.4 +0.6 +6.3
C3C9 143.0 143.2 −2.9 −3.2 −0.2 −0.9
C9C4 140.7 140.1 +2.5 +3.7 +0.6 +1.9
C4C5 138.3 139.1 +4.8 +3.6 +4.6 +3.9
C5C6 141.4 141.2 +0.8 +1.0 +1.5 −2.8
C6O 137.0 137.2 −1.4 −1.8 . . . . . .
OC10 141.9 142.0 +1.1 +1.2 . . . . . .
C6C7 139.2 139.3 +3.8 +3.6 +3.9 +6.6
C7C8 140.2 139.3 +0.8 +1.3 +1.2 −0.6
C8C9 141.9 142.3 +2.6 +0.7 +4.0 −1.2
C8N1 137.5 137.5 +1.8 +2.3 −1.6 +3.6
C5C6O 115 124 −1 −1 . . . . . .
C6OC10 116 116 +2 +2 . . . . . .
OC6C7 124 115 −2 −2 . . . . . .
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FIG. 3. Frontier orbitals of 6-methoxyindole and leading contributions ac-
cording to the genuine CC2 calculations.

TDM vector onto the principle axis, we cannot determine the
absolute sign of θ from this information alone. The analysis
of isotopomeric spectra and the axis reorientation angle
present two possibilities to circumvent this problem, and both
of them are made use of in the further analysis.

Close inspection of the experimental bands reveals that
each origin is accompanied by a weaker band, which is shifted
to higher energies by 4257 MHz (5011 MHz) for the syn (anti)
conformer. Due to contamination of the sample container and
tubings with D2O, we expected these bands to originate from
a deuterated form of 6MOI. Assignment of these spectra re-
quires the knowledge of the respective rotational constants,
which were computed for all deuterated isotopomers from the
ab initio structures given in the supplementary material,31 and
are shown in Table VI for the anti conformer. The experimen-
tally determined rotational constants of the sub-band are given
in the first line, the difference between theory and experiment
in the second line. Perfect agreement is obtained for the iso-
topomer deuterated at position C3. This is also the case for the
subspectrum accompanying the origin of the syn conformer.
The facts that both subspectra are shifted by approximately
the same energy (+0.17 and +0.14 cm−1) and have the same
relative intensity (20% of the undeuterated origin) support this
assignment. Furthermore, we were able to record the spectra
of some additional singly and doubly deuterated molecules.
All spectra could be assigned unambiguously using the anal-
ysis outlined before, and their molecular parameters are com-
piled in Tables IV and V as well. The respective spectra are
shown in the supporting material.31

anti conformer Experiment

Experiment

Simulation

Simulation

Simulation d0

Simulation d1-C3

relative frequency / MHz

-10000

-20000 0 20000 40000-40000

-5000 0 5000

FIG. 4. Rotationally resolved electronic origin of the anti (A) conformer.

C. Orientation of the transition dipole moment vector

To determine the electronic nature of the first excited sin-
glet states, an analysis of the TDM vector orientation is per-
formed. One method to determine the absolute orientation of

syn conformer Experiment

Experiment

Simulation

Simulation

Simulation d0

Simulation d1-C3

relative frequency / MHz

-10000 -5000 0 5000

200000-20000-40000

FIG. 5. Rotationally resolved electronic origin of the syn (B) conformer.
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TABLE IV. Experimentally determined molecular parameters of the anti
conformer along with the deuterated species. Changes of the rotational con-
stants are defined as: �Bg = B ′

g − B ′′
g , with Bg as rotational constants with

respect to the inertial axes g = a, b, c. ν0 (rel.) is the center frequency of the
deuterated band relative to the undeuterated conformer.

d0 [d–N1] [d–C3] [d2–N1C3]

