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High-resolution electronic spectra of indole (C8H7N) and their detailed analysis are reported.

Thirteen low-lying vibronic bands—from the electronic origin transition at 35 231.4 cm�1 up to

1000 cm�1 above—are recorded with rotational resolution. Besides inertial parameters and

inertial defects these spectra yield detailed information, for each individual band, on the

transition-dipole-moment orientations in the molecular inertial frame as well as on the

reorientation of that inertial frame upon electronic excitation. The natural lifetimes of the

individual vibronic states have also been determined. Strongly varying orientations of the

transition-dipole-moments, unexpected positive inertial defects, and decreasing lifetimes, which

are only partly related to increased excitation energy, are observed. These results are clear

indications of the interaction of the two lowest electronically excited singlet states (1Lb and
1La).

Our experimental findings are strongly supported by, and in excellent agreement with, the

theoretical description of the interaction of the two electronic states described in the preceding

paper. These results provide clear evidence for strong vibronic coupling of the two electronic

states 1Lb and
1La and for the energetic location of the 1La-state more than 1000 cm�1 above

the 1Lb vibrationless state.

1. Introduction

Indole is the chromophore of the amino acid tryptophan

(Trp), whose intrinsic emission properties are used in many

fluorescence experiments on proteins.1 As a result, the

molecule has prompted considerable experimental and

theoretical interest. (For an overview of the theoretical studies

see the previous paper2 and references therein). Experi-

mentally, the ground-state structure was investigated by

microwave spectroscopy3,4 and the lowest-frequency vibronic

band, the 1Lb origin, has also been observed by rotationally

resolved laser spectroscopy.5,6 These studies yield detailed

structural information for the ground electronic state and

the first excited electronic state. The dipole moments of indole

in its ground and first excited electronic states were determined

to be 1.963 D and 1.856 D, respectively.7

Following Platt,8 the lowest electronically excited states of

cata-concatenated hydrocarbons are labeled 1Lb and
1La. This

nomenclature is typically also applied to unsymmetrical

molecules, such as the heterocyclic indole. Due to its low

molecular symmetry, the two states belong to the same

representation and can therefore only be distinguished by their

spectral signatures. Moreover, the states are assumed to be

close in energy and, therefore, are strongly coupled. The 1Lb

and 1La states can be distinguished by their electronic

properties. Generally, the electronic transition dipole moment

vectors (TDM) for excitation from the electronic ground state

to the two states are oriented differently in the molecular

frame; typically, they are nearly orthogonal to each other.9

Moreover, the 1La state is very polar and, therefore, its energy

depends strongly on the polarity of its solvent environment,

whereas this is typically not the case for 1Lb.

Vibronic transitions to the lowest electronically excited

states and the accompanying dynamics have been extensively

studied. The 1Lb origin transition was determined to lie at

35 323 cm�1 and its fluorescence lifetime is 17.5 ns.10 The 3La

origin transition was observed at 24 933 cm�1 for indole

embedded in cryogenic matrices.11,12 An analysis of the

vibrational levels in the electronic ground and first excited

state (1Lb) revealed a clear correspondence of ground and

excited vibrational modes up to 718 cm�1, whereas for higher

energies this was not true.13 The fluorescence lifetimes of many

vibronic bands up to 919 cm�1 were determined and showed a

mostly gradual decrease from 16.4 ns for the origin transition

down to 11 ns for the highest bands.13

The electronic TDM direction y is defined in Fig. 1. This

TDM angle was previously determined to be +42(5)1 and

�46(5)1 for 1Lb and 1La for indole embedded in stretched
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polyethylene films, respectively.14 From rotationally resolved

spectroscopy, the 1Lb TDM orientation was determined to be

|y| = 38.3(2)1.6 From two-photon excitation spectroscopy of

gas-phase indole, the 1La origin was assigned just 450 cm�1

above the 1Lb electronic origin transition.15 Later, a detailed

vibronic analysis lead to the conclusion that all bands up

to 1000 cm�1 above the origin transition belong to the
1Lb electronic state.16 This was confirmed by polarized

