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ABSTRACT: The lowest two electronically excited singlet states of indole and its derivatives are labeled as La or Lb, based on
the orientation of the transition dipole moment (TDM) and the magnitude of the permanent electric dipole moment.
Rotationally resolved electronic Stark spectroscopy in combination with high level ab initio calculations offers the possibility to
determine these characteristics and thus the electronic nature of the excited states. In the present contribution this approach was
pursued for the systems 4- and 6-fluoroindole and the results compared to the previously investigated system 5-fluoroindole.
Changing the position of the fluorine atom from 5 to 4 or 6 is accompanied by an increasing amount of La character in the S1
state. This dramatically influences the orientation of the TDM and erases its ability to be a reasonable identifier of the nature of
the excited states for both molecules. However, for 4-fluoroindole, where the influence of the La is weak, the nature of the S1 state
can still be assigned to be mainly Lb based on the excited state dipole moment. For 6-fluoroindole, this is not the case anymore,
and the La/Lb nomenclature completely breaks down due to heavily mixed excited states.

■ INTRODUCTION

Non-natural amino acids greatly enhance the spectrum of
fluorescent probes in proteins due to their tailor-made
photophysical properties.1−3 Within this group, derivatives of
the canonical amino acids have the asset that they keep the
perturbation of the protein structure to a minimum.4−7

However, to make full use of the potential of non-natural
amino acids their photophysical properties have to be known.
As shown for a number of derivatives of tryptophan4,6 and its
chromophore indole,8−10 the introduction of substituents may
alter the energetic ordering of the two lowest excited singlet
states, denoted as 1La and

1Lb, which are responsible for the
emission properties of the molecule. Non-natural amino acids
may also be used in order to study solvation processes.
Replacing tryptophan by 5-cyanotryptophan allows for a site-
specific investigation to probe a protein’s hydration,11 since 5-
cyanotryptophan fluorescence quantum yield and consequently
its radiative lifetime is considerably different from that of
tryptophan.
The La/Lb nomenclature was introduced by Platt12 in order

to make a classification of the ππ* states of cata-condensed

hydrocarbons. It is deduced using the model of a free electron
traveling in a loop around the perimeter of the molecule. In
systems with n rings, the total angular momentum may take the
values 0, 1, ..., which are designated A, B, ..., and 2n, 2n + 1, ...,
for which the designation K, L, ..., was chosen. All states, despite
the A state are doubly degenerate. Beside highly symmetric
molecules like benzene in which all atoms are situated on a
perimeter constant potential, this degeneracy is lifted and the
two states are distinguished by the subscript a or b. The a-
labeled states have their transition dipole moment direction in a
way, that it runs through atoms in the perimeter, while the
transition dipole of the b states runs through bonds (the wave
functions have a nodal plane that cuts through the cross-link
bond of the rings (a) or is perpendicular to it (b)). While the
transition from the ground to the 1Lb state is usually weak and
the transition dipole moment parallel to the long-axis, it is a
strong short-axis transition for the 1La excitation. Weber13
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adapted this nomenclature to describe the lowest singlet states
in indole, where the transition dipole moment vectors for the
1La and

1Lb states are almost perpendicular and the 1La state has
a considerably higher dipole moment than the 1Lb state.14,15

However, due to the reduced symmetry of indole the transition
moments are only close to the symmetry axis and strictly
speaking, both run through bonds. Thus, already for bare
indole, there will be some amount of mixing of the two states.
Upon introduction of off-axis substituents, the situation gets
worse and a clear distinction between the a and the b labels will
become increasingly difficult.
Although modifications at position 5 of the indole

chromophore (cf. Figure 1) influence the energetic positions
of the two excited states, they mostly retain the respective
electronic nature: The transition to the 1La is dominated by a
LUMO ← HOMO excitation while the 1Lb state is a nearly
equal mixture of (LUMO+1)← HOMO and LUMO ←
(HOMO−1) contributions.16 In a previous study, we observed
that approximate coupled-cluster calculations (CC2) predict a
loss of the 1La and

1Lb electronic identities of 6-methoxyindole
due to heavy mixing of both electronically excited states.17

Interestingly, this leads to a disagreement between theory and
experiment regarding the absolute orientation of the transition
dipole moment (TDM), a parameter which is often used to
identify the nature of the excited state in the gas phase. This is
even more surprising, as for 5-methoxyindole this effect does
not occur.16 It raises the question whether the excited state
mixing is dependent on the position and/or the nature of the
substituent and whether the predicted couplings can be
quantified experimentally. Furthermore, we have to test
whether the orientation of the transition dipole moment
remains an unambiguous characteristic for the nature of the
excited state of substituted indoles.
Here, we investigate the systems 4- (4FI) and 6-fluoroindole

(6FI) with rotationally resolved electronic Stark spectroscopy
and compare the results to high-level ab initio calculations. We
find that the TDM orientation is not a reasonable identifier of
the nature of the excited states for substituted indoles in
general. Instead, the experimentally observed changes in the
permanent dipole moment upon electronic excitation are in
good agreement with the ratio of 1La/

1Lb contributions and can
be used to assign the nature of the electronically excited state.

