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The structure of 5-cyanoindole in the ground and the lowest

electronically excited singlet states, deduced from rotationally

resolved electronic spectroscopy and ab initio theoryw
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The structure and electronic properties of the electronic ground and the lowest excited singlet

states of 5-cyanoindole (5CI) were determined using rotationally resolved spectroscopy of the

vibrationless electronic origin of 5CI. In contrast to most other indole derivatives, the lowest

excited state of 5CI is determined to be of La character. The conventional approximate coupled

cluster singles and doubles model (CC2) fails to describe the geometry of the excited state

correctly. Nevertheless, scaling the spin components of equal and opposite spins within the CC2

model as proposed by Hellweg et al. (Phys. Chem. Chem. Phys., 2008, 10, 1159) resulted in very

good geometry parameters for the excited state.

1 Introduction

Excited singlet states of indole and substituted indoles have

found considerable interest due to their potential use as

fluorescence probes in proteins. Quantum chemical calcula-

tions,1 two-photon-induced fluorescence anisotropy measure-

ments,2 two-photon excitation spectroscopy,3 linear dichroism

measurements on partially oriented indole in stretched poly-

ethylene films4 and rotationally resolved spectroscopy of

vibronic bands of indole5,6 agree that the lowest electronically

excited singlet state of indole is the Lb state, energetically

followed by the La state 1400 cm�1 higher in energy.

The introduction of substituents may alter this energetic

separation of the two states. Recently we investigated

5-methoxyindole exhibiting the largest known energy gap

between La and Lb.
7 While DFT/MRCI calculations showed

that the La was shifted only by 200 cm�1 to higher energies, the

Lb is stabilized by more than 2000 cm�1 relative to indole,

attributed to the electron-donating properties of the methoxy

group. Hence exchanging the methoxy group for an electron-

withdrawing substituent like a cyano group might diminish the

La–Lb gap considerably and even lead to a reversed state

order, having the La as the lowest excited singlet state in gas

phase. This has been observed so far only for the prominent

example of tetrahydrocarbazole.8 For 2,3-dimethylindole there

has been a long lasting debate about the energetic order which

was finally resolved by the Callis group by showing that slightest

perturbations like an argon matrix as local surrounding shift the

La origin below the Lb, with a reversed order in gas phase.9–11

5-Cyanoindole (5CI) has found some spectroscopic interest

as an IR marker probing the local surrounding in proteins.12

Interestingly, the line width of the CN stretching vibration

depends on the solvation of the chromophore. This was also

observed by Waegele et al. for the appropriate non-natural

amino acid 5-cyanotryptophan.13 The authors analyzed the

spectral signature of the CN stretch vibration in H2O, THF

and mixtures thereof, and tested the applicability to the

antimicrobial peptide indolicidin. Although 5-cyanotryptophan

in a peptide is only a weak fluorophore, it is supposed to be a

perfect FRET acceptor from cyanophenylalanine.

In gas phase the spectral position and lifetime of the

electronic origin of 5CI were determined by Huang and Sulkes

using time-correlated single photon counting for S1 levels in

supersonic free jet expansions.14

2 Techniques

2.1 Experimental procedures

5CI (Z 98%) was purchased from Activate Scientific and used

without further purification. The experimental set-up for the

rotationally resolved laser induced fluorescence is described in

detail elsewhere.15 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 a

Ar+-ion laser (Coherent, Sabre 15 DBW). The dye laser
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output was coupled to an external folded ring cavity (Spectra

Physics Wavetrain) for second harmonic generation. The

resulting output power was constant at about 25 mW during

the experiment. The molecular beam was formed by co-expanding

5CI, heated to 190 1C, and 400 mbar of argon through a 200 mm
nozzle into a vacuum chamber. The molecular beam machine

consists of three differentially pumped vacuum chambers that

are linearly connected by skimmers (1 mm and 3mm, respectively)

in order to reduce the Doppler width. The resulting resolution

is 18 MHz (FWHM) in this set-up. In the third chamber,

360 mm downstream of the nozzle, the molecular beam crosses

the laser beam at a right angle. The imaging optics setup

consists of a concave mirror and two plano-convex lenses to

focus the resulting fluorescence onto a photomultiplier 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 trans-

