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a b s t r a c t

The electronic transitions of indole, the aromatic UV chromophore of the amino acid tryptophan, are
characterized by using state-of-the-art multiconfigurational methods in gas-phase and aqueous solution,
revealing the electronic spectrum up to 10 eV. Bidimensional near-ultraviolet (2D-NUV) electronic spec-
tra of indole are simulated using the sum-over-states approach, based on ab initio calculations, account-
ing for different experimental set-ups, including rephasing ðKI ¼ �k1 þ k2 þ k3), quasi-absorptive (PP)
and double quantum coherence ðKIII ¼ k1 þ k2 � k3) signals, and both one-color (2D-NUV) and two-col-
ors (2D-NUV/Vis) regimes. In order to obtain accurate energies of high lying excited states and reliable
2DES spectra, extravalence virtual orbitals have been included using the restricted active space tech-
nique. The 2D-NUV spectrum of indole shows off-diagonal signals due to the correlation of the GS ? Lb

and GS ? La transitions, an indole ‘‘fingerprint’’ in the NUV region that differentiate it from other aro-
matic chromophores in proteins. Further indole-specific transitions are resolved in the whole Vis–NUV
range. A background-free region bellow the ionization potential, which shows no absorption signals in
the monomer, can be used to resolve charge transfer states in coupled chromophore aggregates with a
two-color 2D-NUV/Vis experimental set-up. Fundamental information for design of the 2DES experi-
ments of indole is provided, including possible experimental pulse configurations that improve spectral
resolution, revealing anharmonicities and selecting transitions. The proposed 2DES experiments could
provide unprecedented level of detail for tracking indole electronic transitions in proteins, laying the
groundwork for the use of nonlinear ultrafast optical spectroscopy for the study of protein structure
and dynamics in solution.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Indole, the chromophore of the aromatic amino acid trypto-
phan, is the most intensively absorbing protein chromophore in
the near-ultraviolet (NUV). Its infrequent occurrence in proteins
(�1.5% [1]) and characteristic absorption makes it a potential can-
didate for visualizing side chain interactions and resolving local
stabilization factors during protein folding [2]. Linear response
techniques such as circular dichroism spectroscopy, which reveal
transitions to bright singly excited states in chromophores, are
commonly used for differentiating secondary protein structures
[3]. However, high spectral congestion makes the interpretation
of such spectra challenging. Bidimensional (2D) electronic spec-
troscopy techniques are becoming an attractive tool with greatly
improved spectral and temporal resolution [4–7]. Elaborate
sequences of coherent femtosecond pulses are used to correlate
the wavelength of the probed transitions to the wavelength of
the pump pulse, thereby adding a second dimension for resolving
the third-order nonlinear system response to the field-matter
interaction [8–10]. In addition, 2D spectra contain qualitative
new information missed by one-dimensional spectra because they
visualize characteristic transition bands to higher lying states and
correlations between electronic transitions. Due to the congested
visible (Vis)/UV spectrum of aromatic chromophores a vast num-
ber of singly and doubly excited states can be probed, provided
they possess non-vanishing transition dipole moments out of the
doorway states prepared by interaction of the system with the
pump pulses. As a consequence, every chromophore has its
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characteristic spectral signature, a fingerprint that could be used to
discriminate it spectroscopically in molecular aggregates.

Spectral congestion further makes analysis of electronic spectra
a challenging task for which theoretical modeling becomes crucial.
The accurate characterization of 2D electronic spectra requires
state-of-the-art quantum–mechanical methods describing elec-
tronic correlations [11]. The requirement of simultaneous treat-
ment of a vast number singly and doubly excited states implies
the usage of the state averaged (SA) complete active space self
consistent field (CASSCF) approach [12] with second order
perturbative treatment of the dynamic correlation of each state
(SS-CASPT2) [13], i.e. SA-CASSCF//SS-CASPT2.

Here we present high-level multiconfigurational calculations
preformed for the indole monomer in gas-phase and aqueous solu-
tion that provide an accurate description of its excited states below
10 eV. The spectrum below the first ionization potential at 7.76 eV
[14] is assigned and a nomenclature for electronic transitions is
proposed. Characteristic features of the indole spectrum are com-
pared with benzene and phenol, the chromophores of the aromatic
amino acids phenyalanine and tyrosine. 2D pump-NUV probe-NUV
and pump-NUV probe–Vis spectra are discussed. The present study
suggests possible experimental setups for novel 2D electronic
spectroscopy of proteins in solution.