fluorescence excitation and dispersed fluorescence spectra of

indole in solid argon, which suggested an energy of the 1La

state 1400 cm�1 above the 1Lb state.
17

The solvochromatic response of the two electronically

excited states is expected to be quite different. Whereas the
1Lb state behaves similarly to the ground electronic state, the
1La energy depends strongly on the solvent. These effects

have been probed using microsolvation in van-der-Waals

clusters using vibrationally10,18–21 and rotationally resolved

spectroscopy.22–24 From Stark effect measurements the dipole

moment of indole-water in its ground and first excited electronic

state was determined and a significant change of the water

molecules’ orientation upon excitation was observed.7

In the preceding article (paper I), vibronic coupling between

the two lowest singlet states of indole was investigated theore-

tically. This coupling makes the experimental identification of

the exact location of the 1La origin difficult. In this second,

experimental, paper, we present rotationally resolved spectra

of a number of vibronic bands up to 989 cm�1 above the 1Lb

origin transition. From these spectra, we extract detailed

structural information (rotational constants, inertial defects,

inertial axis reorientation angles), TDM angles of the indivi-

dual vibronic bands, including their signs, and natural

lifetimes of the respective excited vibronic states. These data

serve as a benchmark for the theoretical description given in

paper I and lead to a clear description of the first electronically

excited singlet states of indole.

2. Experimental methods

The experiments were performed in two stages; initial measure-

ments were performed at the University of Pittsburgh, later

experiments were performed at the Heinrich-Heine-University

in Düsseldorf, in both cases using similar experimental setups

that have been described elsewhere.25,26 In brief, indole was

heated to 100 1C, seeded in 300–500 mbar of argon, and

expanded into vacuum. The beam was confined by skimmers,

resulting in Doppler broadening of individual rotational lines

smaller than 20 MHz full-width-at-half-maximum (FWHM),

in a differentially pumped vacuum system. The molecular

beam was crossed at right angles by UV radiation near 280 nm

from frequency-doubled narrow-linewidth (FWHMo1 MHz)

continuous-wave ring-dye-lasers (Spectra Physics 380D or

Sirah Matisse DS) and the integrated laser-induced fluores-

cence was collected using a lens system onto a photomultiplier

tube. The relative frequency was determined by comparison to

a quasi-confocal Fabry–Perot interferometer and the absolute

frequency was determined by simultaneously recording the

iodine absorption spectrum and successive comparison to the

tabulated transition frequencies.27

3. Theoretical methods

3.1 Evolutionary strategies

The rovibronic spectra were fitted to an asymmetric rotor

Hamiltonian with axis reorientation using a derandomized

(DR) evolutionary strategy (ES).28 The results are in agree-

ment with the subset of previously obtained parameters using

an assigned fit for the inertial parameters and a conventional

contour fit for the TDM and axis reorientation angles.29

We used a special implementation of the de-randomized ES

which is abbreviated in the following as DR2.30 For many

applications, the DR2 algorithm has been shown to be

superior31 to the genetic algorithm (GA) used in automated

spectral assignments, so far.32–34 Both GA and ES are inspired

by evolutionary processes in nature which are based on

reproduction, mutation, and selection. The quality of each

solution is analyzed by means of a fitness function,32,35 While

the GA tries to find a solution in the parameter space by

combining information from a set of randomly generated

solutions with the aim of creating better ones, the DR2

algorithm additionally can analyze and use the information

in which direction the fitness increases. In its initial step, the

DR2 algorithm randomly generates some trial solutions each

consisting of the complete parameter set necessary to describe

the spectrum. The fitness of the offspring is compared to that

of the parents and the best become themselves parent(s) for the

next generation. If for some parameter a parent has evolved in

the same direction for several generations, so that their

correlation in this parameter is positive, the most likely

solution is assumed to be further in that direction and the

next parameter mutation will be larger. Correspondingly, two

anticorrelated mutations will lead to a smaller mutation. By

discriminating between mutation rates for different parameters,

the DR2 algorithm can reliably find the optimal solution

within a relatively small number of generations.28

When used to fit our spectra, the DR2 algorithm succeeded

in obtaining good fits with a smaller population and within

fewer generations compared to the genetic algorithm (GA).