mitted to a PC for data recording and processing. The relative

frequency was determined with a quasi confocal Fabry–Perot

interferometer. The absolute frequency was obtained by

comparing the recorded spectrum to the tabulated lines in

the iodine absorption spectrum.16

2.2 Computational methods

2.2.1 Quantum chemical calculations. Structure optimizations

were performed employing Dunning’s correlation consistent

polarized valence triple zeta (cc-pVTZ) basis sets from the

Turbomole library.17,18 The equilibrium geometries of the

electronic ground and the lowest excited singlet states were

optimized using the approximate coupled cluster singles and

doubles model (CC2) employing the resolution-of-the-identity

approximation (RI).19–21 Spin-component scaling (SCS) and

scaled opposite-spin (SOS) modifications to CC2 were taken

into account.22 Additionally, we used density functional theory

for a restricted closed shell KS determinant using the B3-LYP

density functional.23,24 In these cases, the geometries of the

electronically excited singlet states were optimized by means of

a time-dependent density functional theory (TDDFT) gradient.25

All CC2, DFT, and TDDFT calculations were carried out

utilizing the Turbomole package, version 6.1.26 Vibrational

frequencies and zero-point corrections to the adiabatic excitation

energies have been obtained from numerical second derivatives

using the NumForce script.26 A natural population analysis

(NPA)27 has been performed at the SCS-CC2 optimized

geometries using the wavefunctions from the SCS-CC2 calcu-

lations as implemented in the Turbomole package.26

2.2.2 Fits of the rovibronic spectra using evolutionary

algorithms. The search algorithm employed to fit the rotation-

ally resolved electronic spectra is an evolutionary strategy

adapting normal mutations via a covariance matrix adaptation

(CMA-ES) mechanism. This algorithm was developed by

Ostermeier and Hansen et al.28,29 and is designed especially

for optimization on rugged search landscapes that are addi-

tionally 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 this evolutionary

strategy we refer to ref. 7 and 30.

3 Results

3.1 High resolution spectrum of the origin band of

5-cyanoindole

Fig. 1 shows the rotationally resolved spectrum of the electronic

origin of 5CI at 33 874 cm�1. The experimental spectrum could

be simulated with a rigid rotor Hamiltonian and almost pure

a-type selection rules (the angle y in Table 1 is practically zero).

The enlarged portion of the spectrum shows the excellent

agreement between experiment and simulation using the para-

meters from the best fit employing the CMA-ES strategy. The

fit of the line shapes to Voigt profiles using a Gaussian

(Doppler) contribution of 18 MHz yielded a Lorentzian contri-

bution of 13 � 2 MHz to the total line width equivalent to an

excited state life time of 12� 2 ns, in fair agreement with the value

from time-resolved spectroscopy of 16.9 ns by Huang and Sulkes.14

We additionally tried a different Hamiltonian in the fit

of the spectrum, containing axis reorientation effects.31 This

Hamiltonian improved the fit of the intensities in the spectrum

Fig. 1 Rotationally resolved electronic spectrum of the electronic

origin of 5-cyanoindole.

Table 1 CC2 and (TD)DFT calculated molecular parameters of
5-cyanoindole. Changes of the rotational constants are defined as:
DBg ¼ B0g � B00g , with Bg as rotational constants with respect to the

inertial axes g = a, b, c. n0 is the center frequency of the band, and f
the oscillator strength

DFTb CC2a SCS-CC2a SOS-CC2a Exp.

A00/MHz 3387 3368 3364 3361 3370.4(16)
B00/MHz 740 736 734 732 738.00(2)
C00/MHz 607 604 602 601 605.93(1)
DI00/amu Å2 0.0 0.0 0.0 0.0 �0.1385
A0/MHz 3436 3379 3281 3269 3299.9(16)
B0/MHz 723 720 725 725 730.32(3)
C0/MHz 597 594 594 594 598.16(2)
DI0/amu Å2 0.0 0.0 0.0 0.0 �0.2582
DA/MHz +49 +11 �83 �92 �70.47(1)
DB/MHz �17 �16 �9 �7 �7.69(1)
DC/MHz �10 �10 �6 �7 �7.37(1)
y/1 26.0 51.8 9.4 9.5 3(3)
n0/cm

�1 33 930 34 947 34 758 34 466 33 874
f 0.03 0.03 0.01 0.01 —

a CC2 calculations have been performed with the cc-pVTZ basis set.
b (TD)DFT calculations have been performed with the B3-LYP func-

tional with the cc-pVTZ basis set.
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of indole considerably.6 In 5CI no similar improvement was

observed, imposing an upper limit of 0.21 on the axis reori-

entation angle yT. Different thermalization of different JKAKc

states in the molecular beam requires a description of populations

using several temperatures, which take the different rotational

cooling into account. We used the two temperature model,

proposed by Wu and Levy32 with ni = e�Ei/kT1 + we�Ei/kT2,

where ni is the population of the ith rovibronic level at energy

Ei, k is the Boltzmann constant, T1 and T2 are the two

temperatures, and w is a weighting factor modelling the

contribution from T2. The best agreement between experi-

mental and simulated spectra could be obtained with T1 = 2.2 K,

T2 = 4.5 K and w = 0.1.

