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ABSTRACT: The valence and core-level photoelectron spectra of gaseous indole, 2,3-dihydro-
7-azaindole, and 3-formylindole have been investigated using VUV and soft X-ray radiation
supported by both an ab initio electron propagator and density functional theory calculations.
Three methods were used to calculate the outer valence band photoemission spectra: outer
valence Green function, partial third order, and renormalized partial third order. While all gave
an acceptable description of the valence spectra, the last method yielded very accurate agreement,
especially for indole and 3-formylindole. The carbon, nitrogen, and oxygen 1s core-level spectra
of these heterocycles were measured and assigned. The double ionization appearance potential
for indole has been determined to be 21.8 ± 0.2 eV by C 1s and N 1s Auger photoelectron
spectroscopy. Theoretical analysis identifies the doubly ionized states as a band consisting of two
overlapping singlet states and one triplet state with dominant configurations corresponding to
holes in the two uppermost molecular orbitals. One of the singlet states and the triplet state can
be described as consisting largely of a single configuration, but other doubly ionized states are
heavily mixed by configuration interactions. This work provides full assignment of the relative
binding energies of the core level features and an analysis of the electronic structure of substituted indoles in comparison with the
parent indole.

■ INTRODUCTION
Indole (I), 2,3-dihydro-7-azaindole (7-AI), and 3-formylindole
(3-FI) (see Figure 1) heterocycles are prevalent substructures

in naturally occurring and synthetic molecules playing key roles
in chemistry and biology.1 Indole derivatives possess unique
biological characteristics such as antioxidant, anticancer,
antibacterial, antifungal, anti-inflammatory, antiviral, anticon-
vulsant, and antihypertensive properties among other applica-
tions. In addition, indole-based chromophores form the basic

building block units of the eumelanin pigments that occur
frequently in nature and serve to protect organisms from
potentially damaging effects of UV light.2 7-AI, whose
molecular structure is shown in Figure 1b, has received
considerable attention since the corresponding dimer has been
recognized as a simple model for the hydrogen-bonded base
pairs of DNA and could provide information on the possible
role of tautomerism in mutation.3−5 3-Formylindole is a
heteroarenecarbaldehyde, that is, the hydrogen at position 3 of
indole has been replaced by a formyl group (see Figure 1c),
and is known as a biologically active metabolite.6

Additionally, in recent years, indoles have received
increasing attention as coating materials, because they are
easily electrografted to surfaces, forming conductive films.7

Indole-coated surfaces have widespread applications and can
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Figure 1. Schematic chemical structures of the investigated indoles:
(a) indole (I), (b) 2,3-dihydro-7-azaindole (7-AI), and (c) 3-
formylindole with the trans orientation of the formyl group (3-FI).
The C (black), N (blue), and O (red) atoms are labeled.
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be used as selective electrodes sensitive to various cationic and
anionic inorganic species, as a biosensor for biological
molecules, or as a protection of metallic surfaces against
corrosion.8,9 According to the literature, many intrinsic
properties (for example, the polymerization mechanism) of
organic heterocycle compounds are masked by their environ-
ment or by their interactions with it.10,11 Thus, gas-phase data
provide a better understanding of the properties of indole and
its derivatives in the absence of perturbations due to their
interactions with different surfaces.
Because of their rich chemistry and biological activity,

indoles have been extensively studied using various spectros-
copies. Experimental studies of electronic properties of indole
and its derivatives have employed optical (including vibration-
ally and rotationally resolved) methods12−19 as well as time-
resolved ion and photoelectron spectroscopy20−24 as these
powerful techniques probe the properties of greatest interest.
Theoretical studies of these heterocycles have been mainly
focused on optimization of the structure and calculations of
vibrational spectra using the ab initio Hartree−Fock (HF),
density functional theory (DFT), and MP2 methods.25−29

Recently, the photoinduced structural transformations of
indole, 7-azaindole, and 3-formylindole isolated in cryogenic
noble-gas matrices were studied by Nowak and co-work-
ers.30,31 It was found that the tendency of indole and other
indole derivatives to undergo hydrogen-atom transfer from N1
to C3 seems to be strongly related with the formation of C3-
centered radicals, which facilitate the reattachment of the labile
hydrogen atom at this position. The authors31 have observed
that the pattern of photochemical transformations found for 7-
AI isolated in solid n-H2 and irradiated with UV (λ > 270 nm)
light, is significantly different from that observed for the
compound trapped in solid Ar. While the C3H tautomer and
7-azaindolyl radical were photogenerated in both environments
(solid Ar and solid n-H2), the N7H tautomer was not
photoproduced from 7-AI isolated in solid n-H2. Additionally,
the conformational 1H-trans ↔ 1H-cis phototransformation by
rotation of the aldehyde group in 3-formylindole has been
studied as well.30 It was proposed that the 1H-trans isomer of
3-FI is the most populated form of the compound isolated in
Ar matrices, whereas the 1H-cis isomer could also be populated
but with a considerably lower population.
The photoelectron spectrum (PES) of indole was measured