■ TECHNIQUES
Experimental Procedures. 4-Fluoroindole (≥98%) was

purchased from Carbolution and 6-fluoroindole (≥98%) from
Activate Scientific. All samples were used without further
purification. To record rotationally resolved electronic spectra
of 4-fluoroindole (6-fluoroindole), the samples were heated to
120 °C (144 °C) and coexpanded with 150 mbar (550 mbar)
of argon into the vacuum through a 200 μm nozzle. After the

expansion a molecular beam was formed using two skimmers (1
mm and 3 mm) linearly aligned inside a differentially pumped
vacuum system consisting of three vacuum chambers. The
molecular beam was crossed at right angles with the laser beam
360 mm downstream of the nozzle. To create the excitation
beam, 7.5 W of the 514 nm line of an Ar+-ion (Coherent, Sabre
15 DBW) pumped a single frequency ring dye laser (Sirah
Matisse DS) operated with Rhodamine 6G. The fluorescence
light of the dye laser was frequency doubled in an external
folded ring cavity (Spectra Physics Wavetrain) with a resulting
power of about 12 mW during the experiments. The
fluorescence light of the samples was collected perpendicular
to the plane defined by laser and molecular beam by an imaging
optics setup consisting of a concave mirror and two plano-
convex lenses onto the photocathode of a UV enhanced
photomultiplier tube (Thorn EMI 9863QB). A detailed
description of the experimental setup for the rotationally
resolved laser-induced fluorescence spectroscopy has been
given previously.18,19 To record rotationally resolved electronic
Stark spectra, a parallel pair of electro-formed nickel wire grids
(18 mesh per mm, 50 mm diameter) with a transmission of
95% in the UV was placed inside the detection volume, one
above and one below the molecular beam−laser beam crossing
with an effective distance of 23.49 ± 0.05 mm.20 In this setup
the electric field is parallel to the polarization of the laser
radiation. With an achromatic λ/2 plate (Bernhard Halle, 240−
380 nm), mounted on a linear motion vacuum feedthrough, the
polarization of the incoming laser beam can be rotated by 90°
inside the vacuum.

Computational Methods. Quantum Chemical Calcula-
tions. Structure optimizations were performed using the
second-order approximate coupled cluster singles and doubles
model (CC2) with the resolution-of-the-identity approximation
(RI)21−23 and Dunning’s correlation consistent basis sets of
valence triple-ζ quality (cc-pVTZ).24,25 The equilibrium
geometries of the electronic ground and the lowest excited
singlet states were additionally calculated by taking spin-
component scaling (SCS) modifications into account.26 With
the NumForce script27 vibrational frequencies and zero-point
corrections to the adiabatic excitation energies were obtained.
In all cases, the TURBOMOLE program suite was employed.28

To obtain the excited singlet state energies, wave functions,
transition dipole moments and static dipole moments, we
additionally performed combined density functional theory/
multireference configuration interaction (DFT/MRCI)29 cal-
culations in a one-particle basis of closed-shell Kohn−Sham
BH-LYP30 orbitals at the optimized SCS-CC2 geometries. In
the semiempirical DFT/MRCI approach, dynamic electron
correlation is taken care of by employing Kohn−Sham orbital
energies and scaled two-electron integrals in the diagonal
Hamiltonian matrix elements whereas static correlation is

Figure 1. (a) Definition of the negative signs of the angles θ, θT, and θD. The angle θ defines the orientation of the TDM vector, θT the rotation of
the principal axis frame upon electronic excitation, and θD the orientation of the dipole moment vector. (b) Structures of 6-fluoroindole and 4-
fluoroindole in their respective principle axis frames with the atomic numbering of the heavy atoms of the indole chromophore.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.6b12605
J. Phys. Chem. A 2017, 121, 1597−1606

1598

http://dx.doi.org/10.1021/acs.jpca.6b12605
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpca.6b12605&iName=master.img-001.jpg&w=452&h=81


addressed through a truncated MRCI expansion. To avoid
double counting of dynamic correlation, configurations with
energies exceeding the highest reference state energy by at least
1.0 Eh are discarded, and all off-diagonal elements are scaled by
an energy dependent damping function. In the DFT/MRCI
calculations, eigenvectors and eigenvalues of the 10 lowest-lying
singlet states were determined. The initial MRCI reference
space comprised all single and double excitations from the four
highest occupied MOs to the four lowest unoccupied MOs of
the ground state Kohn−Sham determinant. All configurations
contributing to one of the 10 lowest-lying eigenvectors of the
initial DFT/MRCI calculation with a squared coefficient of at
least 0.003 were used to span the reference space of the final
DFT/MRCI run.
Fits of the Rovibronic Spectra using Evolutionary