3.2 Computational results

Table 1 collects the structural data (i.e. rotational constants

(A, B, and C)) in the electronic ground (double prime) and

excited (single prime) states, their changes upon electronic

excitation (DA, DB, and DC), and the respective inertial

defects.z All equilibrium structures, optimized at the DFT,

CC2, SCS-CC2, or SOS-CC2 level of theory without imposing

symmetry constraints, are perfectly planar. Their calculated

inertial defects are exactly zero. The experimental value con-

tains vibrational corrections from the vibrational averaging of

the ground and excited state structures. The difference of the

experimental and the calculated DI values gives a first order

approximation to the amount of vibrational averaging

contained in the experimental rotational constants. We

estimate the vibrational contributions to the equilibrium

rotational constants to be less than 0.1% i.e. a maximum of

3 MHz absolutely.

Obviously, the DFT calculations yield wrong structures for

the lowest electronically excited state, here. Instead of the large

reduction of the rotational constant A that has been found in

the experiment, even a considerable increase in A of 49 MHz is

obtained. Genuine CC2 does slightly better, but still gives the

wrong sign for A upon electronic excitation. In contrast,

SCS-CC2 and SOS-CC2 yield the rotational constants in the

lowest electronically excited state, as well as their changes

upon excitation with respect to the ground state constants,

correctly. Similar improvements with SCS-CC2 were recently

also found for paracyclophane systems.33

In the following we will compare the relevant bond lengths

of the different calculations directly. Table 2 gives the bond

lengths of 5CI in the electronic ground and lowest excited

singlet states from CC2, SCS-CC2, and SOS-CC2 calculations

utilizing the cc-pVTZ basis set. Genuine CC2 failed to localize

the S2 state. For atomic numbering cf. Fig. 2. According to

both SCS-CC2 and SOS-CC2, the main geometry changes

upon electronic excitation to the S1 state take place in the

benzene ring, while the pyrrole ring is subject only to minor

changes. In addition, the C5C10 bond length decreases, while

the C10N11 bond in the cyano group gets moderately elongated.

These bond length changes are in line with a quinoidal type

structure in the excited state, shown in Fig. 2c and d.

In contrast, the genuine CC2method also predicts pronounced

changes within the pyrrole moiety: according to Table 2, the

CC2 S1 geometry exhibits strong elongations of the C8N1 and

C2C3 bonds, whereas N1C2 is shorter than in the S0 ground

state. Comparison of these geometry changes to the ones

obtained from SCS-CC2 and SOS-CC2 optimizations of the

S2 state shows that obviously the S1 and S2 states change their

energetic order in the CC2 calculations.

The direction of the transition dipole moment (TDM) in the

molecular frame is an important indicator of the electronic

nature of the excited state. For a planar molecule its orienta-

tions with respect to the inertial a and b-axes are defined via

the angle y, which is the angle of the transition moment vector

with the molecule fixed a-axis:

ma = m cos y and mb = m sin y

The squares of the projections onto the inertial axes are directly

proportional to the experimentally observed contribution to the

Table 2 Bond lengths of 5CI in the electronic ground and lowest
excited singlet states from CC2, SCS-CC2, and SOS-CC2 calculations
utilizing the cc-pVTZ basis set. For atomic numbering cf. Fig. 2