Although the computation of each generation is more expensive,

the total effect is a reduction in the total computation time

by a factor of two compared to the GA.32–34 Since the ES uses

the complete spectrum, also parts of the spectrum are included

in the calculation of the fitness function which show only small

deviations from the rigid rotor intensities (cf. subsection 3.2).

Therefore, we restricted the calculation of the fitness function

Fig. 1 Structure and definition of inertial axes, transition-dipole-

moment orientation y and inertial-axis reorientation angle yT.
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in a first step to regions of the spectrum with rovibronic

transitions that show a large dependence upon axis reorienta-

tion. These ranges were determined in an interactive manner to

include in each fit the maximum number of transitions. The

final fits were then performed with the entire spectrum.

3.2 Axis reorientation

For the computation of intensities in rovibronic spectra, the

Euler angles, which define the angles between the rotating

molecule fixed coordinate system in which the TDM is defined

and the space fixed coordinate system of the radiation field,

have to be calculated. The approximation of common inertial

systems for both electronic states, uses the fact, that the

structure of a molecule changes only slightly upon electronic

excitation, so that the molecule fixed coordinate systems for

the ground and the excited states coincide. Once this approxi-

mation becomes invalid, the rotation of the principal axis

system upon excitation has to be taken into account. The

principal axis system in indole rotates about the c-axis and

although the angle of rotation is generally small, the effect

on the intensities of the rotational transitions can be very

pronounced.

For a correct calculation of the intensities, all rotational

wave functions of the ground and the excited state should be

expressed in a common coordinate system. This can

be achieved by transforming the excited state rotational

Hamiltonian via a rotation of ~J around the c axis by an

angle yT:
36

H 0 ¼ ðA0 cos2 yT þ B0 sin2 yT ÞJ
02
a

þ ðA0 sin2 yT þ B0 cos2 yT ÞJ
02
b þ C0J

02
c

þ ðA0 � B0Þ sin yT cos yT ðJ 0aJ 0b þ J 0bJ
0
aÞ

ð1Þ

In this way the excited state Hamiltonian is expressed in the

coordinate system of the ground state and its eigenfunctions

can therefore be given within the same basis set as the ground

state functions. It is readily seen that the matrix elements of

the transformed effective rotational Hamiltonian given in

eqn (1) are the same as those for the rigid rotor Hamiltonian.

The cross term JaJb + JbJa however, gives rise to a new matrix

element:

hJK|(JaJb + JbJa)|JK � 1i= 1
2
(2K � 1)[J(J+ 1) � K(K � 1)]

1
2

(2)

4. Experimental results

Fig. 2 shows the fluorescence excitation spectrum of indole

in the region from 0 to 1200 cm�1 above the origin at

35 231.4 cm�1. The bands that have been further investigated

with rotational resolution are marked with their vibrational

excitation wavenumbers in Fig. 2.

The rotationally resolved spectrum of the electronic origin

of indole has been presented elsewhere5,6 and our results are in

full agreement with the published data. Here, we discuss the

vibronic bands from 316 up to 989 cm�1 above the electronic

origin at 35 231.4 cm�1. Table 1 summarizes the results of the

fit to the Hamiltonian in eqn (1) for each of these bands. The

rotational constants of the ground state have been taken from

refs. 3 and 4. Table 1 reports the changes of the rotational

constant upon electronic excitation,z the direction of the

TDM y, the axis reorientation angle yT, the excited state

lifetime t (determined from the Lorentzian contribution to

the individual Voigt lineshapes), the center frequency ~n0, and
the exact frequency shift from the vibrationless origin D~n0.
Figs. 3–6 show representative experimental high-resolution

