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ABSTRACT: The near-edge X-ray absorption fine structure (NEXAFS) spectra
of indole, 2,3-dihydro-7-azaindole, and 3-formylindole in the gas phase have been
measured at the carbon and nitrogen K-edges. The spectral features have been
interpreted based on density functional theory (DFT) calculations within the
transition potential (TP) scheme, which is accurate enough for a general
description of the measured C 1s NEXAFS spectra as well as for the assignment
of the most relevant features. For the nitrogen K-edge, the agreement between
experimental data and theoretical spectra calculated with TP-DFT was not quite
satisfactory. This discrepancy was mainly attributed to the many-body effects
associated with the excitation of the core electron, which are better described
using the time-dependent density functional theory (TDDFT) with the range-
separated hybrid functional CAM-B3LYP. An assignment of the measured N 1s
NEXAFS spectral features has been proposed together with a complete
description of the observed resonances. Intense transitions from core levels to unoccupied antibonding π* states as well as
several transitions with mixed-valence/Rydberg or pure Rydberg character have been observed in the C and N K-edge spectra of all
investigated indoles.

■ INTRODUCTION

Heterocycles such as indoles1 represent a very important class
of compounds that play a major role in biology, chemistry, and
medicine;2 for example, indole is the parent molecule of the
essential amino acid tryptophan. There has been an increasing
interest in the use of indoles as they are important scaffolds in
a wide range of synthetic drugs, which are clinically used for
anti-inflammatory, analgesic, anticancer, and antidepressant
therapeutic applications.3−5

Additionally, in recent years, indoles have received growing
attention as coating materials. It has been shown that indole-
coated surfaces have desirable properties such as selectivity,
sensitivity, and stability.6 Thus, they have widespread
applications compared to bare surfaces and can be used as
selective electrodes, which are sensitive to various cationic and
anionic inorganic species, as a biosensor for biological
molecules, or as a protection of metallic surfaces against
corrosion.7,8 Many intrinsic properties (for example, the
polymerization mechanism) of bicyclic heterocyclic molecules
are masked by their environment or by their interactions with
it.9,10 In this case, gas-phase data can provide a better
understanding of the properties of indoles in the absence of
perturbations due to their interactions with the surroundings.

Because of their importance, indoles have been extensively
studied using various spectroscopic techniques. Recently, the
photoinduced structural transformations of selected indoles
isolated in cryogenic noble-gas matrices were studied by Reva
and co-workers.11−13 It was found that the tendency of indole
and other indole derivatives to undergo hydrogen-atom
transfer from N1 to the C3 atom of the indole ring (see
Figure 1) seems to be strongly related to the formation of C3-
centered radicals, which facilitate the reattachment of the labile
hydrogen atom at this position. Early photoelectron spectra
(PES) of nitrogen-containing heterocycles were measured with
a He I source (21.2 eV) and assigned on the basis of molecular
orbital (MO) calculations.14−16 A comprehensive electronic-
structure analysis of boron-containing (BN) indoles and indole
was carried out by Chrostowska et al. using a combined UV-
PES and computational chemistry approach.17 Other exper-
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imental studies of the electronic properties of indole and its
derivatives have employed optical (including vibrationally and
rotationally resolved) methods18−22 as well as time-resolved
ion and photoelectron spectroscopy techniques.23−26 The-
oretical studies of bicyclic molecules such as indole have been
mainly focused on geometry optimization and calculations of
vibrational spectra using the Hartree−Fock (HF) method,
density functional theory (DFT), and MP2 methods.27−31

Despite the relevance of indoles, X-ray spectroscopic
information about these heterocycles remains limited.
Recently, the valence band and core-level spectra of gaseous
indole, 2,3-dihydro-7-azaindole, and 3-formylindole were
measured by X-ray photoemission spectroscopy and inter-
preted by quantum-chemistry calculations.32 An inner-shell
photoionization study of indole in the gas phase was published
by Kierspel and co-authors,33 and detailed information about
its photoionization and photofragmentation spectra upon
single-photon inner-shell ionization was reported. To the
best of our knowledge, complete electronic structure data
recorded by X-ray photoelectron spectroscopy (XPS) and
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy techniques exist only for gaseous 3-methylindole.34,35