State S0 S1 S2

Method CC2
SCS-
CC2

SOS-
CC2 CC2

SCS-
CC2

SOS-
CC2

SCS-
CC2

SOS-
CC2

N1C2 138.0 138.3 138.5 133.5 138.3 138.9 136.6 136.2
C2C3 137.5 137.3 137.2 142.9 139.4 138.9 142.0 142.6
C3C9 142.9 143.5 143.8 140.5 141.4 141.9 143.5 143.1
C9C4 140.0 140.3 140.4 141.9 141.9 141.9 141.5 141.6
C4C5 139.5 139.4 139.4 144.6 144.2 144.4 145.1 145.1
C5C6 141.6 141.8 142.0 143.3 144.8 144.6 138.7 138.7
C6C7 138.6 138.6 138.5 140.9 142.0 142.3 144.0 144.4
C7C8 139.8 140.1 140.3 140.9 140.7 140.9 139.4 139.2
C8C9 142.5 142.2 142.0 142.5 146.2 146.4 142.1 142.5
C8N1 137.2 137.5 137.6 141.7 138.1 137.8 139.4 139.7
N1H12 100.6 100.5 100.4 100.9 100.5 100.5 101.2 101.2
C5C10 143.0 143.7 144.0 140.8 141.6 142.1 143.0 143.4
C10N11 118.2 117.6 117.4 119.0 118.2 117.9 117.9 117.6

Fig. 2 (a) Atomic numbering and changes of the bond lengths upon

electronic excitation to the lowest excited singlet state in 5CI from the SCS-

CC2 calculations. A + sign along with a bond represents a small increase

in the bond length, ++ a large one, similarly decreases are indicated by�
signs. A missing symbol means no or tiny bond length changes. (b)

Natural charges of the S0, S1 and S2 states (numbers at each atom from

top to bottom) from a natural bond orbital analysis. (c) and (d) Possible

mesomeric resonance structures of 5CI. In the secondmesomeric structure,

the structural motif of p-aminobenzonitrile is marked in red.

z The inertial defect is a measure of the non-planarity of a molecule in
a given electronic state, and is defined as: DI = IC � IA � IB. For a
planar molecule it is close to zero.
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band type in the electronic absorption spectrum. Only SCS-CC2

and SOS-CC2 calculations yield comparably small values of y
for the S1 state as observed in experiment. In contrast, the

direction of the S1 transition dipole moment (y = 51.81) as

predicted by genuine CC2 is clearly qualitatively wrong.

Employing the SCS-CC2 approach, a similarly large value is

obtained for the S2 state (cf. Table 3). This finding corro-

borates the above view that CC2 predicts an adiabatically

wrong order of states. The B3-LYP value for y is situated

approximately half way between those of S1 and S2 as predicted

by SCS-CC2. We thus conclude that the lowest electronically

excited state has the TDM orientation along the a-axis, while

the second singlet state is an ab-hybrid, with predominantly

b-type (Fig. 3).

Inspection of the leading contributions of the configurations

to the excited states as calculated with SCS-CC2 shows that

the adiabatically lowest S1 state is characterized by 0.56

(HOMO - LUMO) � 0.51 (HOMO � 1 - LUMO) + 0.44

(HOMO� 1- LUMO+ 1)+ 0.42 (HOMO- LUMO+ 1)

excitation (cf. Fig. 4). The S2-state is comprised of 0.77

(HOMO - LUMO) + 0.44 (HOMO � 1 - LUMO) � 0.29

(HOMO - LUMO + 1) � 0.26 (HOMO � 2 - LUMO).

The excitation to both states is therefore heavily mixed and the

second excited singlet state is accompanied by a considerable

charge migration from the indolic NH group to the cyano group.

Table 3 collects the properties of the ground and lowest two

excited singlet states of 5CI, calculated at their respective

minimum geometries. Given are the main contributions to

the excited states, the oscillator strengths f, the transition dipole

moment orientations y with respect to the inertial a-axis, the

adiabatic excitation energies n0/cm�1, and the permanent

dipole moments m. 5CI has a very high dipole moment of

7.1 D already in the electronic ground state, resulting from the

push–pull properties of the NH/CN groups. In the S1 state

the dipole moment increases moderately to 8.1 D, while for

the S2 state a large permanent dipole of 10.1 D is calculated.

For this state, the permanent dipole moment is oriented nearly

exactly along the inertial a-axis (cf. angle yD in Table 3), while

the dipole moment of the S1 state is tilted by 131 with respect

to the a-axis and that of the ground state is rotated by 161.

The zero-point corrected adiabatic excitation energies (n0)
of the lowest two excited singlet states are given in Table 3. For

the SCS-CC2 calculations, the calculated value of 34811 cm�1

is in good agreement with the experimental value (33 874 cm�1).

The energetically following state has a calculated adiabatic

excitation energy of 37 002 cm�1.