spectra, their simulations, and expanded views of experimental

and simulated spectra, of the bands at 316, 379, 454, and

989 cm�1 above the electronic origin of indole. The simula-

tions shown in these figures are calculated using the best-fit

parameters given in Table 1. Spectra and simulations of all

other bands given in Table 1 are presented in the ESI.w

5. Discussion

5.1 Transition-dipole-moment directions

The electronic origin band of indole is classified under the

Platt nomenclature as a 1Lb band. In this band, the TDM

makes an angle y of �391 with the inertial a-axis.6 From a

comparison to the values from linear dichroism measurements

of ‘‘partially oriented’’ indole molecules in a stretched

polyethylene host, the sign of y can be determined to be

positive (+391).14 The same absolute orientation was obtained

from a comparison of the rotationally resolved electronic

origin spectra of indole and the van der Waals bound

indole-Ar cluster.24 This value also is consistent with the

results of the DFT/MRCI calculations in paper I. Overall,

the orientation of the TDM for the 1Lb state can unambiguously

be determined as being positive; see Fig. 1 for a depiction of

this angle. From Table 1 it then follows immediately that the

Fig. 2 Electronic excitation spectrum of indole in the region from

0 to 1200 cm�1 above the electronic origin at 35231.4 cm�1.

z We want to point out that the values for the changes of the
rotational constants presented in Table 1 are not only due to electronic
effects, but also effectively incorporate some averaged centrifugal
distortion contributions in the electronically excited state. Whereas
we use ground-state rotational constants determined using a
Hamiltonian in Watson’s A reduction including quartic centrifugal
distortion terms, we describe the vibronically excited states in an
effective-rigid-rotor Hamiltonian. However, this contribution is
negligible compared to the actual electronic effects.
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axis reorientation angle yT for excitation to 1Lb must also be

positive, also in agreement with the calculations in paper I.

For the pure 1La state both signs are reversed and yT and y are

both negative.2

For the band at 316 cm�1 the same sign is found for both

angles, and the transition moment angle is positive; thus, this

band can safely be assigned as a vibrational band of the 1Lb

electronic state. The vibronic analysis given in the first

paper shows that this band is the first overtone of the lowest

out-of-plane vibration (4220).
2

The bands at 379 and 539 cm�1 were previously assigned to

the in-plane vibrational modes 29 and 27, respectively.16 This

assignment is strongly supported by the vibronic analysis of

paper I.2 They both have very small TDM angles, i.e., show an

intermediate behavior between 1La and 1Lb with respect to

their electronic nature. Assignment of these bands to a specific

electronic state needs to be deferred for further discussion

(vide infra).

The first band with a clear 1La signature is the one at

454 cm�1. This band was initially assigned to the lower

component of a split origin of the 1La state,15 but later

Barstis et al.16 assigned the 454 cm�1 band to a combination

band of two out-of-plane vibrations, 39 and 41. The vibronic

analysis given in the first paper reassigns this band to the

401041
1
0 combination band. We find opposite signs of y and yT

for this band. Since the sign and magnitude of yT are deter-

mined geometrically, it can safely be assumed that it must have

the same sign as the electronic origin. Under this assumption,

the sign of y must be reversed, yielding an absolute value of

�321, close to the theoretically predicted value of �371 for
1La-transitions from the DFT/MRCI calculations of paper I.

This band represents the lower component of a Fermi diad

with the in-plane vibration 28. The higher component of this

Fermi diad at 480 cm�1 also exhibits a clear 1La signature as

deduced from the relative signs of y and yT, with a larger value

of y = �461 that is also in good agreement with the theore-

tically predicted value. The 1La signature of the 454 cm
�1 band

is apparently mediated through the Fermi resonance with the

strongly vibronically coupled band at 480 cm�1.