A′′ (MHz) 3373.87(3) 3263.9(1) 3299.46(3) 3191.1(1)
B′′ (MHz) 708.32(1) 703.07(2) 698.27(1) 693.46(2)
C′′ (MHz) 587.93(1) 580.95(2) 578.72(1) 572.03(2)
�I′′ (amu Å2) −3.69 −3.73 −3.66 −3.68
A′ (MHz) 3248.04(3) 3145.6(1) 3178.04(3) 3077.1(1)
B′ (MHz) 710.22(1) 704.82(3) 700.32(1) 695.36(3)
C′ (MHz) 585.35(1) 578.32(2) 576.36(1) 569.67(2)
�I′ (amu Å2) −3.80 −3.82 −3.81 −3.88
�A (MHz) −125.83(1) −118.27(2) −121.42(1) −113.98(2)
�B (MHz) 1.90(1) 1.75(1) 2.05(1) 1.91(1)
�C (MHz) −2.58(1) −2.63(1) −2.36(1) −2.37(1)
θ (deg) ±34.2(1) ±37.2(1) ±33.6(1) ±36.7
θT (deg) ∓0.67(1) . . . . . . . . .
τ (ns) 4.3(1) 3.5(1) a a

ν0 (cm−1) 33 716.58(1) 33 723.66(1) 33 716.75(1) 33 723.85(1)
ν0 (rel.) (cm−1) . . . +7.08(1) +0.17(1) +7.27(1)

aThe excited state lifetime of d2–N1C3 (d1–C3) was set equal to the lifetime of the d1–N1

(d0) isotopomer during the fit.

the TDM is the analysis of the axis reorientation angle: Elec-
tronic excitation of a molecule with symmetry less than C2v

may cause the orientation of the principle axis to deviate from
the orientation of the ground state. In planar molecules, the
reorientation can be described using a single angle θT, which
describes the rotation of the a′′-axis about the c-axis onto the
a′-axis in the excited state. Hougen and Watson23 gave a rela-
tion from which the axis reorientation angle can be computed
for any planar molecule using Cartesian coordinates in the

TABLE VI. Comparison of the experimentally determined rotational con-
stants of the sub-band accompanying the anti conformer to values taken from
the CC2/cc-pVTZ calculations. The theoretical values are corrected by the
difference between theory and experiment for the undeuterated species (line
2). The resulting deviations from the experimental value are displayed in
brackets for each deuterated form.

A′′ B′′ C′′ A′ B′ C′

Experimental 3299.5 698.3 578.7 3178.0 700.3 576.4
�exp.-theory (d0) −2.7 −2.4 −1.4 −6.3 −2.1 −1.2

d1–N1 3263.5 703.1 580.9 3145.5 704.8 578.4
�exp.-theory (+36.0) (−4.8) (−2.2) (+32.5) (−4.5) (−2.0)
d1–C2 3364.8 691.0 575.7 3239.7 692.8 573.2
�exp.-theory (−65.3) (+7.3) (+3.0) (−61.7) (+7.5) (+3.2)
d1–C3 3399.2 698.2 578.7 3177.9 700.3 576.4
�exp.-theory (+0.3) (+0.1) (±0.0) (+0.1) (±0.0) f(±0.0)
d1–C4 3213.3 708.2 582.8 3091.9 710.1 580.0
�exp.-theory (+86.2) (−9.9) (−4.1) (+86.1) (−9.8) (−3.6)
d1–C5 3298.7 704.3 582.8 3178.9 706.0 580.2
�exp.-theory (+0.8) (−6.0) (−4.1) (−0.9) (−5.7) (−3.8)
d1–C7 3268.2 708 584.4 3146.2 709.9 581.8
�exp.-theory (+31.3) (−9.7) (−5.7) (+31.8) (−9.6) (−5.4)

principal axis system (PAS) of each state

tan(θT ) =
∑

i mi(a′
ib

′′
i − b′

ia
′′
i )

∑
i mi(a′

ia
′′
i + b′

ib
′′
i )

. (1)

Here, the doubly primed coordinates a′′
i and b′′

i refer to the
coordinates of the ith atom in the principal axis system in the
electronic ground state, the singly primed coordinates to the
respective excited state coordinates and mi is the atomic mass
of the ith atom in the molecule. For the definition of the sign
of θT refer to Figure 1, which illustrates the influence of a
positive angle θT on the main inertial axis. From the fit of the