2. Computational methods

The indole ground state geometry was optimized at the CASSCF
level [12] under CS-symmetry with the generally contracted ANO-L
basis set [15] adopting the following contraction scheme: C,O/
[4s3p2d] and H/[2s1p]. It is well established that excited states
described with the general ANO basis set are contaminated by spu-
rious Rydberg character that can affect excited state energies and
properties like transition dipole moments [16,17]. To account for
this the basis sets was augmented with a set of 8s, 8p and 8d
uncontracted Rydberg-type basis functions positioned at the cen-
ter of nuclear charge of the lowest two cationic states [18,19] in
all excited state calculations. We point out that we have used a
set of uncontracted Rydberg-type basis functions instead of the
usually utilized 1s, 1p, 1d contracted Rydberg-type set [20] in
order to properly describe Rydberg states up to 10 eV. The orbital
exponents for the uncontracted Rydberg basis functions were
obtained from [21]. The uneven description of electronic correla-
tion for valence and Rydberg states at CASSCF level is the cause
for valence-Rydberg mixing [20] which affects electronic proper-
ties of valence states. Since the resulting Rydberg orbitals do not
interact with the valence orbitals [22,18] we were able to apply
the following scheme to resolve valence–Rydberg orbital mixing:
An eight electrons/eight orbitals active space (i.e. CAS (8,8)) com-
prising all p-valence orbitals but the completely bonding p-orbital
was constructed. The active space was then augmented with a Ryd-
berg orbital of A’’-symmetry (the Rydberg orbitals of A’ symmetry
are not considered further), thus forming CAS (8,9). Next a state-
averaged calculation was performed where we made sure that at
least one of the optimized states had Rydberg character. To prevent
spurious orbital mixing the active space orbitals were localized
using the Pipek procedure [23]. Finally, the pure Rydberg orbital
was deleted from the orbital list. This procedure was repeated 24
times until all Rydberg orbitals were removed and, thus, removing
also Rydberg excited states. Once the valence orbitals were clean
from Rydberg contaminations the lowest occupied orbital was
added to the active space, thus, forming the full p-valence active
space of ten p�electrons in nine orbitals (i.e. CAS (10,9)) and the
first 25 states with A’-symmetry were computed. To test the stabil-
ity of the calculation the active space was systematically increased
by four, eight and twelve additional extravalence virtual orbitals
which were selected in consecutive order according to their ener-
gies (diagonal elements of the effective state averaged Fock
matrix). To reduce computational cost only configurations with
up to two excited electrons in these virtual orbitals were added
to the list of configuration state functions. The resulting restricted
active spaces (RAS) are labeled RAS ð0;0j10;9j2;4Þ,
RASð0;0j10;9j2;8Þ and RAS ð0;0j10;9j2;12Þ, where each of the
three restricted active subspaces are characterized by the maxi-
mum number of simultaneously excited electrons and the number
of orbitals. The contributions of the remaining configurations were
treated perturbationally with the multiconfigurational counterpart
of the Møller–Plesset method denoted as CASPT2/RASPT2 [13]. All
virtual orbitals were correlated in the perturbation procedure
except for the 24 removed Rydberg orbitals with A’’-symmetry.
An IPEA shift of 0.0 a.u. [24] and an imaginary shift of 0.2 a.u.
[25] were used. Transition dipole moments were calculated at
SA-CASSCF/RASSCF level. The RICD approximation was used to
speed up the calculation of two-electron integrals [26].

Aqueous solvation was described with the conductor-like polar-
izaable continuum model (C-PCM) technique [27,28], which
describes the solvent as a polarizable dielectric continuum. The
solute, which occupies a cavity defined as the envelope of spheres
centered at non-hydrogen atoms, polarizes the dielectric medium
and creates an electric field which, in turn, disturbs the solute. Con-
vergence is achieved iteratively at the CASSCF level. Vertical elec-
tronic transitions were treated as non-equilibrium events. The
solvent was allowed to equilibrate to the electronic density of
the ground state. For excited states calculations only the fast elec-
tronic component of the electric field reflecting the instanta-
neously adapting electronic density of the solvent to the excited
state density of the solute was allowed to equilibrate. The slow
component reflecting solvent rearrangement was kept fixed. At
CASPT2 level the reaction field was approximated as a static per-
turbation to the Hamiltonian. Default values were used for the
dielectric constant of water (� ¼ 78:39) and for the areas of the
tesserae (0:4 Å

2
).

All quantum–mechanical calculations were carried out with
software package Molcas 7.7 [26].

Using the SS-CASPT2/RASPT2 energies and SA-CASSCF transi-
tions dipole moments rephasing (denoted as KI), quasi-absorptive
(denoted as PP) and double coherence (denoted as KIII) spectra
were computed by the sum-over-states approach [29] with Spec-
tron 2.7 [9]. The experimental set-ups use three pulses with wave-
vectors k1; k2; k3 and a local oscillator with a wavevector k4

which satisfies the phase-matching conditions k4 ¼ �k1 þ k2 þ k3

(KI), k4 ¼ k3 (PP, satisfies both the rephasing KI and non-rephasing
KII phase-matching conditions) and k4 ¼ k1 þ k2 � k3 (KIII). A con-
stant broadening of 200 cm�1 was used for all transitions. Calcula-
tions were preformed for the non-chiral xxxx; xyxy and xyyx pulse
polarization sequences. The nonlinear signal depends parametri-
cally on the three time delays t1; t2; t3. The KI and PP spectra were
calculated by 2D Fourier transformation with respect to t1 and t3

while setting t2 to zero. In the case of KIII spectra 2D Fourier trans-
formation was performed with respect to t2 and t3 while setting t1

to zero. 2D spectra are plotted on a logarithmic scale. By conven-
tion bleach and stimulated emission contributions appear as nega-
tive (blue) signals, stimulated absorptions appear as positive (red)
peaks for xxxx polarized spectra. This does not apply to cross-
polarized pulse sequences.