The transition at 718 cm�1 (mode 26), is assigned to the 1Lb

state based on the relative signs of y and yT, in agreement with

the previous assignment by Sammeth et al.15 based on

two-photon spectroscopy. The 720 cm�1 band (291041
2
0) is also

assigned as 1Lb band from the TDM orientation, in agreement

with the results of the two-photon spectra.15

Fig. 3 Rotationally resolved spectrum of the 316 cm�1 band, along

with a simulation of the spectrum using the best parameters from an

ES fit, given in Table 1.

Fig. 4 Rotationally resolved spectrum of the 379 cm�1 band, along

with a simulation of the spectrum using the best parameters from an

ES fit, given in Table 1.

Fig. 5 Rotationally resolved spectrum of the 454 cm�1 band, along

with a simulation of the spectrum using the best parameters from an

ES fit, given in Table 1.

Fig. 6 Rotationally resolved spectrum of the 989 cm�1 band, along

with a simulation of the spectrum using the best parameters from an

ES fit, given in Table 1.
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Also the four bands at 736, 907, 968, and 989 cm�1 above

the origin, can be assigned to belong to the 1Lb state based on

the relative orientation of their y and yT values.

The highest-wavenumber band with electronic 1La character

we have found so far is located at 908 cm�1 above the origin

and is assigned to the in-plane mode 23 based on comparison

to the calculated values in Tables 5 and 6 in the first paper.2 In

agreement with this, we found strong HT activity in this mode

from the FCHT analysis.

5.2 Inertial defects

Further guidance in the assignment of vibronic bands can be

obtained from the inertial defects and from the changes of the

rotational constants upon vibronic excitation. The inertial

defect is defined as DI = Ic � Ib � Ia and is composed of

vibrational, centrifugal and electronic contributions.37 For

planar molecules it is expected to be close to zero, with

out-of-plane vibrations generally causing a negative contri-

bution to the inertial defect, and in-plane vibrations often

having a small positive contribution.38

The experimental inertial defect of the vibronic ground

state of indole is determined from microwave rotational

constants3,4 to be �0.11146 uÅ2, a value typical for a medium-

size planar aromatic molecule with low frequency out-of-plane

vibrations.39

However, some of the excited vibronic states investigated

show large positive inertial defects, as shown in Table 1. Since

such large positive inertial defects are rarely found in the

literature, we further investigated this effect. An anharmonic

analysis of the vibrational spectrum allows, in principle, for

the determination of vibrational averaging effects due to the

individual vibrational motion.40 Such an anharmonic analysis

is implemented in the Gaussian program package.41 Since the

procedure for the calculation of cubic and of some of the

quartic force constants needs third derivatives of the potential

energy with respect to the normal coordinates, the method can

currently only be applied to electronic ground-state molecules

for which analytical second derivatives are available. A corres-

ponding analysis for excited states, using solely numerical

derivatives, would be prohibitively time-consuming and of

very low accuracy.

Nevertheless, a good estimate of the vibrational effects in

an electronically excited 1Lb state can be provided by a

vibrational analysis of the electronic ground state S0. This

assumes that the direction and amplitude of the vibrational

displacement vectors is similar in the ground and the electro-

nically excited states; see Table 5 of paper I for a comparison.

The change of the rotational constants upon vibronic

excitation can then be assessed from the sum of the zero-point

averaged changes due to pure electronic excitation and to

changes due to the individual vibrational excitation. The

former are experimentally obtained from the changes of the

rotational constants of the vibrationless origin, the latter from

the vibrational anharmonic analysis. However, this analysis is

not accurate enough to provide information on states with

more than two quanta of vibrational excitation and, therefore,

these bands are omitted from the analysis. Table 2 shows the

resulting inertial defects of the individual vibronic states, theT
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vibrational contributions to the rotational constants, and the

changes of rotational constants upon vibronic excitation.

This vibrational analysis even allows for distinction of

different vibronic bands through the changes of the rotational

constants. The vibrational contribution of the 4220 vibration to

A rotational constant is approximately �17 MHz, while for

the 2910 band a value of 8 MHz is found. From these values

changes of A (and also the respective changes of B and C)

upon vibronic excitation are obtained, that are in good agree-

ment with the experimental ones.