Algorithms. Evolutionary algorithms allow us to make a
quick and successful automatic assignment of the rotationally
resolved spectra, even for large molecules and dense
spectra.31−34 Besides a correct Hamiltonian to describe the
spectrum and reliable intensities inside the spectrum, an
appropriate search method is needed. Evolutionary strategies
are a powerful tool to handle complex multiparameter
optimizations and find the global optimum. For the analysis
of the presented high-resolution spectra we used the covariance
matrix adaptation evolution strategy (CMA-ES), which is
described in detail elsewhere.35,36 For the analysis of rotation-
ally resolved electronic Stark spectra a new Stark Hamiltonian is
needed with its matrix elements given in ref 20. The intensities
of the rotational lines 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 anymore, M is the only remaining good
quantum number.

■ RESULTS
Computational Results. Table 1 collects the structural

properties of 4FI and 6FI, calculated at CC2- and SCS-CC2/cc-
pVTZ level of theory. These are the rotational constants in the
electronic ground and lowest two excited states, their changes
upon excitation, the inertial defects52 in the respective states
and the axis reorientation angles.
The axis reorientation angle describes the rearrangement of

the inertial axis system after electronic excitation. For planar
molecules it is described by a single angle θT which rotates the
axes a″ and b″ in the electronic ground state about the c-axis
onto the respective axes in the excited state (cf. Figure 1). The
absolute orientation of θT can be inferred from ab initio
geometries of both states according to ref.37

θ =
∑ ′ ″ − ′ ″
∑ ′ ″ + ′ ″

m a b b a

m a a b b
tan( )

( )

( )T
i i i i i i

i i i i i i (1)

The doubly primed coordinates refer to the coordinates of the
ith atom in the principal axis system (PAS) of the electronic
ground state, the single primed to those in the excited state,
while mi is the atomic mass of the ith atom in the molecule.
This yields an absolute angle of θT = +1.3° for 4FI and θT =
−0.6° for 6FI based on the genuine CC2 calculations (cf. Table
1).
From the calculated inertial defects, which are a measure for

the nonplanarity of a molecule, we deduce a planar equilibrium
structure of both molecules in all states.
Table 2 summarizes all further molecular parameters and

compares them to those of 5-fluoroindole (5FI).38 Among

Table 1. Summary of the Rotational Constants of 4-, 5-, and 6-Fluoroindole in the Lowest Three Singlet States together with the
Changes upon Excitation, the Respective Inertial Defects ΔI, and the Axis Reorientation Angles θT (cf. Figure 1), Calculated at
CC2- and SCS-CC2/cc-pVTZ Levels of Theory

4-Fluoroindole

CC2 SCS-CC2

S0 S1 S2 ΔS1 ΔS2 S0 S1 S2 ΔS1 ΔS2
A/MHz 2203.4 2154.6 − −48.8 − 2200.4 2142.0 2182.0 −58.5 −18.4
B/MHz 1470.1 1441.7 − −28.3 − 1465.9 1438.2 1422.7 −27.7 −43.3
C/MHz 881.8 863.8 − −18.0 − 879.8 860.5 861.2 −19.3 −18.6
ΔI/amu Å2 0.00 0.00 − 0.00 − 0.00 0.00 0.00 0.00 0.00
θT/deg − +1.3 − − − − +0.6 −1.4 − −

5-Fluoroindole

CC238 SCS-CC2

S0 S1 S2 ΔS1 ΔS2 S0 S1 S2 ΔS1 ΔS2
A/MHz 3520 3395 − −125 − 3518 3376 − −142 −
B/MHz 1019 1018 − −1 − 1017 1016 − −1 −
C/MHz 790 783 − −7 − 789 781 − −8 −
ΔI/amu Å2 0.00 0.00 − 0.00 − 0.00 0.00 − 0.00 −
θT/deg − ±0.6 − − − − +0.5 − − −