4 Discussion

From the comparison of experimental and theoretical rotational

constants of 5CI we have found that the structure in the

electronic ground state can reasonably be reproduced at the

DFT/cc-pVTZ and the CC2/cc-pVTZ levels of theory. Never-

theless, for the lowest two excited states, serious problems

regarding the structure and the transition dipole moment

orientation are encountered using TD-DFT and CC2, since

both methods change the energetic order of the lowest two

excited singlet states. This is very surprising at first sight, since

the S1 structures of comparable molecules (indole, 5-methoxy-

indole, tetrahydrocarbazole) have been computed using CC2

without any difficulties. The main difference between 5-cyano-

indole and the before mentioned indoles is the fact that the

cyano group facilitates a charge migration from the indolic

NH moiety to the cyano group through the strong negative

mesomeric (�M) effect of this group. Similar effects are observed

for the charge transfer (CT) state of dimethylaminobenzo-

nitrile (DMABN), which shows a twisted intramolecular

charge transfer (TICT) conformation in its S2 state, for a

review see e.g. ref. 34. In 5CI the S1 state is clearly a locally

excited (LE) state, while for the S2 state some CT character

can be discussed. Inspection of the natural charges from a

NBO analysis shows that the electron density at N1 remains

constant upon excitation to the S1 state, but is greatly reduced

upon excitation to S2. Similarly, the negative charge at C3

decreases in the S2 state, while the negative charges at C4 and

Table 3 SCS-CC2 calculated properties of the ground and lowest two
electronically excited states of 5CI at their respective minimum
geometries

State S0 S1 S2

— +0.56 (H - L) 0.77 (H - L)
Main — �0.51 (H � 1 - L) +0.44 (H � 1 - L)
contributions — +0.44 (H � 1 - L+1) �0.29 (H - L + 1)

— +0.42 (H - L + 1) �0.26 (H � 2 - L)
n0/cm

�1 — 34 811 37 002
f — 0.01 0.03
y/1 — 9.4 65.1
m/D 7.1 8.1 10.1
yD/1 15.8 12.9 3.0

Fig. 3 Orientation of the inertial axes in 5CI.

Fig. 4 Contour plots of the highest occupied and lowest unoccupied

molecular orbitals of 5CI at the optimized S1 geometry from

SCS-CC2/cc-pVTZ calculations, isosurface value 0.03.
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C7 increase, as shown in Fig. 2. The corresponding isosurface

plots of the density change for both excitations as calculated

with the SCS-CC2 method can be found in Fig. S1 of the ESI.w
The main difference between 5CI and DMABN lies in the

conformational rigidity of 5CI. The C2–C3 bond bridges the

amino position, forcing the amino group into planarity. Thus,

the conical intersection, which is discussed for DMABN via

the twisting mode that connects the primarily excited planar

CT state with the LE state, does not exist in 5CI.

It is well-known that many DFT functionals, among them

common generalized gradient approximation and hybrid

functionals, often fail to describe CT states correctly.35,36

Nevertheless, the S1 state structure, we predict using TD-DFT,

is not completely off. This could result since the size of the

TD-DFT error correlates with the spatial overlap in a given

excitation37 which for the present case does not vanish at all.

The larger importance of electron correlation effects in the

excited state is reflected in the rather poor description of the

excited state structure using the plain CC2 model. Hellweg

et al. stated that ‘‘spin-component scaling makes the CC2

model somewhat more robust against strong correlation effects;

in particular for systems with triple bonds’’.22 For 5CI in the

ground state, correlation effects which can be traced back to

the electrons in the CN triple bond may play a minor role

compared to electronic effects of the chromophore. Upon

electronic excitation to the lowest singlet state, electron density

from the pyrrolic NH group is shifted to the chromophore.

This additional electron density is most efficiently delocalized

aided by the cyano group. Thus, correlation of the electrons in

the CN triple bond does play a major role in the electronically

excited state.

5 Conclusions

The ground and excited state rotational constants of 5-cyano-

indole could be determined by analysis of the rotationally

resolved electronic spectrum and were compared to those from

ab initio calculated structures. A good agreement for both electronic

states involved in the transition could be obtained using spin

component scaled CC2 calculations, while plain CC2 failed to

describe the excited state structure correctly. From the analysis

of the transition dipole moment orientation in the molecular

frame, the nature of the lowest electronically excited state has

been determined to be La like in the nomenclature of Platt. It is

mainly an LE state, while for the S2 state some CT character

can be discussed from the results of the SCS-CC2 calculations.
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