With this data in hand, we can further investigate the

individual vibronic states. The 316 cm�1 band shows a large

negative inertial defect (see Table 1), in agreement with its

previous assignment as the first overtone of the out-of-plane

vibration 42.13 The 379 cm�1 band, which has been assigned to

the in-plane 2910 vibration, shows a large and positive inertial

defect upon electronic excitation in theory and experimentally,

nicely confirming this assignment.

The large negative inertial defect of the 454 cm�1 band

(401041
1
0) supports its assignment as an out-of-plane vibra-

tion.13 The reassignment of this band on the basis of the

vibronic analysis given in paper I2 is fully confirmed by the

calculated inertial defects and by the changes of the rotational

constants in Table 2. No other calculated combination band or

overtone band in the appropriate frequency range has vibra-

tional contributions, that are closer to the experimental ones

than the 401041
1
0 combination band. This band represents the

lower component of a Fermi diad with the in-plane vibration

28 at 480 cm�1 being the higher component. For the 2810 band,

the change of the inertial defect is again large and positive,

similar to the 2910 band. Again, the vibrational analysis gives

the correct sign and magnitude of DI and also the changes of

the rotational constants are in close agreement with the

experimental ones.

The vibronic bands at 539 (2710) and 718 cm�1 (2610) show

slightly negative inertial defects. From Table 2 it can be

inferred that both bands are in-plane vibrations. The calculated

and observed inertial defects and rotational constant changes

are in good agreement. This demonstrates, that vibrational

averaging of in-plane vibrations also might lead to negative

inertial defects.

The large negative inertial defect of the vibronic band at

736 cm�1 confirms its out-of-plane character. It was previously

assigned as the first overtone of mode 38.16 Nevertheless, the

vibrational analysis shows that the combination band 411037
1
0

fits both the inertial defect and the changes of the rotational

constants, much better than the overtone 3820. We therefore

reassign this vibronic band accordingly.

The band at 908 cm�1 shows a strong negative inertial defect

which is not reproduced by the theoretical description of the

assigned mode 23. Since this mode shows strong Duschinksy

activity, we tentatively ascribe the mismatch to the poor descrip-

tion of the excited-state mode by the ground-state model.

Although no computational analysis is available for

the bands at 720, 907, 968, and 989 cm�1 (vide supra), the

experimental data given in Table 1 provides detailed informa-

tion. The band at 720 cm�1, assigned as 291041
2
0, shows a large

positive inertial defect, which can be attributed to its in-plane

2910 component, which also has a large positive inertial defect.T
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The bands at 907 cm�1, 968 cm�1, and 989 cm�1, tentatively

assigned to 271041
2
0, 281040

2
0, and 381040

2
041

1
0, respectively,

again show strongly negative DIs as a consequence of their

out-of-plane character.

5.3 Natural lifetimes

The natural lifetime of the 1Lb state is determined to be 17.5 ns

from the origin band, in agreement with previous time-

resolved10,13 and high-resolution-spectroscopic studies.6 The

lifetimes of all vibrationally excited states are shorter, varying

between 3 and 16 ns. However, for higher vibrational states,

there are discrepancies between previous time-resolved studies13

and our data. We have carefully checked our results and are

confident that they are correct to within the specified standard

deviations. Generally, we find that the lifetime decreases

monotonically with the excitation energy, cf. Table 1, which

is in agreement with previous studies.13 However, this is not

true for the band at 316 cm�1, for which the lifetime is

especially short (7 ns) compared to the following bands

(15 ns). In the first paper, we showed, that the 1Lb state is

coupled vibronically to the ps* state via out-of-plane

vibrations. It therefore stands to reason, that the coupling to

a repulsive electronic state reduces the radiative lifetime of the

coupling mode considerably. The lifetimes of the bands at

480 and 539 cm�1 are also significantly shorter than those of

energetically lower bands. The band at 968 cm�1 has t =

3.2 ns and shows the shortest lifetime of all investigated states.