TABLE V. Experimentally determined molecular parameters of the syn conformer along with the deuterated species. Changes of the rotational constants are
defined as: �Bg = B ′

g − B ′′
g , with Bg as rotational constants with respect to the inertial axes g = a, b, c. ν0 (rel.) is the center frequency of the deuterated band

relative to the undeuterated conformer.

d0 [d–N1] [d–C2] [d–C3] [d2–N1C3]

A′′ (MHz) 2792.67(3) 2704.0(1) 2769.0(1) 2764.16(3) 2674.9(1)
B′′ (MHz) 767.59(1) 763.96(3) 749.94(5) 753.72(1) 750.41(3)
C′′ (MHz) 604.69(1) 598.17(3) 592.71(4) 594.82(1) 588.61(2)
�I′′ (amu Å2) −3.59 −3.58 −3.67 −3.71 −3.81
A′ (MHz) 2698.51(3) 2614.52(1) 2676.1(1) 2671.61(3) 2587.0(1)
B′ (MHz) 769.43(1) 765.71(4) 751.62(6) 755.69(1) 752.28(4)
C′ (MHz) 601.43(1) 594.89(4) 589.54(5) 591.77(1) 585.52(3)
�I′ (amu Å2) −3.79 −3.79 −3.90 −3.91 −4.02
�A (MHz) −94.16(1) −89.48(2) −92.93(2) −92.55(1) −87.83(2)
�B (MHz) 1.84(1) 1.75(1) 1.68(1) 1.97(1) 1.86(1)
�C (MHz) −3.26(1) −3.29(1) −3.17(1) −3.05(1) −3.10(1)
θ (deg) ±36.2(1) ±38.1(1) ±36.9(1) ±34.7(1) ±36.5(1)
θT (deg) ∓0.06(1) . . . . . . . . . . . .
τ (ns) 4.5(1) 3.7(1) a a a

ν0 (cm−1) 33 948.12(1) 33 959.52(1) 33 959.18(2) 33 948.62(1) 33 959.68(1)
ν0 (rel.) (cm−1) . . . +11.40(1) +11.06(1) +0.14(1) +11.56(1)

aThe excited state lifetimes of d1–C2 and d2–N1C3 were set equal to the lifetime of the d1–N1 isotopomer during the fit. The lifetime of d1–C3 was set equal to the lifetime of the
undeuterated compound.
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high resolution bands, we get the relative sign of θT with re-
spect to θ for each band, which can be compared to ab initio
calculations. As the effect of θT on a spectrum is a shift of in-
tensity between transitions of different band type, the relative
intensities have to be as reliable as possible. Hence, we deter-
mined θT for each conformer from the electronic origin and
set the so determined value as a constant in the subsequent fits
of the deuterated species. The reorientation angles computed
from the genuine CC2 geometries are −0.36◦ for the anti and
0.00◦ for the syn conformer. The values from the SCS-CC2
calculation are in general agreement. Therefore, we can only
make use of this piece of information for the anti conformer.
The values obtained from the fit of anti 6MOI are ±0.67◦

for θT, and ∓34.2 for θ . This means that if θT is positive, θ

necessarily must be negative and vice versa. Since we know
from the ab initio calculations that θT is negative, θ must be
+34.2◦. In contrast to this, both CC2 methods predict θT and
θ to have the same relative sign, and θ to be negative. A neg-
ative sign of θ is also predicted for syn 6MOI. So theory and
experiment are contradicting each other regarding the orien-
tation of the TDM vector at this point. In order to get fur-
ther evidence concerning the absolute orientation of the TDM
vector, we carefully analyzed the spectra of several deuterated
species.