3. Results and discussion

3.1. Absorption spectrum of indole

Indole has nine valence p-orbitals, five of which are occupied.
The two highest occupied orbitals (HOMO-1 and HOMO) as well
as the two lowest unoccupied orbitals (i.e. LUMO and LUMO + 1)
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can be viewed as benzene-like orbitals (Fig. 1). For historical rea-
sons the states associated with electronic transitions among these
orbitals are named Lb, La, Bb and Ba following Platt’s notation [30].
These four transitions are mainly responsible for the absorption
spectrum at lower energies (i.e. below 6.5 eV) and have been
extensively studied both experimentally and theoretically in vacuo
and in solution. An overview is provided in Refs. [31,32]. Theoret-
ical studies of the excited state spectrum up to the first ionization
potential can be found in Ref. [19]. However, the electronic nature
of the higher excited states is completely unknown.

Classification of higher lying excited states of polycyclic aro-
matic compounds beyond the La=b and Ba=b states is ambiguous
due to the multiconfigurational nature of the excited states and
their high spectral density which causes state mixing at different
computational levels. Here we propose a classification of the singly
excited manifold of indole and related aromatic compounds into
bands based on the orbitals involved in the electronic transitions.
Besides the HOMO and the HOMO-1 indole possesses three further
bonding orbitals: a pyrrole-like orbital HOMO-2, another benzene-
like orbital HOMO-3 which is completely bonding on the six-ring
and a completely bonding pyrrole-like orbital HOMO-4 with large
contribution from the nitrogen lone pair (Fig. 1). HOMO-2 and
HOMO-3 have anti-bonding counterparts LUMO + 2 and LUMO + 3.
The Lb and La transitions which involve the HOMO-1, HOMO, LUMO
and LUMO + 1 orbitals form the lowest band, named Lþ-band. The
Bb and the Ba transitions are combined in the L�-band (Fig. 1,
magenta). The þ and � signs indicate that the two bands emerge
through different linear combinations of the same transitions.
Transitions from HOMO-2 into LUMO and LUMO + 1, which are
degenerate to the transitions out of HOMO and HOMO-1 into
LUMO + 2 form the Aþ- and the A�-bands (Fig. 1, red), each one
consisting of two transitions. Likewise, transitions from HOMO-3
into LUMO and LUMO + 1 which are degenerate to the transitions
out of HOMO and HOMO-1 into LUMO + 3 are combined in the
Bþ- and the B�-bands (Fig. 1, blue). The HOMO-2 to LUMO + 2 tran-
sition is labeled C-band (Fig. 1, brown). The transitions from
HOMO-2 into LUMO + 3 and from HOMO-3 into LUMO + 2 form
the Dþ- and the D�-bands (Fig. 1, green), each one consisting of a
Fig. 1. List of the valence p-orbitals of indole together with different single electron
transitions which determine the low energy part of the absorption spectrum of
indole. Nearly degenerate transitions that are likely to mix are combined in groups
denoted by a color code. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
single transition. Finally, the HOMO-3 to LUMO + 3 transition is
labeled E-band (Fig. 1, black). We did not find large CI-coefficients
for configurations involving excitation out of the completely bond-
ing orbital (HOMO-4) in the spectral region of interest. Therefore,
the transitions out of HOMO-4 are not explicitly labeled. While
the L- and B-bands are present in the UV-spectra of benzene and
phenol [33] the A-, C- and D-bands, which involve the HOMO-2
and the LUMO + 2 belong only to the UV-spectrum of indole.
Therefore, the proposed nomenclature is useful for qualitative
assignment of the states and it allows recognizing transitions that
are characteristic of the tryptophan, when compared to other pro-
tein chromophores absorbing in the NUV as benzene and phenol.