Therefore, we conclude that the lifetimes clearly show vibronic
1Lb–

1La coupling for the bands at 316, 480, 539, and 968 cm�1

and hint at weak coupling for the bands at 379 and 454 cm�1.

Regarding the vibronic coupling, the lifetimes provide no

further insight into the bands at 718, 720, 736, 907, 908, and

989 cm�1, all of which have short lifetimes of approximately

4–5 ns.

5.4 Comparison with the theoretical analysis from paper I

The first comparison of the experimental results we make is

with regard to the calculated structures. We obtained the CC2

structure for the electronic ground state and for the excited 1La

and 1Lb states. Only the changes of the rotational constants

for excitation to the 1Lb state match the experimentally

determined changes for each of the investigated bands. Thus,

from purely structural considerations, direct excitation of 1La

bands in the investigated range can be excluded.

From the ab initio optimized structures, the angle of axis

reorientation upon electronic excitation could be determined.

We found for the 1Lb state that both the axis reorientation

angle yT as well as the angle of the transition dipole with the

inertial a-axis y are positive. For the 1La state both angles were

found to be negative. No change of sign between y and yT was

found in the calculations for the zero-order 1La and
1Lb states.

Nevertheless, in the experiment, we found bands with

alternating signs for y and yT, showing the importance of

vibronic coupling of the two states for the interpretation of the

spectra.

From the discussion of the experimental results, we deduce

vibronic 1Lb–
1La coupling for the bands at 316, 379, 454, 480,

539, 720, 910, and 968 cm�1. The coupling is especially

evident, with very strong effects in more than one of the

criteria discussed above, for the bands at 379, 480, and

539 cm�1. This is in very good agreement with the theoretical

description in paper I. We assign the three strongly coupled

bands to the modes 29 (379 cm�1), 28 (480 cm�1), and 27

(539 cm�1) from the theoretical analysis in paper I. In

the calculations these bands all show strong HT coupling

(|HT| Z 0.05), supporting their experimental 1La character.

Moreover, mode 28 (480 cm�1) is the lowest fundamental with

a clear 1La TDM orientation in the theoretical and in the

experimental results.

However, the 454 cm�1 band is the lowest wavenumber

vibration for which the Herzberg–Teller analysis from paper I

predicts a negative angle between the a-axis and the TDM,

giving further evidence for the assignment of this band as

being due to vibronic coupling to the 1La state. Nevertheless,

the experimentally determined long lifetime and the weak

calculated HT coupling both support the previous argument

that this band gains 1La character only indirectly through the

Fermi resonance with the band at 480 cm�1.

In the experimental analysis the band at 316 cm�1 (mode 42)

has a regular TDM and a regular inertial defect for an out-of-

plane vibration. Moreover, from paper I it is also evident that

it shows only a small HT coupling strength. This coupling

must be to a state of out-of-plane symmetry and therefore

cannot be the 1La state. Instead, it might be the ps*
state, whose repulsive character would then give a logical

explanation for its short lifetime.

The 720 cm�1 band is a combination of mode 29 and the

overtone of mode 41. This is in agreement with the fact that it

has a somewhat reduced (i.e., the reduced positive inertial

defect change) but nevertheless clear 1La character compared

to the 379 cm�1 band (mode 29). The same holds for the

968 cm�1 band (combination of mode 28 and the overtone of

mode 40) with respect to the 480 cm�1 band (mode 28). In

summary, it is clear from experiment and theory that these two

bands are strongly HT coupled to 1La.

The band at 907 cm�1 does not show clear signs of vibronic

coupling to the 1La state, although it is a combination mode

involving mode 27, which itself (539 cm�1) is clearly vibronically

coupled to the 1La state.

Besides the origin, the bands at 718, 736, and 989 cm�1 show

no sign of 1La character. Based on the vibrational frequencies

and the TDMs we assign these bands to the modes 26, a

combination of 37 and 41, and a combination band of mode

38, mode 41 and the overtone of mode 40, respectively.