Exchanging a hydrogen atom by deuterium rotates the
PAS towards the heavier deuterium but does not affect the
orientation of the electronic transition within the molecule, as
it was shown for benzimidazole24 and 7-azaindole.25, 26 Thus,
the original value of θ is modified by the angle introduced
by the H/D exchange. Table VII contains the experimentally
determined values for θ and their changes induced by deuter-
ation. These data nicely confirm the assignment of θ to be
positive as we derived experimentally from the reorientation
angle. First of all, all deuterations, which rotate the PAS by
a negative angle lead to an increase in the relative value of
θ . This increase is more pronounced, if the substituted hydro-
gen atom is far away from the axis. Accordingly, the largest
rotation is found for anti d1–N1 6MOI, the smallest for syn
d1–C2 6MOI. Comparing the values determined for the dou-
bly deuterated isotopomers d2–N1C3 to the shifts of d1–C3

and d1–N1 illustrates that the rotations are additive, confirm-
ing our assignment.

Although the values of θ (S1) for both conformers are
quite similar, the orientation within the principle axis sys-
tem differs. Introduction of a methoxy group at position 6
rotates the PAS of indole by +10.1◦ (anti) or +22.2◦ (syn).

TABLE VII. Experimentally determined values for θ and their changes �θ

induced by deuteration for syn and anti 6MOI.

syn anti

θ �θ θ �θ

d0 36.2 . . . 34.2 . . .
d1–N1 38.1 +1.9 37.2 +3.0
d1–C2 36.9 +0.7 . . . . . .
d1–C3 34.7 −1.5 33.6 −0.6
d2–N1C3 36.5 +0.3 36.7 +2.5

Taking this difference into account, the values for θ would
be +44.3◦ for anti 6MOI and 58.4◦ for the syn conformer
within the PAS frame of indole, corresponding to a differ-
ence of 14.1◦. Recently, a quite similar difference in the
TDM orientation was observed for the two conformers of 5-
hydroxyindole.1 The experimental results were discussed to
originate either from a hyperconjugative bond between the
OH group and a CH bond or electrostatic interactions induced
by the lone pairs of the oxygen. This is very likely also the
case in 6MOI.

IV. DISCUSSION

Apart from the ab initio predicted energy ordering, ad-
ditional evidence regarding the question, if the observed state
has characteristics of an La or Lb state, is the orientation of the
TDM vector. According to the experimental findings the sign
of θ is positive and hence the observed state is Lb-like. The
ab initio calculations, however, predict θ to be negative what
would be a signature of an 1La state. We have shown recently
that the orientation of the TDM in special cases extremely
depends on the geometry of the electronic states involved.27

This is also the case for 6MOI. The contributions to the La

and the Lb are heavily mixed for both states which is also mir-
rored by the excited state geometry of the S1. Slight geometry
changes might influence the relative influence of contributions
and thus have a pronounced effect on the electronic nature of
the respective states. Therefore, we believe that the quite dif-
ferent orientation in the ab initio calculation compared to the
experiment might be a consequence of vibrational averaging
of the equilibrium structure.

From the experimental point of view, the interpretation
of the results is less ambiguous. A strong evidence for a pos-
itive sign of θ , and hence for the 1Lb, is the orientation of
the TDM vector from the spectra of the deuterated species.
In total 7 spectra were analyzed and for all of them θ could
be determined with high accuracy. The correct assignment of
the spectra to the respective isotopomers is based on the ro-
tational constants and supported by the additivity of the zero
point energy shifts and the TDM orientation. Further experi-
mental results pointing towards the S1 being the 1Lb, are the
excitation energies of the lowest two excited singlet states. In
5-methoxyindole, the energetic gap between 1Lb and 1La in-
creases to 3088 cm−1 compared to indole.28 This is mainly
due to a strong redshift of the 1Lb state, while the 1La is
not influenced significantly. As shown in a number of stud-
ies the energetic position of the 1La state is not perturbed
much by methyl- or methoxy substituents6, 7 and from linear
dichroism measurements it is known that in 6MOI the en-
ergetic gap is of the same magnitude. With this in view, it
is rather unlikely that changing the position of the methoxy
group from 5 to 6 results in a dramatic redshift of the 1La,
while the 1Lb is shifted to the same extent to higher en-
ergies. Interestingly, the ab initio excitation energies are in
good agreement with the experiment, in spite of the other
discrepancies.