6-Fluoroindole

CC2 SCS-CC2

S0 S1 S2 ΔS1 ΔS2 S0 S1 S2 ΔS1 ΔS2
A/MHz 3478.8 3335.5 − −143.3 − 3474.4 3328.2 3423.1 −146.2 −51.3
B/MHz 1027.5 1031.7 − 4.2 − 1024.8 1021.5 1007.4 −3.3 −17.4
C/MHz 793.2 788.0 − −5.2 − 791.4 781.6 778.3 −9.8 −13.1
ΔI/amu Å2 0.00 0.00 − 0.00 − 0.00 0.00 0.00 0.00 0.00
θT/deg − −0.6 − − − − ±0.0 ±0.0 − −
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other, this includes the magnitude of the ground and excited
state dipole moments μ and the angle θ of the TDM vector
with the main inertial a-axis, calculated at the respective
equilibrium geometry. According to Figure 1, a negative θ angle
belongs to a clockwise rotation of the TDM vector from the a-
axis. While for 4FI and 5FI the magnitude of the permanent
dipole moment decreases upon excitation to the lowest
electronically excited state by around 15% relative to the
dipole moment in the S0 state, the opposite behavior is
observed for 6FI. However, there are deviations in the
magnitude of the predicted dipole moment for 6FI. Genuine
CC2 predicts a considerably larger increase of more than 2 D
compared to 0.5−0.8 D at SCS-CC2 and DFT/MRCI level of
theory.

Regarding the TDM orientation, the angle θ is calculated to
be negative for 4FI and 6FI in both states at the respective
equilibrium geometries. This means that the TDM vector is
rotated clockwise from the a-axis. Although the S1 and S2 state
vectors of both molecules make an angle of around 60°, their
orientations within the PAS differ significantly. While for 4FI
the S2 state vector is calculated to be close to the a-axis, this is
the case for the S1 state vector of 6FI.
The nature of an excited state can be quantified based on the

coefficients of the molecular orbital excitations which are
compiled in Table 2 for 4FI and 6FI in comparison to the
respective values of 5FI.38 As stated in the introduction, the 1La
is dominated by a LUMO ← HOMO excitation, while the 1Lb
is an equal mixture of LUMO← (HOMO−1) and (LUMO+1)
← HOMO contributions. Depending on the size of the basis

Table 2. Summary of the Theoretical Results at CC2/cc-pVTZ, SCS-CC2/cc-pVTZ, and DFT/MRCI Levels of Theorya

CC2/cc-pVTZ

4-fluoroindole 5-fluoroindole 6-fluoroindole

state S0 S1 S2 S0 S1 S2 S0 S1 S2

LUMO ← HOMO − 0.47 − − −0.2638 − − 0.87 −
LUMO+1 ← HOMO − 0.46 − − −0.3038 − − −0.33 −
LUMO ← HOMO−1 − −0.71 − − 0.8738 − − 0.22 −
f − 0.04 − − 0.07 − − 0.09 −
μ/D 3.42 2.92 − 3.7040 3.3140 − 2.88 5.17 −
μa/D 2.82 2.57 − 3.2740 3.1440 − 2.53 4.60 −
μb/D 1.94 1.37 − 1.7340 1.0540 − 1.39 2.35 −
θD/deg −35 −28 − −2840 −1940 − −29 −27 −
θ/deg − −54 − − +67 − − −44 −
ν0/cm

−1 − 36814 − − 3514438 − − 35924 −
SCS-CC2/cc-pVTZ

4-fluoroindole 5-fluoroindole 6-fluoroindole

state S0 S1 S2 S0 S1 S2 S0 S1 S2

LUMO ← HOMO − 0.31 0.90 − 0.12 − − 0.60 0.76
LUMO+1 ← HOMO − 0.54 −0.24 − 0.38 − − −0.44 0.19
LUMO ← HOMO−1 − −0.74 − − 0.88 − − 0.56 −0.52
f − 0.02 0.13 − 0.06 − − 0.05 0.08
μ/D 3.42 2.98 5.58 3.70 3.29 − 2.88 3.40 5.57
μa/D 2.79 2.58 5.50 3.28 3.09 − 2.55 3.03 5.24
μb/D 1.98 1.49 0.94 1.71 1.12 − 1.33 1.55 1.90
θD/deg −35 −30 −10 −28 −20 − −27 −27 −20
θ/deg − −65 −14 − +59 − − −17 −83
ν0/cm

−1 − 36432 39841 − 34506 − − 35745 39177
DFT/MRCIb

4-fluoroindole 5-fluoroindole 6-fluoroindole

state S0 S1 S2 S0 S1 S2 S0 S1 S2

LUMO ← HOMO − 0.38 −0.90 − −0.38 − − −0.56 −0.67
LUMO+1 ← HOMO − 0.51 0.20 − −0.31 − − 0.44 −0.30
LUMO ← HOMO−1 − −0.66 −0.11 − 0.76 − − −0.56 0.56
f − 0.03 0.20 − 0.08 − − 0.06 0.10
μ/D 3.51 2.84 5.84 3.83 3.24 − 3.00 3.76 5.00
μa/D 2.81 2.37 5.78 3.44 3.07 − 2.75 3.47 4.80
μb/D 2.11 1.57 0.86 1.68 1.03 − 1.20 1.47 1.40
θD/deg −37 −34 −8 −26 −19 − −24 −23 −16
θ/deg − −68 −12 − +63 − − −21 −84
ν0/cm