It is well known that core electron spectroscopies are useful
tools to investigate the electronic structure of free molecules,
ranging from simple diatomic compounds to very complex
ones. This is essentially due to the localized character of the
core hole so that the relative intensity of transitions to the
unoccupied valence levels can be used as a probe of their
spatial distribution and local symmetry.36 NEXAFS spectros-
copy is an ideal method to probe the electronic properties of
materials through the absorption fine structure in the spectra,
which corresponds to transitions from core orbitals to
unoccupied orbitals.37 Simple rules have been proposed for
spectral analysis and applied to a wide range of species, such as
the one-center rules, the building block principle, and
symmetry-based selection rules.38,39 However, for a detailed
and precise assignment of measured NEXAFS spectra, detailed
theoretical calculations are required.
Thus, the present work reports the experimental NEXAFS

spectra at the C and N K-edges of gaseous indole (I) and two
derivatives: 2,3-dihydro-7-azaindole (7-AI) and 3-formylindole
(3-FI), shown in Figure 1. The experimental NEXAFS spectra
are supported by quantum-chemistry calculations performed in
the framework of the transition potential DFT (TP-DFT) and
time-dependent DFT (TDDFT) approaches (see Theoretical
and Computational Details sections).

■ METHODS
Experimental Details. The samples were obtained from

Sigma-Aldrich in the form of crystalline powder with a

minimum purity of 99% and used without any further
purification. Indole and 7-AI were introduced into the system
via an effusive needle at room temperature, while 3-FI was
evaporated from a home-built furnace with an effusive nozzle,
at a temperature of 350 K. During the experiment, the sample
quality was periodically monitored by valence band photo-
emission and photoionization mass spectroscopies. The
energies of peaks in the valence spectra were similar to
previously published He I spectra,15−17 and no effects of
thermal decomposition were observed.
The measurements were performed at the Gas-Phase

Photoemission and Circular Polarization beamlines at the
ELETTRA synchrotron light source in Trieste (Italy).40,41 The
NEXAFS spectra were recorded by collecting the total ion
yield signal using a channel electron multiplier placed close to
the ionization region. The spectra at the carbon and nitrogen
K-edges were taken with a resolution of 50 and 60 meV,
respectively. The X-ray absorption spectra were normalized to
the photon flux measured simultaneously by a photodiode. In a
separate measurement, the photon energy scale was calibrated
to known resonances by measuring the spectra of a mixture of
the sample and the following gases: CO2 (C 1s → π*, 290.77
eV),42 N2 (N 1s → π*, 400.87 eV),43 and CO2 (O 1s → π*,
535.4 eV).44

Additionally, the O K-edge spectrum of 3-FI was measured,
but due to the water present in the sample and/or the residual
gas of the experimental chamber, it was difficult to define a
final absorption feature corresponding to this molecule (see
Figure S1, Supporting Information (SI)).45

Theoretical Details. To simulate X-ray absorption spectra,
we used the TP-DFT approach that includes most of the
relaxation effects upon the formation of the core hole, at an
affordable computational cost.46 Excitation energies are
calculated as the energy difference of the final virtual and the
core initial TP-MOs involved in the transition. In DFT-TP, the
ionization potential values (IPs), based on Koopmans’
theorem,47 are calculated as the opposite of the TP eigenvalue
associated with the initial core orbital. Since this approach
generally leads to a less attractive potential, the resulting
absolute transition energies are usually too large compared to
the experimental ones. To overcome this, one can first
compute the IPs within the ΔKS (ΔSCF Kohn−Sham)
scheme, allowing a full relaxation of the ionized core hole, and
then shift the TP excitation energies by a value corresponding
to the difference between the energy of the initial core-excited
TP-MOs and IPΔKS, where the IPΔKS is given by the difference
between the energy of the N-1-electronic configuration and
that of the N-electron configuration. The energy of the 1s−1

ionic state is calculated through a Kohn−Sham (KS) spin-
polarized unrestricted scheme. A further rigid shift of the

Figure 1. Schematic structures of (a) indole (I), (b) 2,3-dihydro-7-azaindole (7-AI), and (c) 3-formylindole (3-FI). The C (black) and N (blue)
atoms are labeled.
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theoretical profiles has been applied for a better comparison
with the measured spectra. The values of the applied energy
shifts are reported in the captions of the figures.
For the simulation of the NEXAFS spectra with TDDFT, we

used the Casida formulation of linear-response TDDFT,48 in
which the excitation spectrum is obtained through the solution
of the eigenvalue equation using Davidson’s iterative
algorithm.49,50 As core-excitation energies lie very high in the
excitation spectrum,51 some approximations must be adopted,
such as the core−valence separation approximation by
Cederbaum et al.52,53