many years ago by Eland.32 Later the PES of indole in the
outer valence region was studied with a He I (21.2 eV) source
in order to determine whether any correlation between the
ionization potential and drug activity exists.33 Kovac ́ et al.
recorded He I PES of 10 different nitrogen-containing
heterocycles, and assignment of the results was provided on
the basis of molecular orbital calculations.34 In the late 1980s,
multiphoton ionization photoelectron spectroscopy was used
in order to obtain information about the adiabatic and vertical
ionization potentials of 7-AI in a supersonic jet.35 Recently, a
comprehensive electronic-structure analysis of parental struc-
tures of BN indoles (bicyclic aromatic heterocycles in which a
1,3,2-diazaboroline is fused to a benzene ring) in direct
comparison to the parent indole was carried out by
Chrostowska et al.36 using a combined UV-PES and computa-
tional chemistry approach.
An inner-shell photoionization study of a gas-phase indole

was published by Kierspel and co-authors.37 Detailed photo-
ionization and photofragmentation spectra of indole upon
single-photon inner-shell ionization at a photon energy of 420

eV were recorded. This photon energy was chosen so that
indole could be locally ionized at its nitrogen or carbon atoms.
In addition, electrons and ions were measured in coincidence
in a velocity-map-imaging mode to extract 2D and 3D velocity
vectors of the charged particles. It was found that the
fragmentation channels depend on the ionized electronic
states, i.e., the potential energy surfaces, whereas the observed
velocities of the fragments are not strongly dependent on these
chemical details.37 However, it appears that up to now
experimental evidence concerning the full valence and core
electronic structure for derivatives of indole under isolated
conditions is still limited. To the best of our knowledge,
complete electronic structure investigations obtained by soft X-
ray photoemission and near edge X-ray absorption fine-
structure (NEXAFS) spectroscopy only exist for gaseous 3-
methylindole.38,39 The valence molecular orbitals and core
levels of tryptamine and tryptophol (both contain indole rings
but differ in having amino versus hydroxyl terminations of the
side chain) in the gas phase have been studied using X-ray
photoelectron spectroscopy (XPS) and theoretical methods.40

Considering the general importance of these nitrogen-
containing heterocycles, an accurate knowledge of their
electronic structure becomes crucial. In the present work, we
provide a comprehensive electronic structure analysis for two
indole derivatives - in direct comparison to the parent indole -
by combining valence band (VB) and XPS with theoretical
calculations. VB spectra allow us to experimentally determine
the ionization energies of molecules that can be correlated to
the energies of occupied molecular orbitals, while XPS
provides localized ionization of a specific atom, and chemical
information about that atom.

■ EXPERIMENTAL AND THEORETICAL METHODS
Theoretical Methods. Geometry optimizations for the

gas-phase molecules were carried out at the DFT B3LYP/aug-
cc-pVTZ level by using the Gaussian09 program,41 and the
optimized structures presented in Figure 1 were used for all
subsequent calculations. The complete charge density maps of
the outermost molecular orbitals (MOs) of I, 7-AI, and 3-FI
within the Hartree−Fock/cc-pVTZ model are reported in
Figures S1−S3 of the Supporting Information.42 Note that, in
the case of the 3-formylindole molecule, all calculations were
performed for its more stable 1H-trans (0.0 kJ/mol) conformer
rather than the less stable 1H-cis (5.1 kJ/mol) conformer.30

To a first approximation, the VB ionization spectrum can be
described by exploiting Koopmans’ theorem (KT). This
establishes a direct correlation between the single bands of
the spectrum and the MO energies. KT values corresponding
to the vertical ionization potential (IP) are reported in Tables
S1−S3 of the Supporting Information.42

To obtain a more accurate description of the valence spectra,
vertical IPs have been calculated with three different ab initio
electron propagator (EP) methods. The IPs are obtained as
poles of the EP, which in turn correspond to the eigenvalues of
a Dyson equation, which must be solved self-consistently.43

These methods are only applicable in instances where KT
provides a reasonable description of initial and final states
(quasiparticle approximation or an orbital picture of
ionization), and the Dyson orbitals are therefore proportional
to the HF orbitals. Diagonal approximations usually fail in the
presence of strong relaxation effects and cannot describe the
strong redistribution of intensity from the main lines to
satellite states, which is usually observed in inner-valence
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Table 1. Experimental and Calculated Outer Valence Band Binding Energies of Indole, 2,3-Dihydro-7-azaindole, and 3-
Formylindole

compounds
experimental BEs (eV), present

work, ±0.1 eV
calculated BEs (eV) using the P3+/cc-pVTZ approach / molecular orbital

(type)
published BEs
(eV)33,35,36

indole 7.72a

7.77 (shoulder) 7.76a (shoulder) 7.7533

7.90 7.90a 7.911 / 5a″ (π1) (HOMO) 7.92;33 7.936

8.07 (shoulder) 8.05a 8.0833

8.32 8.35a 8.245 / 4a″ (π2) 8.37;33 8.536

8.42 (shoulder)
9.82 9.881 / 3a″ (π3) 9.83;33 9.936

10.97 11.285 / 2a″ (π4) 11.02;33 11.0536

11.55 11.677 / 26a′ (σ) 11.4536

12.20 12.270 / 25a′ (σ) 12.2536

12.62 (H2O)
13.02 13.291 / 24a′ (σ) 13.0036

13.80 13.878 / 23a′ (σ)
13.662 / 1a″ (π)

14.25 14.371 / 22a′ (σ)
14.519 / 21a′ (σ)