−1 − 36919 39658 − 35669 − − 36424 38865
aThis includes the coefficients of the most dominant transitions according to the S1 ← S0 and S2 ← S0 excitation of 4-, 5- and 6-fluoroindole. The
labeling of the orbitals involved was adapted to those of indole according to their contours, cf text. Besides, the respective oscillator strengths f, the
absolute dipole moments μ, their individual components along the main inertial axes μa and μb (μc is zero due to the planarity of the molecules) and
their angle θD with the main inertial a-axis (cf. Figure 1) as well as the adiabatic excitation energies ν0 are listed.

bDFT/MRCI calculations are based
on the optimized SCS-CC2/cc-pVTZ geometries in the respective states.
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set Rydberg-type orbitals may lie between π-orbitals for
substituted indoles.38,39 This is also the case for the systems
investigated, shifting the (LUMO+1) to higher orbitals and,
thus, modifying the excitation scheme slightly. In order to make
a better comparison, the labeling of the orbitals involved was
adapted to those of indole according to their contours. For 4FI
and 5FI, all methods agree well with the excitation scheme
mentioned before and predict that the leading contributions to
the S1 can be assigned to the 1Lb. Furthermore, for 4FI the S2 is
dominated by the LUMO ← HOMO transition which also falls
within the scheme. For 6FI, however, this is not the case. While
genuine CC2 predicts the 1La-contribution to be the leading
term for the S1, SCS-CC2 and DFT/MRCI show strong mixing
of 1La and 1Lb contributions in both electronically excited
states. In the S1 state the 1Lb contributions have a slightly
stronger influence, but this amounts only to 15−20% whereas it
is 50−90% for 4FI and 5FI. For the S2 we observe a comparable
situation with leading contributions from the 1La. This is
reflected by the oscillator strength of the transitions which is
higher for the 1La compared to the 1Lb. For 6FI they are nearly
equal, while for 4FI the oscillator strength of the S1 is much
smaller than the one of the S2 which is to be expected of 1La
and 1Lb-transitions.
Rotationally Resolved Fluorescence Spectra. The

rotationally resolved spectrum of the electronic origin of 4FI
is shown in Figure 2, the respective spectrum of 6FI is shown in

the supporting online material. The spectra were analyzed with
a rigid-rotor Hamiltonian including axis reorientation and are
accompanied by a simulation based on the best molecular
parameter as obtained from the fitting routine. The obtained
molecular constants are compiled in Table 3. For both
molecules, we observe an excellent agreement between the
experimental and theoretical (cf. Table 1) values of the
rotational constants with a mean deviation of 0.2%, even
though the calculated rotational constants are equilibrium
values while the experimental rotational constants are zero-
point vibrationally averaged. For 5-cyanoindole the analysis of
vibrational averaging on the rotational constants showed that
the equilibrium parameters have a better agreement with the

experiment than the vibrationally averaged parameters.41 The
population of the rotational states can be described by a two
temperature model, proposed by Wu and Levy42 with ni =
e−Ei/kT1 + ωe−Ei/kT2 and ni as the population of the ith rovibronic
level at energy Ei, k as the Boltzmann constant, T1 and T2 as the
two temperatures, and ω as a weighting factor, which is
modeling the contribution from T2. The best fitting results for
both temperatures and the weighting factor are given in Table
3. The band type of each spectrum is an ab-hybrid with 20% a-
type and 80% b-type for 4FI and 84% a-type and 16% b-type
for 6FI. In the case of 4FI, this leads to an in-plane angle of the
TDM vector with the inertial a-axis of θ = ± 63.1° and θ = ±
23.5° for 6FI. While the adiabatic excitation energies are in
good agreement with previously published results,43,44 we
observe a slight deviation of the excited state lifetime for 6FI
compared to the value reported by Sulkes and Borthwick.43