Table 1 summarizes the electronic spectrum below 10 eV. The
energy spectrum below the first ionization potential has ten
excited states giving rise to five characteristic regions due to near
degeneracy: 4.35 eV, 4.90 eV, 6.00 eV, 6.50 eV and 7.65 eV. In con-
trast to benzene and phenol indole has two characteristic transi-
tions in the NUV. Our gas-phase calculations are in sound
agreement with experimental findings and previous calculations
in vacuo[19,31], slightly overestimating the absorption of La by
�0.10 eV. The Lþ-band has a relatively weak oscillator strength
(0.37 a.u. and 0.81 a.u.). Due to the large permanent dipole
moment of 2.16 a.u. (compared to 0.60 a.u. for the ground state)
of the La state we observe a red-shift of the ground state (GS) ? La

transition by �0.10 eV in aqueous solution, even though less pro-
nounced than the shift of 0.17 eV observed experimentally [34].
Due to the small energy gap between Lb and La their vibronic cou-
pling is predicted to be very strong [34]. Hence, one can assume
that both states are nearly simultaneously populated at sufficiently
high excitation energies. It is therefore intriguing to study if 2D spec-
troscopy would facilitate the state selective observation of excited
state dynamics already in the monomer. Open questions regarding
the effective population transfer between the dominantly popu-
lated La state and the Lb and the time scale of the process, as well
as regarding the decrease of the fluorescence quantum yield with
increasing excitation energy [35] can be addressed.

The L�-, Aþ-, A�- and Bþ-bands dominate the far-UV spectrum of
indole below the ionization potential, giving rise to the intensive
absorptions around 6.00 eV, 6.50 eV and 7.65 eV. Due to near
degeneracy the bands mix strongly and entangle. The peak maxima
are in agreement with experimental data [36]. It must be noted,
though, that our calculations give reversed intensities for the
absorption bands at 6.00 eV and 6.50 eV with respect to the exper-
iment. In aqueous solution these states exhibit nonuniform shifts
of up to�0.10 eV. The A�2 and the Bþ2 states (states 10, 11 in Table 1)
lie at the ionization limit with solvatochromic shifts of 0.05–
0.10 eV, thus, depending on the solvent those states might be
shifted below or above it. Above the ionization potential the spec-
trum is characterized by a number of doubly excited states that
emerge by promoting two electrons from HOMO and HOMO-1 to
LUMO and LUMO + 1 (states 12, 15–18, 21, 22). They remain lar-
gely unaffected by aqueous solvation. In vacuo the C-band is found
around 8.50 eV mixing with doubly excited configurations, while
in aqueous solution it disentangles giving a clear signature at
8.40 eV. The B�-band (states 19, 20 in Table 1) is found around
9.70 eV, at significantly higher energies than its counterpart Bþ.
We found comparably large B-band splitting also in benzene and
phenol [33]. States with clear D- or E-band signatures were not
found in the investigated spectra region, but the Dþ-band contrib-
utes strongly to states 15 and 21.

3.2. Dependence of the third-order non-linear response on electronic
correlation

The Lb transition in indole has a weaker oscillator strength com-
pared to the transition to the La state, an observation made also for



Table 1
Vertical excitation energies (in eV) in vacuo and aqueous solution, transition dipole moments (in a.u.) in vacuo out of the ground state (GS), the first (Lb) and the second (La)
excited states calculated at RAS (0;0j10;9j2;12)//SS-RASPT2 level.

E (gas-phase) E (water) TDM (gas-phase) from Main

GS Lb La Conf. Coeff.

2A’ (Lþ1 ) 4.35 (4.37a) 4.36 (4.31a) 0.37 – – H-1 ? L �0:67
H ? L + 1 0:51

3A’ ðLþ2 ) 4.91 (4.77a) 4.82 (4.59a) 0.81 0.21 – H ? L �0:77

4A’ ðAþ1 ) 5.96 5.98 0.36 0.10 0.32 H-1 ? L + 2 �0:37
H ? L + 2 �0:34
H-2 ? L + 1 0:33

5A’ ðL�1þAþ2 ) 6.00 (6.02a) 5.95 0.95 0.09 0.72 H ? L + 1 0:45
H-2 ? L 0:34
H-1 ? L + 2 0:32
H ? L + 2 �0:31

6A’ ðL�2þBsþ1 ) 6.45 (6.35a) 6.49 1.41 0.45 0.16 H-1 ? L + 1 �0:58
H-3 ? L �0:30
H ? L 0:30

7A’ ðL�1�Aþ2 ) 6.46 6.51 1.74 0.61 0.45 H ? L + 1 0:42
H-2 ? L �0:42
H-1 ? L 0:38
H-1 ? L + 2 �0:33

8A’ ðBþ1�L�2 ) 6.48 6.42 0.81 0.15 0.41 H-3 ? L �0:45
H-1 ? L + 1 0:38
H ? L + 3 �0:20

9A’ ðA�1 ) 6.74 6.70 1.42 0.26 0.23 H ? L + 2 �0:50
H-2 ? L �0:44

10A’ ðA�2 ) 7.65 7.73 0.66 0.81 0.32 H-2 ? L + 1 �0:48
H-1 ? L + 2 �0:38

11A’ ðBþ2 ) 7.67 7.64 0.98 0.15 0.25 H-3 ? H + 1 0:41
H-2 ? L + 1 �0:35
H-1 ? L + 3 0:30