15.30 15.583 / 20a′ (σ)
15.80 15.880 / 19a′ (σ)
17.00 17.482 / 18a′ (σ)
18.52
19.25

2,3-dihydro-7-
azaindole

7.92 7.916 / 32a (π) (HOMO) 8.1135

9.42 (shoulder) 9.382 / 30a (nN)
9.81 9.823 / 31a (π)
10.56 10.540 / 29a (π)
12.15 12.303 / 28a (σ)

13.035 / 27a (σ)
13.23 (broad) 13.157 / 26a (σ)

13.423 / 25a (σ)
13.517 / 24a (σ)
13.581 / 23a (σ)

14.58 14.576/ 22a (σ)
15.30 15.388 / 21a (σ)
15.63 15.945 / 20a (σ)

16.345 / 19a (σ)
16.98 17.365 / 18a (σ)
19.20 (broad)

3-formylindole 8.15
8.30 8.354 / 6a″ (π) (HOMO)
8.72 8.684 / 5a″ (π)
9.11 (shoulder)
9.23 9.339 /32a′ (nΟ)
10.06 10.105 / 4a″ (π)
11.40 11.663 /3a″ (π)
11.90 12.035 / 31a′ (σ)
12.52 12.485 / 30a′ (σ)
13.35 13.012 / 2a″ (π)

13.618 / 29a′ (σ)
14.23 14.247 / 28a′ (σ)

14.566 / 27a′ (σ)
14.308 / 1a″ (π)
14.514 / 26a′ (σ)
14.851 / 25a′ (σ)

15.50 15.775 / 24a′ (σ)
16.342 / 23a′ (σ)

17.30 (broad) 17.637 / 22a′ (σ)
18.70 18.184 / 21a′ (σ)

aHigh resolution data for the first two low-energy bands of indole.
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ionizations. This is reflected in computed pole strengths (PS)
smaller than 0.85.44 EP methods used in this work include the
outer valence Green function (OVGF),43,45 partial third order
(P3),46 and renormalized partial third order (P3+)47 methods,
as implemented in Gaussian 09 in combination with the cc-
pVTZ basis set. As mentioned above, these methods are of
sufficient quality to yield reasonable agreement with
experimental IPs in instances where the breakdown of the
orbital picture of ionization does not occur (as seen from the
computed pole strengths and also reported in the Supporting
Information42). Several studies demonstrate that, within the
diagonal self-energy approximation, P3+ combined with a basis
set of triple-zeta quality represents the best compromise
between accuracy and computational efficiency (i.e., see ref
48).
Regarding the core region, the C 1s, N 1s, and O 1s

photoelectron spectra were calculated at the DFT level49 with
the hybrid B3LYP50 and the generalized gradient approx-
imation (GGA) PW86x Perdew51 exchange correlation (xc)
potentials and with the Amsterdam density functional (ADF)
program.52 The IPs were computed with the delta Kohn−
Sham (Δ-KS) scheme, namely, as differences between the KS
solution in the ground state and ionic state. This calculation
allows full relaxation of the ionized core hole within a spin-
polarized unrestricted scheme.
Experimental Methods. Indole, 7-AI, and 3-FI were

purchased from Sigma-Aldrich in the form of crystalline
powder with a minimum purity of 99% and used without
further purification. The samples were introduced into the
system via an effusive needle source at room temperature (I
and 7-AI) or evaporated from a crucible at a temperature of
350 K (3-FI) and a background pressure of 1 to 7 × 10−7

mbar. During the experiment, the sample quality was
periodically monitored by valence band photoemission and
photoionization mass spectroscopy.
The photoemission spectra were collected at the Gas Phase

Photoemission and Circular Polarization beamlines at Elettra
(Trieste, Italy).53,54 The high-resolution C 1s, N 1s, and O 1s
XPS and valence band spectra were measured using a VG-220i
hemispherical electron energy analyzer. The analyzer was
mounted in the plane perpendicular to the photon propagation
direction and at an angle of 54.7° with respect to the electric
vector of the light. In this geometry, the axis of the analyzer is
set at the pseudo magic angle, and so measurements are
insensitive to the photoelectron asymmetry β parameter. A
homemade ion time-of-flight (TOF) mass spectrometer was
mounted in the same chamber, facing the analyzer. This
spectrometer configuration was successfully used to study
various biological molecules in previous experiments.55

Recently, the performance of this instrument was improved
by replacing the six-channel electron multiplier detector unit of
the analyzer by a rectangular microchannel plate detector56

coupled to a 2D time delay-line anode developed by the Elettra
detector laboratory.57,58 The current detector covers ∼12% of
the selected pass energy in a single exposure and thus requires
shorter acquisition times.
In addition, the previous rectangular electron multipliers

with a 2 mm opening in the dispersive direction acted also as
exit slits. The analyzer resolution for a given pass energy is now
governed mainly by the analyzer entrance lens optics as the
detector acts as a virtual exit slit, adjustable simply by choosing
the region to be integrated. In practice, under standard
operation conditions, the kinetic energy resolution for pass

energies above 10 eV was improved by ∼25% with respect to
the previous detector. The replacement of the detector has
significantly improved the performance of the setup in energy-
analyzed PEPICO experiments, which will be the subject of a
separate publication.59