Orientation of the Transition Dipole Moment. While the
magnitude of θ can be determined from the experimentally
observed band-type, no information about its sign is contained.
Only the projection of the TDM onto the a-axis can be inferred
from the band type. However, this ambiguity can be lifted by
the determination of the axis reorientation angle θT and also by
the investigation of isotopologues. Both methods are made use
of here.
Axis reorientation leads to a change of intensities of the

rovibronic lines. From the fit of the intensity pattern we can
determine the relative sign between θT and θ. That means, that
a +/+ combination and a −/− combination lead to the same
intensity pattern, which is different from the pair +/− or −/+.
For 4FI and 6FI, the intensity analysis yields the same sign for
the two angles (cf. Table 3). Since the absolute orientation of
θT can be determined from the ab initio calculations to be
positive for 4FI and negative for 6FI (cf. Table 1), the absolute
sign of θ is determined to be positive for 4FI and negative for
6FI.
Another method to determine the absolute angle of θ is to

analyze the spectra of the same molecule where one atom is
replaced by an isotope. An off-axis exchange of one hydrogen
atom by deuterium leads to a rotation of the PAS toward the
heavier deuterium but has no influence on the TDM
orientation.45,46 However, the position of the deuteration
must be determined first. This was done by comparing the
computed rotational constants for all possible singly deuterated
isotopomers from the ab initio structures with the experimental
values, summarized in the supporting online material. The best
agreement is obtained for the isotopomer deuterated at
position N1. Consequently, the PAS is rotated clockwise. The
molecular constants of [d-N1]-6FI are also compiled in Table 3,
the respective rotationally resolved electronic spectrum is
shown in the supporting online material. The decrease in θ by
1° upon deuteration ascertains the result from the analysis of
the axis reorientation angle and points to a negative sign for θ
in the case of 6FI.

Excited State Dipole Moments. The electronic Stark
spectrum of 6FI is shown in Figure 3 and the one for 4FI
can be found in the supporting online material. For both
molecules the spectra were recorded at a field strength of
397.19 V/cm with the laser light polarized parallel and/or
perpendicular to the static electric field. For 6FI, spectra with
different field configurations were fitted simultaneously to
improve the precision in the determination of the dipole
moment.20 The field configurations are defined by the
orientation of the electric field with respect to the polarization

Figure 2. Rotationally resolved spectrum of the electronic origin of 4-
fluoroindole, along with a simulation using the best CMA-ES fit
parameters, given in Table 3.
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of the exciting laser radiation. If the electric field is 100%
parallel (perpendicular) to the polarization of the exciting laser
radiation, only transition with ΔM = 0 (ΔM = ±1) are allowed.
Because of technical reasons we always observe a mixture of
80% ΔM = 0 and 20% ΔM = ±1 transitions without the half-
wave plate and 20% ΔM = 0 and 80% ΔM = ±1 with the half-
wave plate inside the laser beam. During the analysis of the
spectra the rotational constants, the rotational temperatures,
and the relative band origin were kept constant at the values
from the fit of the field free spectrum. In Table 3 the
experimentally observed dipole moments and their components
along the inertial axes are listed. Here, the overall dipole
moments are calculated from the respective components along
each axis μi (i = a, b, c) with μc being zero for both states. For
4FI a total dipole moment of 3.41 D in the ground and 2.99 D
in the lowest electronically excited state is observed. In contrast
to that, the dipole moment increases from 2.51 to 3.38 D upon
electronic excitation for 6FI.
Fluorescence Quantum Yields. The pure radiative (natural)

lifetime of a transition from state i to state f is given by

τ
π ν μ

=
ϵ ℏc

h8
6

nat
fi fi

3

3
0

2

2
(2)

where νf i is the transition frequency and μf i the transition dipole
moment. The latter can be calculated from the dimensionless
oscillator strength f:

μ
π ν

=
fhe
m8fi

e fi

2

(3)

The ratio of the experimental lifetime τexp, which is the inverse
of the sum of all radiative and the nonradiative deactivation
paths and the natural lifetime τnat, as the inverse of the
fluorescence rate constant kf yields the fluorescence quantum
yield:
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∑
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Using the oscillator strengths f and the transition frequencies νf i
from the ab initio calculations (cf. Table 2) and the
experimentally determined life times from Table 3, the
fluorescence quantum yields for 4FI, 5FI, and 6FI can be
calculated to be 0.2, 0.8, and 0.6, respectively.

■ DISCUSSION
To determine the nature of the electronically excited state of
indole derivatives commonly the orientation of the transition

Table 3. Molecular Parameters for 4-, 5-, and 6-Fluoroindole in their Ground and First Electronically Excited States from a
CMA-ES Fit of the Rovibronic Spectraa