12A’ 8.15 8.16 1.03 0.29 0.82 H) L �0:40
13A’ (C) 8.47 8.40 0.81 0.03 0.58 H-2 ? L + 2 0:41

H-3 ? L + 2 �0:31
14A’ (C) 8.49 8.57 1.37 0.06 0.87 H-2 ? L + 2 �0:49
15A’ 8.83 8.87 0.45 0.04 0.32 H) L,L + 1 �0:36

H-3 ? L + 2 0:28
16A’ 8.92 8.95 0.36 0.37 0.32 H-1) L 0:33
17A’ 9.10 9.06 0.26 0.26 1.14 H) L,L + 1 0:31

H-1) L �0:30
18A’ 9.24 9.23 0.54 0.34 0.43 H-1,H) L �0:35

H) L,L + 1 0:28
19A’ ðB�1 ) 9.62 9.63 0.27 0.07 0.38 H-4 ? L �0:36

H ? L + 3 �0:29
20A’ ðB�2 ) 9.78 9.80 0.36 0.43 0.70 H-1 ? L + 3 �0:28

H-1,H) L,L + 1 �0:27
H-3 ? L + 1 0:21

21A’ 9.81 9.81 0.23 0.34 0.41 H-3 ? L + 2 0:26
H) L,L + 2 �0:24
H-4 ? L + 1 0:24

22A’ 9.94 9.92 0.15 0.14 1.31 H-1) L,L + 1 �0:44
H) L,L + 1 �0:25

a Experimental values (in brackets) adopted from Ref. [19].
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benzene and phenol [37]. To achieve good resolution of both states it
is essential to use a narrow-band pump pulse pair centered closer to
the frequency of the Lb transition in order to enhance it. On the other
hand broadband pulses are desired to probe large spectral
windows and, thus, resolve characteristic signals. In this work
bandwidths with a full width at half maximum (FWHM) of
1466 cm�1 (corresponding to a Fourier limited pulse of 10.0 fs)
were used for pumping, while probing was performed with pulses
with FWHM of 5864 cm�1. We note, however, that the spectra
presented here can be obtained also with narrow-band probe
pulses tunable in the range of interest. Pump pules were centered
between 36,000 cm�1 and 37,000 cm�1, depending on the level of
calculation (Fig. 2). Probing was performed in two spectral win-
dows: NUV and Vis. Probing in the NUV resolves correlated transi-
tions in both monomers and coupled aggregates. For indole we
probe the spectral region between 32,000 cm�1 and 42,000 cm�1

to resolve the correlation between the Lb and La states of the
monomer. Therefore, the probe pulse pair was centered in the
same region as the pump pulse pair (i. e. between 36,000 cm�1

and 37,000 cm�1, one-color regime, Fig. 2). Probing in the Vis cov-
ers the spectral region below the ionization potential and permits
the collection of background-free signals. This is particularly inter-
esting for the sake of characterizing charge transfer states in coupled
chromophore aggregates, since inter-chromophore interactions are
relatively weak and require regions free of background noise and
overlapping intensive local absorptions [33]. As we do not know
a priori where the charge transfer transitions are likely to appear
we probe a broad spectral window between 10,000 cm�1 and
26,000 cm�1 covering the near-IR to Vis region (Fig. 2). The probe
pulse is centered at 18,000 cm�1 (i.e. two-color regime).

Fig. 3a–d shows a comparison of gas-phase 2D NUV-pump
NUV-probe KI spectra of the indole monomer for different active
space sizes. All pulses have the same polarization (i.e. xxxx). The
spectra are dominated by the diagonal (X1=3 ¼ 35;000 cm�1 and