Therefore, the bands at 736 and 989 cm�1 (371041
1
0 and

381040
2
041

1
0) are barely vibronically coupled to the 1La state in

the calculations. The 718 cm�1 band (mode 26), however, has

nearly equal FC and HT strength. Nevertheless, this mode

assignment, together with Table 6 from ref. 2, can also be

exploited to determine the as-of-yet undecided sign of the

TDM of this band to be +451, very similar to the 1Lb

origin value.

6. Conclusions

We have recorded and analyzed thirteen vibronic bands of

indole from the electronic origin up to 989 cm�1 above,
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yielding accurate vibrational shifts, inertial parameters, axis

reorientation angles upon excitation, transition-dipole-

moment orientations, inertial defect changes, and excited state

lifetimes. These experimental results are compared to the

computational description presented in paper I and fully

support that theoretical analysis on the basis of 1Lb–
1La

Herzberg–Teller coupling. We demonstrate that the changes

of the rotational constants upon vibronic excitation and

the respective inertial defects of the vibronic states contain

sufficient information about the vibrational modes to be used

as a—typically overlooked—tool for vibrational assignments.

For the electronic origin band our analysis supports

previous assignments as an 1Lb transition. Nevertheless, six

bands, out of the eleven bands recorded and analyzed, show
1La character. These are most notably the three lowest-

wavenumber in-plane vibrations at 379, 480, and 539 cm�1.

The bands at 720 and 968 cm�1 are combination bands

containing one of these strongly coupled fundamentals and,

therefore, obtain their 1La character through these coupled

fundamentals. The band at 454 cm�1 gains its 1La character

through a Fermi resonance with the strongly coupled

480 cm�1 band.

Overall, the combined theoretical and experimental investi-

gation presented here and in the preceding paper provide a

clear picture of the 1Lb and
1La electronic states of indole and

the vibronic coupling between them. The 1La state is located

more than 1000 cm�1 above the 1Lb state. The general quality

of the theoretical description2 suggests that the predicted
1La�1Lb separation of 1850 cm�1 provides a good estimate

of the energetic location of the 1La electronic state. However, it

is also clear that the electronic properties of the indole

chromophore, for example, the transition-dipole-moment

orientation in the molecular frame, are a mixture of 1Lb and
1La character through Herzberg–Teller coupling already a

few hundred wavenumbers above the electronic origin of the
1Lb state. Specific vibrations are more effective at producing

this coupling than others.

As stated in the preceding publication we cannot rule out,

that coupling of the 1Lb state occurs as well to higher lying

electronic states like the Bb and Ba in Platt’s notation.

Although they are energetically far away, they might show

coupling to some extent, due to large transition dipole

moments. Nevertheless, none of our conclusions critically

depends on the assumption, that coupling is mediated by a

single electronic state.

A second Herzberg–Teller coupling between the 1Lb state

and the energetically higher lying ps* state, mediated through

the out-of-plane vibrations is suggested from the theoretical

results in paper I and from the short lifetime of the out-of-

plane mode 42. Since the ps* state is repulsive, a vibrational

motion directed towards the coupling state may lower the

effective barrier, formed via a conical intersection of the 1Lb

and the ps*, thus facilitating tunneling through this barrier.

This mechanism could explain the exceptionally short lifetime

of the overtone of the out-of-plane band 42.

It is clear from the data presented here that high resolution-

spectroscopy, examining ‘‘static’’—or time-averaged—molecular

properties, can provide detailed access to the dynamics in the

electronically excited states of indole. This includes the conical

intersection of the bound 1Lb and 1La states. This can be

understood from the fact that molecular eigenstates are

formed from linear combinations of zero-order 1Lb and 1La

states, and that the vibrational motion of these eigenstates

senses the complete populated configurational phase-space,

according to the probability density of its wavefunction. Since

the overall rotations are slow compared to the vibrations, one

obtains vibrationally averaged rotational constants, which

reflect these dynamical aspects of the observed coupling.
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