4-fluoroindole 5-fluoroindole38,40 6-fluoroindole [d-N1] 6-fluoroindole

A″/MHz 2206.51(3) 3519.57(4) 3478.85(6) 3360.77(8)
B″/MHz 1467.26(3) 1019.79(1) 1029.04(1) 1021.92(2)
C″/MHz 881.39(2) 790.87(1) 794.27(1) 783.79(2)
ΔI″/amu Å2 −0.09 −0.15 −0.11 −0.13
μa″/D 2.62(3) 3.27(1) 2.47(2) −
μb″/D 2.19(2) 1.56(1) 0.44(8) −
μc″/D 0.00 0.00 0.00 −
μ″/D 3.41(4) 3.62(1) 2.51(3) −
θD″/deg ±40(1) ±26(1) ±10(4) −
A′/MHz 2154.22(3) 3386.34(3) 3336.12(7) 3226.93(8)
B′/MHz 1442.88(3) 1019.83(1) 1030.40(2) 1023.07(2)
C′/MHz 864.40(3) 784.09(1) 787.57(2) 777.11(2)
ΔI′/amu Å2 −0.20 −0.25 −0.26 −0.27
ΔA/MHz −52.29(1) −133.23(2) −142.73(1) −133.84(1)
ΔB/MHz −24.38(1) +0.043(1) 1.36(1) 1.15(1)
ΔC/MHz −16.99(1) −6.78(1) −6.70(1) −6.68(1)
μa′/D 2.39(3) 3.14(1) 3.31(2) −
μb′/D 1.80(2) 1.07(2) 0.69(6) −
μc′/D 0.00 0.00 0.00 −
μ′/D 2.99(4) 3.32(2) 3.38(3) −
θD′ /deg ±37(1) ±19(1) ±12(3) −
T1/K 6.61(1) 2.5 7.07(1) 7.63(1)
T2/K 6.91(3) 4.8 5.92(1) 6.33(1)
ω 0.11(1) 0.2 0.08(1) 0.99(1)
θ/deg ±63.1(1) ±59(1) ±23.5(1) ±22.5(1)
θT/deg ±0.72(7) ±0.8(1) ±0.13(5) −
ν0/cm

−1 35 641.37(1) 34 335.89(1) 34 977.54(1) 34 987.97(1)
τ/ns 6.0(1) 12(4) 6.4(1) 8.5(2)

aChanges of the rotational constants are defined as ΔBg = Bg′ − Bg″, with Bg as rotational constants with respect to the inertial axes g = a, b, c. Double-
primed constants belong to the ground state and single-primed to the excited state. The center frequency of the respective band is ν0 and τ is the
lifetime of the lowest electronically excited state. Additionally, the unsigned Cartesian coordinates μi with i = a, b, c, the values of the absolute dipole
moments μ in the ground and lowest electronically excited state and the angles of the respective dipole moments with the main inertial a-axis θD are
given. The uncertainties of the parameters are given in parentheses and are obtained as standard deviations by performing a quantum number
assigned fit.
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dipole moment is used.14,15,47,48 For the 1Lb the vector is
rotated counterclockwise from the a-axis by a positive angle θ,
whereas the relative sign of θ is negative for the 1La, according
to a clockwise rotation (cf. Figure 4). Since the position and
orientation of the PAS change due to the addition of the
fluorine atom at different positions, all fluoro-substituted indole
derivatives have to be rotated into a common reference frame
to evaluate the electronic nature of the excited states. The most
obvious choice is the pseudo C2-axis going through C2 and the
middle of the C5−C6 bond. This leads to a new angle θref (cf.
Figure 4), which is compiled for all investigated systems in
Table 4.
We start with the discussion of the theoretical results. For

5FI, the angle θref for the S1 state is in good agreement with the
one for an 1Lb state in indole and can be unambiguously
assigned as an 1Lb state based on the TDM orientation, which
gets also confirmed by the experimental results.38 Unfortu-
nately, all efforts to optimize the second electronically excited
state failed, because optimization runs into a geometry, where

S1 and S2 cross and La and Lb change their order. Distortion of
the 5FI geometry along coordinates which are known from
previous studies14,15,49 to favor the La geometry failed. Thus, we
assume the S2 state minimum to be close to a conical
intersection between the La and Lb, like it is the case for
indole.14 Surprisingly, theory predicts the angle θref to be
negative for 4FI and 6FI in both excited states. While the S0 →
S2 TDM orientation of 4FI resembles the one of the 1La state in
indole, it is not possible to determine the nature of the other
excited states from their TDM orientation. For 4FI the S0 → S1
and for 6FI the S0 → S2 TDM vector lies almost along the
inertial b-axis of indole, while the S0 → S1 vector of 6FI is close
to the a-axis. This points toward a mixing of 1La and 1Lb
character in the respective states, which can be inferred from
the coefficients of the orbital excitations (cf. Table 2).
Interestingly, the adiabatic energy gap between S1 and S2 is
nearly identical in 4FI and 6FI. While genuine CC2 (SCS-
CC2) calculations only predict an amount of 7(1) % LUMO←
HOMO excitation for 5FI in the S1 state, it increases to 22(11)
% for 4FI and to 75(36) % for 6FI. Thus, the negative sign of θ
can be explained with the increased amount of 1La character, as
already proposed for 4- and 6-methoxyindole by Albinsson and
Norden.47