Valence spectra of the indoles were recorded with an
incident photon energy of 60 eV; they are consistent with
those previously measured with a He I (21.2 eV) source32−36

apart from differences in relative peak intensity due to cross-
sectional differences at the two photon energies. The binding
energy (BE) scale for valence band spectra was calibrated using
H2O (from residual gas).60 The C 1s, N 1s, and O 1s core
photoemission spectra were taken at 385, 495, and 628 eV of
photon energy, respectively, and they were calibrated
according to the well-known references of CO2 BE (C(1s)−1

at 297.7 eV, O(1s)−1 at 541.3 eV,61,62 and N2 (N(1s)−1 at
409.9 eV).63 The spectra were measured with a total resolution
(photons + analyzer) of 0.20, 0.32, 0.46, and 0.53 eV at photon
energies of 60, 385, 495, and 628 eV, respectively. At these
photon energies, the kinetic energy of the photoelectrons is
such that the effects due to post collisional interaction (PCI)
can be neglected in the data analysis. Additionally, VB spectra
for indole were taken at higher resolution of 50 meV in order
to determine more accurately ionization potentials of the first
two low-energy bands associated with its highest occupied
molecular orbitals (HOMO and HOMO-1). The changes in
transmission of the analyzer over the relatively small range of
the photoelectron spectra shown were neglected.

■ RESULTS AND DISCUSSION
Valence Photoemission Spectra. For all three molecules,

we performed OVGF, P3, and P3+ calculations in order to
identify the most accurate EP method for reproducing the
valence photoemission spectra. The complete list of calculated
energies, together with the corresponding pole strengths, is
given in the Supporting Information.42 The assignments of the
observed features of the outer valence band based on the P3+
calculations are summarized in Table 1. Additionally, the
present data have been compared with previously reported
experimental values obtained using He I radiation.33,35,36

Before describing our photoelectron spectra, we note that
the three studied heterocycles have chemical differences (see
Figure 1). For example, indole is a benzo-indole, a planar
compound, and 7-azaindole is a non-planer compound due to
the sp3 hybridization of C2 and C3 atoms in the pentagonal
ring. The pair differs in both the hexagon and pentagonal rings.
Indole and 3-formylindole are both benzo-indoles that differ by
the 3-formyl group in the pentagonal ring, but the latter has
both trans- and cis-conformers, which are detectable.30 Hence,
the difference in their chemical structure will influence the
shape and peak positions of the measured PES spectra.
The photoelectron spectrum of indole exhibits a low-energy

band at 7.90 eV, which is associated with its highest occupied
molecular orbital (HOMO) of π symmetry (5a″). The next
three bands, appearing at 8.32, 9.82, and 10.97 eV, correspond
to the 4a″, 3a″, and 2a″ MOs, respectively. These MOs also
have π character and are delocalized on the indole ring (see
Figure 3). Our assignment is consistent with the available
valence photoemission spectra for indole;33,36 moreover, the
ionization energies of the lowest MOs are well reproduced by
the present P3+ calculations (see Table 1). The first three
peaks are mostly found at the predicted energies, while for the
fourth ionization (2a″), we find a discrepancy of 0.3 eV with
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respect to the experimental value. The computed low PS value
(0.815) for this MO indicates however a likely breakdown of
the quasi-particle picture of ionization (see Table S1 of the
Supporting Information).42

The higher resolution VB spectrum of indole (see Figure 2,
shaded spectrum) consists of several bands at low IPs
accompanied by vibrational splitting of π1 (7.72, 7.76, and
7.90 eV) and π2 (8.05 and 8.35 eV) orbitals. This spectrum is
in good agreement with that of Domelsmith and co-workers33

with BEs of 7.75, 7.92, 8.08, and 8.37 eV. The indole structure
consists of fused pyrrole and benzene rings (see Figure 1). For
comparison, pyrrole has its first two valence orbitals at 8.2 and
9.2 eV, while those of benzene are at 9.4 and 11.8 eV.64

The substitution of one carbon atom in the benzene ring of
indole by nitrogen (see Figure 1b) forms 2,3-dihydro-7-

azaindole (7-AI), which has a different photoemission
spectrum. Similar to indole, the first broad band located at
7.92 eV was assigned to the HOMO. The vertical ionization
potential found here for 7-AI is slightly lower (∼0.2 eV) than
that published by Fuke et al.35 The second feature with
maxima at 9.42 and 9.81 eV is close to the assignment found
for the lowest IP of pyridine, 9.6 eV.60,65 The first region of the
VB ionization in pyridine has been attributed to both π- and n-
orbital ionization, and photoemission spectra support the view
that there are two overlapping bands. The comparison of our
experimental and computational data shows that the
replacement of one carbon atom in indole by nitrogen does
not result in significant changes in the energy levels of the
corresponding HOMOs. According to our calculations, the
features in the valence photoemission spectrum of the 7-AI

Figure 2. Dotted lines: valence-band photoelectron spectra of indole (bottom curve, red), 2,3-dihydro-7-azaindole (center curve, blue), and 3-
formylindole (top curve, black) at a photon energy of 60 eV. Shaded spectrum: higher-resolution valence band spectrum of indole. Bars: calculated
BEs for each compound using the P3+ cc-pVTZ model.