Fig. 2. Level scheme of indole monomer including the higher excited states that can be probed out of the Lb and La states by using broadband pulses centered in the Vis and
NUV spectral windows. Signals associated with transitions from the Lb are shown in red, signals associated with transitions from the La are shown in blue. The numbering
corresponds to the RAS (0;0j10;9j2;12)//SS-RASPT2 state ordering in vacuo (Table 1, 2nd column). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. (a–d) Comparison of gas-phase 2D pump-NUV probe-NUV KI spectra for different active space sizes: CAS (10,9) (a), RAS (0;0j2;4) (b), RAS (0;0j2;8) (c), RAS (0;0j2;12)
(d). (e) 2D pump-NUV probe-NUV spectrum with RAS (0;0j2;12) in aqueous solution. Labeling according to Fig. 2.
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X1=3 ¼ 39;000 cm�1) and off-diagonal (X1 ¼ 35;000 cm�1/
X3 ¼ 39; 000 cm�1) bleach (negative, blue) signals of the Lþ-band.
The diagonal signals consist of two contributions, ground state
bleach and stimulated emission. The off-diagonal bleach signals
appear for coupled transitions when a coherence between the
ground state and a state from the singly excited manifold (here
the Lþ-band) created by the interaction of the system with the first
pump pulse, is destroyed by the subsequent interaction with the
second pump pulse, thereby allowing for another state from the
singly excited manifold to be probed. For non-correlated oscillators
these signals vanish due to exact cancellation of quantum path-
ways as given by different Feynman diagrams. The clear off-diago-
nal bleach signals demonstrate that the Lb and the La transitions
are strongly correlated. The off-diagonal bleach represent a charac-
teristic fingerprint of the NUV 2D spectrum of indole as the corre-
sponding Lb/La couplings in benzene and phenol lie in the far-UV.
The signals reflect intrinsic properties of the indole chromophore
and are present in the monomer as well as in aggregates.
Several positive peaks corresponding to stimulated absorption
from the Lþ-band are present in the spectra with the most promi-
nent ones being the transitions from Lb and La to states 16, 17 and
22. Table 1 shows that these are doubly excited states accessible
out of Lþ-band through an excitation of a second electron out of
the HOMO or the HOMO-1 into LUMO or LUMO + 1. The absorption
peak 18 cancels out the off-diagonal bleach at X1 ¼ 39;000 cm�1/
X3 ¼ 35;000 cm�1 and both signals no longer be clearly resolved.

The comparison of the different CAS/RAS schemes demonstrates
the sensitivity of 2D electronic spectra for electronic correlation. A
clear trend of blue shifting absorption peaks (e.g. peaks 15, 18, 19,
21) relatively to the bleach signals by approx. 2000 cm�1 (i.e. along
X3) is observed in Fig. 3. On absolute scale the shift is more pro-
nounced due to the simultaneous blue shift of the Lþ-band by
approx. 1000 cm�1 (i.e. along X1) and it is approx. 4000 cm�1. This
demonstrates that valence active space calculations do not provide
accurate energies of high lying excited states to reliably simulate 2D
experiments. While generally low lying states are described with
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satisfying accuracy the dynamic correlation via the perturbation
treatment is overestimated for higher lying states. Our calculations
demonstrate that this problem can be overcome by including suf-
ficient number of extravalence virtual orbitals in the active space.
As the computational effort scales exponentially with the active
space size the restricted active space (RAS) modification of the
active space technique emerges as the natural methods of choice.
We chose to include configurations with up to two excited elec-
trons in the extravalence orbitals in the list of configuration state
functions. The contributions of the remaining configurations were
treated perturbationally. Fig. 3 demonstrates that the most signif-
icant change is observed when the lowest four extravalence orbi-
tals are included in the active space (Fig. 3a and b). Adding more
orbitals fine-tunes the positions of the peaks. The spectra stabilize
with eight additional orbitals in the active space, while no signifi-
cant effects are observed by adding more orbitals. Notably, the
RASSCF state order is mostly preserved at RASPT2 level with only
a few outliers which exhibit stronger stabilization compared to
the states in their energetic vicinity. We chose RAS
(0; 0j10;9j2;12) as the reference active space for obtaining spectra
in aqueous solution.

In solution a pronounced blue-shift is observed for the excited
state absorptions, correlated with the GS ? La transition, while
the absorption peaks along the Lb band do not shift (Fig. 3e). The
reason for this behavior lies in the aforementioned solvatochromic
shift of the La state. Considering the observation that the doubly
excited manifold is not affected by the solvent (Table 1) the red
shift of the La transition implies a blue shift for the transitions to
the higher lying states.

Fig. 4) shows a study of the active space dependence of the
pump-NUV probe-Vis 2D spectrum of indole in the range between
10,000 cm�1 and 26,000 cm�1. In contrast to the pump-NUV probe-
NUV spectrum only some transitions blue-shift significantly in the
visible (e.g. peaks 6, 10, 11 in Fig. 4), while other transitions are
already well described at CAS (10,9)/CASPT2 level (e.g. peaks 7,
8, 9 in Fig. 4). Latter exhibit only small fluctuations upon enlarging
the active space size. Again, the largest shifts are observed when
the active space is increased by four additional virtual orbitals
(Fig. 4b), while the spectra stabilize with eight to twelve additional
orbitals. The existence of a broad absorption-free window between
18,000 cm�1 and 26,000 cm�1 when probing from the Lb state (corre-
sponds to the region between 14,000 cm�1 and 22,000 cm�1 when
probing from the La state) shows an exciting promise as a candidate
for tracking charge transfer states in aggregates [33]. Importantly,
this window also persists in aqueous solution (Fig. 4e). It should
be noted that the Vis probing region has absorptions, about an
Fig. 4. (a–d) Comparison of the 2D pump-NUV probe-Vis spectra for different active sp
(0;0j2;8) (c), RAS (0;0j2;12) (d). (e) 2D pump-NUV probe-NUV spectrum with RAS (0;0
order of magnitude weaker than in the NUV window. We antici-
pate that this will help detecting weak charge transfer signals in
coupled aggregates.
3.3. Comparison of different non-linear spectroscopy techniques