This assignment is confirmed experimentally for 6FI, but
stands in contrast to the experimentally determined positive
sign of θ for 4FI, as it was also the case for 6-methoxyindole.17

This shows that a deviating TDM orientation between
experiment and theory cannot be traced back to a specific
substituent or its position at the chromophore. Instead, the
individual molecule and its photophysical properties seem to be
responsible for this ambiguity. In this context, one has to keep
in mind that the calculated TDM orientation is determined for
a vertical absorption at a given geometry, while the
experimental value is derived from the fluorescence of the 0−
0 transition. Hence, for systems where the TDM vector tends
to change its orientation quite easily, slightest geometry
changes upon excitation can lead to completely different θ
angles. In conclusion, we state that the absolute orientation of
the transition dipole moment is not a useful identifier of the
electronic nature for substituted indoles in general.
Thus, other characteristics are needed to identify the nature

of the excited states. One of these is the permanent electric
dipole moment of the excited states. While the magnitude of
the dipole moment of the 1Lb is slightly smaller than the one of
the ground state,50 it increases considerably upon excitation to
the 1La state.

14,51 Comparing the experimental and calculated
dipole moments from Table 2 and 3 shows that the changes in

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

Figure 4. (a) TDM vector orientations for the S1 (blue) and S2 (red) states of indole at the CC2/cc-pVTZ level of theory.14 (b) Definition of θref
which describes the angle of the TDM vector with the pseudo C2 axis of indole and overview of the S0 → S1 TDM vectors, calculated at CC2/cc-
pVTZ level of theory.
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the magnitude are well reproduced by the ab initio calculations
with the exception of the S1 dipole moment of 6FI derived from
genuine CC2 calculations. Here, the question arises, if the CC2
optimized state is indeed the S1 state. The magnitude of the
permanent dipole moment, and the oscillator strength are
rather in line with an assignment as S2 state. By and large, the
properties determined from DFT/MRCI wave functions
resemble the SCS-CC2 values. The strong mixing of the
lowest excited singlet states makes the coefficients of the
LUMO ← HOMO and of the LUMO+1 ← HOMO
insufficient parameters for an assignment.
For 4FI, the dipole moment decreases by 0.42 D upon

excitation, while for 6FI an increase of 0.87 D is observed.
Additionally, we compare the results to those of 5FI for which
the nature of the lowest excited singlet state was ascertained to
be 1Lb.

38 For 5FI, a small decrease in the permanent dipole
moment of 0.3 D upon excitation to the S1 state has been
reported.40

Consequently, a small perturbation of the lowest electroni-
cally excited state due to an increased amount of LUMO ←
HOMO character, as it is observed for 4FI, only affects the
TDM orientation, whereas the change in the permanent dipole
moment upon excitation and thus, the electronic nature of the
excited state remains 1Lb-like. For 6FI, theory predicts a heavily
mixed character of both electronically excited states. Although
the experiment shows that the permanent dipole moment
increases upon excitation, the increase is much smaller than for
a pure 1La state like in indole.14,51 Thus, an assignment to a
pure 1La or

1Lb state is not possible. This reflects the mixed
nature of the excited state as predicted by the ab initio
calculations.

■ CONCLUSIONS

The structures of 4- and 6-fluoroindole in the ground and
lowest electronically excited state and their dipole moments in
both states have been determined by means of rotationally
resolved electronic Stark spectroscopy in combination with
high level ab initio calculations. With the exception of the TDM
orientation the experimental and theoretical results reveal
mainly 1Lb character for the S1 and

1La character for the S2 state
of 4FI, while both excited states of 6FI are strongly mixed and
not unambiguously assignable. This can be inferred from the
change of the permanent electric dipole moments upon
excitation and coefficients of the orbital excitations.
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(23) Haẗtig, C. Geometry optimizations with the coupled-cluster
model CC2 using the resolution-of-the-identity approximation. J.
Chem. Phys. 2003, 118, 7751−7761.
(24) Ahlrichs, R.; Bar̈, M.; Has̈er, M.; Horn, H.; Kölmel, C.
Electronic Structure Calculations on Workstation Computers: The
Program System TURBOMOLE. Chem. Phys. Lett. 1989, 162, 165−
169.
(25) Dunning, T. H.; Gaussian, J. basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and
hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
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(52) The inertial defect ΔI is defined as Ic − Ib − Ia, where the Ig are
the moments of inertia with respect to the main inertial axes g = a, b,
and c.
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