Figure 3. Charge density maps of the outermost molecular orbitals of indole, 2,3-dihydro-7-azaindole, and 3-formylindole.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c02719
J. Phys. Chem. A 2020, 124, 4115−4127

4119

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c02719/suppl_file/jp0c02719_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c02719?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c02719?ref=pdf


molecule at 9.81 and 10.56 eV are assigned to the MO with π
symmetry, while the shoulder at 9.42 eV is due to the nitrogen
heteroatom lone pair (see Figure 3). In the case of 7-AI, EP
methods produce a different ordering of the cationic states
with respect to that of the KT. In particular, ionization energies
related to the π (31a) and n (30a) MOs are reversed. This
shows that, for the cases of nitrogen-containing heterocycles,
EP corrections to Koopmans’ results are essential to produce
correct assignments of photoelectron spectra.66,67 In fact,
correlation and relaxation effects are generally much more
relevant for hole states with dominant contributions from
nonbonding, nitrogen-centered functions than for delocalized
π MOs.
The first photoelectron peak of 3-FI is split into peaks at

8.15 and 8.30 eV and corresponds to the HOMO ionization.
From the computed relative energies of 1H-trans and 1H-cis
isomers of 3-FI, the relative Boltzmann populations of these
two forms in the gas phase at 350 K were estimated as ∼85%
1H-trans and ∼15% 1H-cis.30 Hence, the splitting of the first
maximum could be due to the presence of different
conformers.
The next bands at 8.72 and 10.06 eV are assigned to MOs

(HOMO-1 and HOMO-2) of π symmetry. The asymmetric
feature at 9.23 eV is due to the ionization of the 32a′ MO,
which is mostly located on the oxygen heteroatom lone pair
(see Figure 3). This assignment is in good agreement with
already published valence band photoemission data for
tryptophol, which also contains an indole ring but differs in
having a flexible ethanolic side chain.40

As for 3-FI, the KT results are quantitatively inadequate, and
they fail to predict the right order of final states. The correct
ordering is retained by using EP methods, which consider both
electron correlation and orbital relaxation effects, particularly
relevant for final states with lone pair holes. However, while, in
the case of 7-AI, both OVGF and P3+ methods correctly
reproduce the band related to the ionization from the lone-
pair, for the 3-FI molecule, P3+ results agree with the
experiment better than those from OVGF and P3 (see the
Supporting Information, Tables S1−S3).42 In particular,
OVGF overestimates the energy related to the lone-pair
band by 0.52 eV, while both P3 and P3+ properly predict that
energy, providing results in good agreement with the
experimental data (see Table S3, Supporting Information).42

Moreover, a comparison of the computed PS for the valence
ionization of 7-AI and 3-FI reveals that the latter is a more
challenging system for all diagonal EP approximations: with
the exception of the outermost HOMO, HOMO-1, and
HOMO-2 ionizations of π-type MOs, for all other π MOs, the
low values of the corresponding PS indicates the importance of
orbital relaxation effects. In fact, significant relaxation effects
are anticipated for all ionization energies above 18 eV (see
Table S3, Supporting Information).42

Core Level Photoemission. The C 1s, N 1s, and O 1s
XPS experimental and theoretical photoemission spectra of the
samples are shown in Figures 4 and 5 and Figure S4 of the
Supporting Information (O 1s XPS)42 and summarized in
Table 2. Experimentally derived BEs are compared with
theoretical BEs computed by using the hybrid B3LYP xc
potential. The assignment of the spectral features is
rationalized considering that core level BEs are very sensitive
to the chemical environment of the ionized atomic site in
terms of both electron density and electronic relaxation.
Starting with I, the carbon core-level spectrum (see Figure 4)

shows two distinct features (labeled A and B) centered at
289.89 and 290.86 eV with an integrated intensity ratio of 6:2.
Indole is formed by the fusion of a pyrrole ring to the benzene
ring at the C9C8 position (see Figure 1a). Our calculations
show that all the carbon atoms not bonded to nitrogen
contribute to the strongest peak A of the photoemission

Figure 4. C 1s photoemission spectra of indole (bottom curve, red),
2,3-dihydro-7-azaindole (center curve, blue) and 3-formylindole (top
curve, black). Dotted lines: experimental data. Bars: theoretical data
computed by using the hybrid B3LYP xc potential. Calculated BEs
were shifted by +0.2, +0.15, and +0.1 eV for indole, 2,3-dihydro-7-
azaindole, and 3-formylindole, respectively.

Figure 5. N 1s photoemission spectra of indole (bottom curve, red),
2,3-dihydro-7-azaindole (center curve, blue) and 3-formylindole (top
curve, black). Dotted lines: experimental data. Bars: theoretical data
computed by using the hybrid B3LYPxc potential. Calculated BEs
were shifted by +0.35 eV for all three indoles.
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spectrum, while peak B is due to the C2 and C8 carbons
bonded to the N atom, as summarized in Table 2. Their higher
BE values are due to their higher electrostatic potential with
respect to the other C sites. The observed C 1s BEs are in
good agreement with previously published data for 3-
methylindole,39 tryptophol,40 tryptamine,40 benzene, and
pyrrole.64 The BE of the benzene C ls level was found to be
290.20 eV64 and it is about 0.3 eV higher than the measured
energy of peak A. The small shift in BE can be attributed to the
final-state screening, because indole is larger and more
polarizable than the benzene ring.
The C 1s spectra for I and 3-FI are, as expected, quite