Detecting the third-order nonlinear system response for differ-
ent phase matching conditions allows to select particular Feynman
diagrams [38,39]. Fig. 5 shows the quasi-absorptive (PP, Fig. 5a)
and double coherence (KIII, Fig. 5b) 2D pump-NUV probe-NUV
spectra of solvated indole. The PP spectrum was generated with
the same pulse parameters as for the rephasing signal KI
(Fig. 3e). Quasi-absorptive spectra exploit the fact that phase vari-
ations which broaden the rephasing (KI) and non-rephasing (KII)
spectra cancel when KI and KII spectra are added, resulting in clean
spectra with highest possible resolution. This can be achieved by
either collecting both the KI and KII signals separately (implies
two measurements under the same experimental conditions) and
adding them posteriori or directly measuring the quasi-absorptive
signal using a pump–probe pulse pair oriented collinear [39].
Although the addition does not yield a perfectly absorptive spec-
trum in the case of coupled oscillators [39] PP spectra enhance
the spectral resolution.

The KIII spectrum was generated with the following pulse
parameters: the first pulse was centered at 35,500 cm�1 with a
FWHM of 1466 cm�1, the other three pulses were centered at
37,500 cm�1 with a FWHM of 2932 cm�1. For KIII spectra interac-
tions of the system with the first two pulses create a coherence
between the ground state and the doubly excited manifold. The
third pulse correlates this coherence to coherence between the
ground state and the singly excited manifold (diagram A, inset of
Fig. 5c) or to coherence between the singly and doubly excited
manifolds (diagram B, inset of Fig. 5d). For oscillators which are
harmonic (i.e. doubly excited states jf i absorb at twice the energy
of the singly excited state jei) and uncorrelated (i.e. common dou-
bly excited states jf i absorb at the sum of the singly excited states
jei and je0i) the signal vanishes as both diagrams A and B cancel
exactly [40]. Thus, KIII spectra are a suitable for resolving local
anharmonic shifts, as well as correlated transitions. In the X2 vs.
X3 representation states common to both Lb and La characterize
through a set of four peaks along X3 for one X2 value: two negative
peaks at the transition frequencies of Lb (e.g. peak 16(II), Fig. 5b)
and La (e.g. peak 16(IV), Fig. 5b) and two positive signals, equally
red- or blue-shifted with respect to the negative peaks (e.g. red-
shifted peaks 16(I) and 16(III), Fig. 5b). The shift d resembles the
ace sizes obtained in gas-phase calculations: CAS (10,9) (a), RAS (0;0j2;4) (b), RAS
j2;12) in aqueous solution. Labeling according to Fig. 2.



Fig. 5. Quasi-absorptive PP (a) and double coherence KIII (b–d) 2D pump-NUV probe-NUV spectra for indole in aqueous solution. For KIII cross-polarized spectra xyyx (c) and
xyxy (d), which enhance particular Feynman diagrams (shown as insets) are shown. Labeling according to Fig. 2.
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coupling strength. Excitations local to either Lb or La exhibit only
two signals (e.g. peaks 20, 21 in Fig. 5b), one negative (e.g. 20,
21(I) in Fig. 5b) and one positive (e.g. 20, 21(II) in Fig. 5b) and
the splitting d reflects the anharmonicity shift.

The diagonal and off-diagonal bleaches dominating the KI and
PP spectra (peaks 1 and 2 in Fig. 5a) do not appear in the KIII spec-
trum as they cannot be represented neither through diagram A nor
through diagram B. Thus, spectral features hidden in the KI and PP
spectra reveal (peaks 18, 19 in Fig. 5b–d). Regarding excited state
absorptions, the KIII spectra contain the same information as the
KI (Fig. 3e), KII or the PP (Fig. 5a) spectra. The difference is in the
way of representing the information. In KI, KII and PP spectra tran-
sitions to states common to Lb and La appear red shifted along X3

(e.g. peak 16 in Fig. 5a) with shift equal to the energy difference
between Lb and La. In KIII spectra peaks associated with transitions
to common states are ordered horizontally (peaks 16(I–IV)) and
signals appear in pairs of positive and negative peaks. Therefore,
KIII spectra contain about twice more peaks than KI spectra. The
spectral congestion can make analysis of the spectra cumbersome.
A remedy is to use cross-polarized pulse sequences xyxy or xyyx.
These sequences make use of the fact that transitions excited with
Fig. 6. xyxy – xyyx difference rephasing (a) and quasi-absorptive (b) 2D pump-NUV probe
peak are shown. Labeling according to Fig. 2.
cross-polarized pulses result in weaker signals than transitions
excited with equally polarized pulses. Exemplary, diagram A repre-
sents the up and down climbing of the energy ladder
(jgi ! jei ! jf i ! je0i ! jgi). For je0i � jei the polarization
sequence xyyx uses x-polarized pulses to excite the identical
jgi ! jei and jei ! jgi transitions and y-polarized pulses to excite
the identical jei ! jf i and jf i ! jei transitions. The polarization
sequence xyxy would use cross-polarized pulses for the aforemen-
tioned identical transitions, yielding generally a weaker signal. As
shown in Fig. 5c and d cross polarization schemes can select signals
belonging to different Feynman diagrams, separating groups of sig-
nals that are merged in the xxxx spectrum.