So in conclusion the electronic nature of the lowest ex-
cited singlet state is assigned to be the Lb. This assignment is
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solely based on experimental evidence while the results of the
ab initio calculations are not unambiguous.

The excited state lifetimes of both conformers (4.3 and
4.5 ns) are considerably shorter than the corresponding one
of indole (17.6(1) ns).29 In this context, Sobolewski and
Domcke30 calculated the reaction path for hydrogen atom
detachment from the NH group. The authors explained the
short lifetime of the 1La state by the influence of a repulsive
πσ* state, which leads to an effective radiationless deacti-
vation channel for the excited states. As this mechanism is
expected to play a role 5 eV (≈40 000 cm−1) above the S0

in indole, which is more than 6000 cm−1 higher in energy
compared to our experiments, this model is rather unlikely to
explain our observations. Furthermore, deuteration at the ni-
trogen atom decreases the excited state lifetime, and hence
contradicts a deactivation path promoted by NH-bond elon-
gation. If one takes a closer look at the excited state lifetimes
of other methoxyindole derivatives, it becomes apparent that
they are below 7 ns.2, 8 So it seems that the methoxy group
itself introduces a channel for radiationless deactivation to in-
dole, which is independent of its position at the chromophore.

V. CONCLUSIONS

The A and B bands of 6MOI could be shown to belong to
two different conformers. They were assigned as the anti and
syn conformer by a combination of rotationally resolved elec-
tronic spectroscopy and ab initio calculations. It was shown
unambiguously from the analysis of the TDM orientation of
seven isotopomers and the axis reorientation that the absolute
sign of θ is positive. Hence, from the experimental results we
assign the electronic nature of the S1 state to be Lb-like.

The lowest three singlet states have been characterized
by genuine CC2 and spin component scaled CC2. While the
excited state structures and excitation energies are in good
agreement with the experimental results, there is a discrep-
ancy regarding the electronic nature of the excited states.
Both CC2 methods predict the S1 and S2 state to be strongly
mixed of contributions attributed to the 1La and 1Lb state in
indole.21 According to the calculations the main influence on
the S1 state corresponds to an La-like state with a negative
angle θ for the orientation of the TDM vectors. However,
the permanent dipole moments and the oscillator strengths of
both excited states are predicted to be nearly equal. Hence,
for this molecule a classification of the ππ* states as be-
ing “La” or “Lb” in nature is not possible according to the
calculations.

The comparison of our gas phase experiments to the
condensed phase data of Albinsson and Nordén7 (stretched
polyethylene films) and of Eftink et al.6 (frozen solutions of
propylene glycol) is desirable, but at the same time very diffi-
cult due to the completely different experimental conditions.
Both the transition energy, as the orientation of the transi-
tion dipole moment depend critically on the local surround-
ing, a polar matrix in the case of Eftink et al.,6 a nonpolar
matrix in the experiments of Albinsson and Nordén,7 and the
isolated molecule in our case, without intermolecular inter-
actions. Nevertheless, at least the experimental results in the
polyethylene film do not stand in severe contrast to the ones

published here. Albinsson and Nordén7 stated that the angle
between the TDM vectors of the 1La and 1Lb is either 19 or
81◦. Considering the orientation of the TDM of the 1La state
to be relatively constant, an angle of 81◦ results in an ori-
entation comparable to our results. The authors chose, how-
ever, the smaller of the two possible values in agreement with
INDO/S-SDCI calculations published by Eftink et al.6 Thus,
it seems that the excited singlet states of 6MOI pose a prob-
lem to quantum chemical calculations in general. This is even
more surprising as in 5-methoxyindole these problems do not
occur.2

The considerable shortening of the excited state lifetime
compared to the parent molecule indole29 is proposed to result
from the methoxy group itself, introducing a new channel for
radiationless deactivation to indole.
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