similar, given that the molecules differ by one hydrogen atom
being replaced by a formyl group (see Figure 1). The area
ratios of peaks A:B:C in the spectrum of 3-FI are 6:2:1. We
notice that the position of peaks A and B is shifted to higher
BEs (by about 0.30 eV) on going from I to 3-FI, due to the
presence of the formyl group in 3-FI. In the C 1s XPS
spectrum of 3-FI, the broad peak C at 292.65 eV is assigned to
the ionization of the carbon atom bonded to the electro-
negative oxygen atom which causes an increase of the
electrostatic potential at the carbon nucleus (see Figure 4).
As in the case of indole, tryptophol, tryptamine and 3-
methylindole, the most pronounced feature A, centered at
290.25 eV in the carbon core level spectrum of 3-FI, is due to

the aromatic ring carbons39,40,64 which are not directly bonded
to N, while feature B is associated with ionization from C8 and
C2 (see Table 2).
The experimental full widths at half maximum of the most

intense features A (see Figure 4) in the C 1s spectra of indole
and 3-formylindole, are about 0.89 and 0.84 eV, respectively.
Assuming Gaussian peak shapes and considering the total
experimental resolution of 0.32 eV, the observed widths
derived are 0.79 and 0.74 eV. The number of closely spaced
electronic states and their vibrational envelopes hamper a
better definition of the structure, even for improved
experimental resolution.
7-AI contains seven carbon atoms, and wide asymmetric

peaks are seen in its C 1s photoemission spectrum (see Figure
4). The low BE feature of the C 1s XPS spectrum of 7AI is
noticeably broader than for the other two indoles, and shows
five well resolved shoulders (A-E) lying in the range 289−291
eV (see Figure 4). The distinct shifts of the carbon 1s BEs of
2,3-dihydro-7-azaindole are due to the different chemical
environment and could be characterized as a superposition of
carbon atoms from the pyridine and pyrrole rings. The
experimental C 1s BEs for pyridine were found to be 290.9 eV,
290.6 eV and 290.2 eV for (C2 = C6), (C4), and (C3 = C5)
core holes, respectively.68,69 For pyrrole, two carbon core-
electron BEs at 290.8 eV (C2 = C5) and 289.8 eV (C3 = C4)
have been published by Gelius et al.64 It is interesting to note
the manner in which C 1s BEs values for the 7-AI molecule
interchange with respect to the position of the carbon atom in
a ring system such as pyridine, in which the lowest carbon
ionization values were obtained for the C9 and C5 atoms
located as nearest-neighbors to the (N7) atom (see Table 2).
The same trend was observed for various carbon−nitrogen
molecules by Snis et al.68 The highest BE feature F at 291.72
eV has been assigned as for indole and 3-formylindole, and is
due to the two carbon atoms (C2 and C8) which are nearest-
neighbors of nitrogen (N1) in the pyrrole ring (see Figure 1).
The values are about 0.86 and 0.39 eV higher than the energy
of the same carbons in the indole and 3-FI molecules,
respectively (see Table 2). This can be explained by
considering the electronegativity of the neighbouring atoms.
For the case of 7-AI, the electronegative N-atom directly
bonded to C8 produces a decrease of the electron density
around the C-atom and therefore an increase of the binding
energy. Such an effect is reduced in the case of 3-FI, as the
electronegative oxygen atom is not directly bonded to the
considered C atoms.
The N 1s photoemission spectra of indole and 3-FI present

broad single features at 405.82 and 406.36 eV, respectively (see
Figure 5). In both cases the peak derives from the same
chemical environment and is due to the nitrogen atom (N1) in
the pyrrole ring. The experimental N 1s BE for pyrrole was
determined to be 406.1 eV,64 and it is approximately 0.3 eV
higher than the value obtained for indole and lower than those
measured for 3-methylindole. The BE of the indole nitrogen
matches well the already published values for 3-methylindole
(405.7 eV),39 tryptophol, and tryptamine (405.73 eV).40

The N 1s spectra of indole and 3-formylindole both show
asymmetric peaks, a shape which has been attributed to
Franck−Condon effects.39 The experimental fitted widths are
about 1.03 and 0.94 eV for indole and 3-FI, respectively.
Taking into account the experimental resolution, this implies
intrinsic widths of 0.82 and 0.73 eV, similar to the values
obtained from the C 1s spectra.

Table 2. C, N, and O 1s Experimental and Calculated BEs
for Indole, 2,3-Dihydro-7-azaindole, and 3-Formylindole

molecule/
core level

experimental BEs (eV)
± 0.1 eV/feature

calculated BEs (eV) ± 0.1 eV, DFT:
B3LYPxc/PW86x/Assignment

indole
C 1s 289.89/A 289.49/289.86/C5

289.54/289.93/C3
289.55/289.91/C6
289.57/289.93/C4
289.76/290.16/C9
289.77/290.15/C7

290.86/B 290.61/290.94/C2
290.66/291.01/C8

N 1s 405.82 405.45/406.13/N1
2,3-dihydro-7-azaindole
C 1s 289.77/A 289.62/289.99/C5

290.00/B 289.85/290.26/C9
290.27/C 290.25/290.55/C4
290.67/D 290.56/290.84/C6
291.02/E 290.80/291.20/C3
291.72/F 291.58/291.95/C2