Cross-polarized pulse sequences find application also in KI and
PP spectroscopy [41]. Absorptions from the Lþ-band to common
states from the doubly excited manifold, as well as off-diagonal
bleach signals can be selectively enhanced by recording the differ-
ence spectrum for two polarization conditions (e.g. xyxy–xyyx).
Diagonal bleaches, stimulated emission and local absorptions are
thereby effectively removed. Only pathways for which the third
and fourth system-laser pulse interactions promote different exci-
tations become visible. The KI and PP difference spectra in the NUV
-NUV spectra for indole in aqueous solution. Explicit Feynman diagrams are for each
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probing region are shown in Fig. 6 together with the corresponding
Feynman diagrams. The off-diagonal bleach signals 1 and 2 as well
as the absorption into the common state 17 are the only contribu-
tions to the KI spectrum. The PP spectrum contains twice more sig-
nals because replica of the off-diagonal peaks appear close to the
diagonal. These signals do not provide additional information and
can complicate the interpretation of the spectra, especially in com-
plex systems. It strikes to our attention that the common peak 16 is
not resolved in these spectra, although the KIII (Fig. 5b) clearly
indicates that it is accessible from both Lb and La. A look at the tran-
sitions dipole moments from the Lb and the La states to state 16
reveals that their vectors are parallel and of similar magnitude.
The difference is too small for the signals to be discriminated via
pulse polarized spectroscopy.
4. Conclusion

The UV spectrum of indole, the aromatic side chain of the amino
acid tryptophan, is characterized by using multiconfigurational
methods, showing two bright low-energy transitions in the NUV,
in contrast to benzene and phenol, the chromophores of the amino
acids phenylalanine and tyrosine, which possess only one transi-
tion. A nomenclature for electronic transitions is proposed, based
on the orbitals involved in the transitions from the ground state,
making clear distinction between the transitions common to all
aromatic amino acids (bands L and B) and those characteristic for
tryptophan (bands A and C). We report simulated 2DES spectra of
indole in gas-phase and in aqueous solution using different exper-
imental setups, including rephasing KI signal in the one- and two-
color regimes (with pump pulses in the NUV and probe pulses in
the NUV and the Vis, respectively), and quasi-absorptive (PP) and
double quantum coherence (KIII) signals. The gas-phase 2D NUV-
pump NUV-probe KI spectrum has been simulated using different
active space sizes, indicating that inclusion of extravalence virtual
orbitals is required to obtain accurate energies of high lying excited
states and reliable 2DES spectra. The one-color KI spectra in vacuo
and in solution are dominated by the diagonal and off-diagonal
bleach signals of the Lb and La transitions, with well-resolved off-
diagonal peak at X1 ¼ 35;000 cm�1/X3 ¼ 39;000 cm�1 and its
symmetric counterpart at X1 ¼ 39;000 cm�1/X3 ¼ 35;000 cm�1

being covered by nearby excited state absorptions peaks. The prox-
imity of the Lb and La states determines the presence of these off-
diagonal signals in the 2D-NUV spectrum and it clearly differenti-
ates indole from benzene and phenol. However, electronic states
above the ionization potential of the chromophore are involved
in the one-color 2D-NUV spectra with the possible drawback of
underlying background signal. A background-free region bellow
the ionization potential can be accessed in 2D-NUV/Vis two-color
experiments. Characteristic transitions are resolved with excited
states absorptions having generally weaker intensity than NUV
absorption. A background-free region between 53,000 and
61,000 cm�1, accessible by probing in the Vis, shows no absorption
in the monomer and we anticipate that it can be used to resolve
charge transfer states in coupled chromophore aggregates.

This work also provides fundamental information for design of
the 2DES experiments of indole, showing how various 2D spectros-
copy techniques can be used to achieve high spectral resolution or
extract particular information from the spectra. We show that
quasi-absorptive spectra allow collecting well-focused spectra
without phase twists and that double coherence spectra are well-
suited to extract anharmonicities. Difference spectra of cross-
polarized pulse sequences (e.g. xyxy – xyyx) are very appealing
for resolving congested spectra since they extract transitions to
common states. The proposed cross-analysing of different 2DES
spectra will provide unprecedented level of detail.
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