291.63/291.87/C8
404.23 403.56/404.17/N7

N 1s 405.03 404.69/405.35/N1
3-formylindole
C 1s 290.25/A 289.91/290.34/C5

289.95/290.37/C6
289.99/290.42/C4
290.00/290.45/C3
290.20/290.63/C7
290.24/290.67/C9

291.33/B 291.08/291.41/C2
291.12/291.51/C8

292.65/C 292.36/292.45/C10
N 1s 406.36 406.04/406.71/N1
O 1s 536.84 535.89/536.76/O11
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In 7-AI, two nitrogen atoms are present, and two peaks are
observed in the experimental spectrum at 404.23 and 405.03
eV (see Figure 5). The difference in energy between these
features is 0.8 eV, slightly lower than that predicted by
theoretical calculation (∼1.15 eV) (see Table 2). The peak at
higher BE corresponds to the N1 atom in the pyrrole ring,
which has the same pattern as that found for indole, 3-
formylindole, 3-methylindole, tryptophol, and tryptamine
measured under similar experimental conditions. The lower-
energy peak at 404.23 eV is assigned to the N atom of the
pyridine ring. Their relative positions can be understood by
simple arguments based on the different electron shielding
effects on the two N positions. The experimental position of
the N 1s peak corresponding to the ionization of the N1 atom
for 7-AI is approximately 0.8 and 1.3 eV lower with respect to
the single features observed for I and 3-FI, respectively. The
closest calculated N 1s BEs found for pyridine are 404.69 eV68

and 404.76 eV,69 approximately 0.5 eV higher than the N7
atom energy in 7-AI. Also, experimental values of nitrogen
core-electron BEs of pyridine show a shift, which is
approximately 0.7 eV higher69 with respect to the value
measured in the present work. It is well known that, in the case
of organic heterocycles, the ionization energy decreases with
the increasing size of the system.68

The computed and measured O 1s core level spectra of 3-
formylindole are displayed in Figure S4 (see the Supporting
Information),42 while the corresponding BEs are summarized
in Table 2. There was no effect of the molecular conformation
observed in the experimental O 1s spectrum of 3-FI. The
intense peak at 536.84 eV was assigned to the oxygen atom of
the formyl group in the molecule. In the case of 3-FI the O 1s
BE is lower than for tryptophan and tryptophol, which contain
the indole structure and an additional carboxyl or hydroxyl
group.39,40 Based on its energy, we attribute the wide
asymmetric peak at 539.80 eV to water present in the sample
and/or the experimental chamber.70

Doubly Charged Ions of Indole. Mass spectrometry has
provided a large amount of data for doubly charged ions
(dications).71−73 The minimum energy required to form the

doubly charged ion is denoted variously in the literature as the
double ionization potential (DIP), double ionization energy
(DIE), or appearance potential (AP). In this section, we report
data for the double ionization of indole.
The parent ion (M+) of indole m/z = 117 dominates the

mass spectrum at all photon energies (see Figure 6). It has
been shown that, for aromatic heterocyclic fused-ring
compounds containing more than one nitrogen atom, in
most cases, the dominant fragmentation reaction of M+

involves expulsion of HCN° (or HNC°) neutral species (m
= 27).73 Consistent with this, at all the photon energies used,
the next most intense pair of masses after the parent ion are at
m/z = 90 and m/z = 89 corresponding to C7H6

+ and C7H5
+

fragments. The very weak signal at m/z = 58.5 in the spectrum
measured at hv = 22 eV is due to the formation of the dication.
As the photon energy increases, the signal of the doubly
charged ion becomes more pronounced (see Figure 6, hv = 60
eV). In general, the probability for double ionization is always
lower than that of the single ionization. Note that our
photofragmentation spectra of indole are in good agreement
with those measured by electron impact at 70 eV.65

Additionally, fragmentation reactions of both metastable and
collisionally activated dications, formed by electron impact
ionization of 25 polycyclic aromatic compounds have been
investigated in detail by Perreault et al.73 Their results have
been interpreted on the basis of mechanistic models based on
the competition between charge-separation and neutral-
expulsion reactions and on variations in the diradical character
with increasing molecular size and nitrogen content of these
molecular dications.
To estimate the appearance potential of the doubly charged

ion of indole, we chose Auger electron spectroscopy74, as the
final states of this process are doubly charged. The subtraction
of the Auger electron energy from the energy of the initial hole
state gives the energy of the state of the ion.74 The C-Auger
spectrum of I measured here shows the first peak centered at a
BE of approximately 21.8 eV, which corresponds to its lowest
DIE (see Figure 7). This value is consistent with the position
of the first wide band presented in the N-Auger spectrum of

Figure 6. Mass spectra of indole as a function of photon energy.
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indole (see the Supporting Information, Figure S5) as well as
with our TOF spectra as a function of photon energies (Figure
6). It is not surprising that the present C- and N-Auger spectra
of indole have broad structures. This broadening includes the
finite line width of the XPS, the vibrational distributions of the
core-hole states and the final states, the core-hole lifetime, and
also the analyzer resolution. Note that the energy scales of the
C- and N-Auger spectra in Figure 7 and Figure S5 (Supporting
Information) have been calibrated with respect to CO2

75 and
N2

76 and the experimentally found BE values 289.89 and
405.82 eV for carbon and nitrogen core-level photoemission
spectra of indole, respectively (see Table 2).
In order to understand which orbitals/states of indole are

involved in the formation of doubly charged ions, we have
performed calculations at the CASSCF/MRCI (complete
active space self-consistent field/multi-reference internally
contracted configuration interaction) level of theory77 with
the ANO-VT-TZ basis, and these data are summarized in
Table S4 of the Supporting Information. All calculations were
performed by using the MOLPRO package.78 In detail, the
CASSCF energies were obtained by averaging over the four
lowest singlet states and one triplet state with an active space
including eight active electrons for the neutral state and six
active electrons for the doubly ionized states in six active
orbitals (see the Supporting Information, Figures S6 and S7).
Although all the calculated states of the doubly charged
molecule have mixed configurations, they are mainly
dominated by the contribution of one of the reference CI
configurations (see Supporting Information, Table S4).42

As mentioned above, there are few singlets and one triplet
state relatively close in energy (see the Supporting
Information, Table S4 and Figures S6 and S7) that could
participate in the dication formation. Our calculations show
that the first two states (11A′ and 21A′) are separated by 0.5
eV, while the third state (31A′) is 1.5 eV higher. As we do not
calculate the intensities, the peak shape is difficult to predict.
The calculations also show that the next state (41A′) is much
higher in energy, so it would seem that we see the decay to the
lowest states for C and for N (see the Supporting Information,
Table S4).42 Note that the lowest triplet state (13A′) is

energetically near (0.18 eV) the lowest singlet state (11A′) (see
the Supporting Information, Table S4). One can assign
“dominant configurations” to the lowest states, and we
consider holes in the HOMO and HOMO-1. According to
Figure 3, these molecular orbitals (5a″ and 4a″) extend over
the whole molecule, including the nitrogen atom. Hence, the
first wide peak in the N-Auger spectrum (see the Supporting
Information, Figure S5) is most likely due to the lowest
dication state of indole. The same is true for the C-Auger
spectrum (see Figure 7), but things are more complicated here
since the molecule has many carbon atoms. The C 1s
photoemission spectra of indole show two peaks: one having
contributions of C2 and C8 (bound to the nitrogen) at 290.86
eV and the other at 289.89 eV with contributions from all
other carbons (see Table 2 and Figure 4). For the lowest
dicationic state, this implies that at least two peaks separated
by ∼1 eV should be observed in the C-Auger spectrum of
indole. In Figure 7, one can see a small shoulder at 22.8 eV,
which may tentatively be assigned to this process. From Figure
3, it appears that the two outermost orbitals (MO 5a″ and MO
4a″) extend over C2 and C8 atoms but also over most of the
other carbon atoms complicating the final interpretation.
Therefore, one could assume that the first observed structure
in the C-Auger spectrum is at an energy consistent with a
decay from some of the (not nitrogen neighbor) ring carbons
to the lowest state of the doubly charged ion. Additionally, our
mass spectra are also consistent with the energy obtained from
the Auger spectra, showing that the dication is stable on the
timescale of our experiment (hundreds of nanoseconds).
Other weak shoulders around 24.84 and 26.78 eV have been

observed as well in the C-Auger spectrum of indole. Since no
prior experimental and theoretical studies of the double
ionization of indoles exist in the literature, we can only
compare our data with that of other aromatic compounds (see
Table 3).72,79,80 Dication appearance potentials for aromatic
molecules containing a double ring structure (such as indole,
quinoline, and azulene) are lower than those having a single-
ring structure (benzene, pyridine and pyrimidine). It is
certainly possible to predict double ionization appearance
potentials from single ionization energies using some empirical

Figure 7. C-Auger spectrum of indole measured at a photon energy of 350 eV.
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equations, provided that one knows the distance between the
final charges of the molecule.72,81 However, this information is
often lacking; therefore, this empirical approach is presently of
little practical use.

■ CONCLUSIONS
The core and valence photoemission spectra of three
biologically important compounds, namely, indole, 2,3-
dihydro-7-azaindole, and 3-formylindole, have been studied
in the gas phase using X-ray photoelectron spectroscopy (XPS)
and quantum-chemistry calculations. Comprehensive informa-
tion about the electronic structure and, in particular, the
occupied molecular orbitals, has been acquired. The high-
resolution spectrum for the inner valence region of indole has
been reported, and several bands due to the vibrational
splitting of its HOMO and HOMO-1 have been defined. The
appearance potential of the doubly charged ion of indole has
been determined to be 21.8 ± 0.2 eV by using Auger electron
spectroscopy. The carbon, nitrogen, and oxygen 1s photo-
emission spectra for all three investigated molecules have been
assigned. Additionally, calculations presented in this paper are
in good agreement with the relative BEs of the core level
features observed in the experimental photoemission results.
By comparing our data with previously published results, we
conclude that the rotation of the formyl group attached in 3-FI
to the C3 atom was weak and did not show detectible chemical
shifts in the core-level spectra of this molecule.
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Table 3. Double Ionization Appearance Potentials of Some
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molecule/published data first peak (DIE) (eV) other peaks/shoulders

indole (present work) 21.8 ± 0.2 22.8, 24.84, 26.78
pyridine72 25.1 from 25.6 to 32.0
pyrimidine79 25.4 from 27.61 to 32.16
quinoline70 22.4 23.2, 26
benzene80 24.65 from 26 to 31
azulene80 20.2 21.3, 22.3
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