Computational Details. The geometry optimizations of
the three molecules were performed at the DFT B3LYP/aug-
cc-pVTZ level through the Gaussian09 program.54 The
calculations of C, N, and O K-edge NEXAFS spectra were
carried out with the Amsterdam Density Functional (ADF)
program.55,56 The TP-DFT46,57−59 was employed with the
generalized gradient approximation (GGA) PW86x Perdew60

and hybrid B3LYP61−63 xc potentials, while TDDFT
calculations in the linear-response regime48 used both
B3LYP and the range-separated hybrid CAM-B3LYP ex-
change-correlation (xc) potentials.64 In the case of 3-
formylindole, all calculations were performed for its more
stable 1H-trans isomer.11

For the TP-DFT calculations with PW86x and B3LYP, an
even-tempered quadruple-ζ with three polarization and three
diffuse functions (ET-QZ3P-3DIFFUSE in the ADF database)
Slater-type orbitals (STO) basis set has been employed for the

core-excited C, N, and O atoms, to properly describe
transitions to diffuse Rydberg states. A triple ζ polarized
(TZP in the ADF database) basis set of STOs was adopted for
the core orbitals of nonexcited C, N, and O atoms, in
particular, a frozen core (FC) TZP. The FC 1s basis set was
employed to ensure the localization of the half core hole. In the
TDDFT calculations, the total number of basis functions was
reduced using a TZP basis set for all atoms.
In the C and N K-edge NEXAFS spectra calculations with

the PW86x and B3LYP potentials within the TP-DFT scheme,
separate computation of the excitation spectrum of each
nonequivalent C/N site was performed, and the partial
contributions were summed to yield the total spectrum.
C K-edge NEXAFS spectra (and N K-edge for 7-AI) at the

TDDFT level can be computed with two different schemes:
either the single excitation space consists only of the excitation
from one specific core orbital or the reduced space includes all
core orbitals. In the latter case, the whole spectrum is obtained
from a single run (termed “coupled” in the SI),45 while in the
former case (termed “uncoupled” in the SI),45 the number of
TDDFT runs to be carried out equals the number of
nonequivalent centers, and the total spectrum is obtained by
summing the contributions of each atom. Both schemes are
used in this work, and the results are reported in the SI (Tables
S1, S3, and S5 for the C K-shell spectra of I, 7-AI, and 3-FI,
respectively, and Table S4 for the N K-shell of 7-AI).45 Spectra
computed with these two protocols compare well with each
other.

Figure 2. Left side: C K-edge NEXAFS spectrum of indole. The experimental spectrum (black diamonds) is shown together with the total
theoretical line shape (solid blue line) and the partial Ci contributions (colored vertical lines). Partial Ci contributions convoluted with Gaussian
profiles with full width at half-maximum (FWHM) = 0.3 eV are presented as colored spectra in the bottom panels. The calculated profile obtained
by the TP-DFT/B3LYP potential has been shifted by −0.9 eV to match the first experimental peak. The experimental ionization thresholds are also
shown (black vertical solid bars).32 Right side: for the main peaks appearing in the C 1s NEXAFS spectrum of indole, the C atoms that mainly ( f ×
102 ≥ 0.80) contribute to their intensity are highlighted.
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■ RESULTS AND DISCUSSION

The C 1s and N 1s experimental and theoretical NEXAFS
spectra of I, 7-AI, and 3-FI are presented in Figures 2−8, and
the data are summarized in Tables 1−6. In Figures 2−5, 7, and
8, the colored partial contributions of all nonequivalent Ci and
Ni atoms are also highlighted. The complete list of the
calculated excitation energies and oscillator strengths for the

vertical core-level transitions together with the assignment of
the corresponding bands of the three heterocycles is available
in the SI.45 In Tables 1−6, only the measured band maxima are
shown together with their assignment in terms of the strongest
transitions, as predicted by the present calculations.
Here, we present mainly results obtained with TP-DFT

combined with the B3LYP potential for both C and N K-edges,
as results computed with PW86x do not significantly deviate
from them. The calculated C 1s NEXAFS spectra of the
compounds match well the experimental data, and they
represent a very complex band structure in the 284−292 eV
energy range with the maxima labeled by capital letters (see
Figures 2, 4, and 7). In the case of indole and 3-FI, for the
nitrogen K-edge, the agreement between the experimental
results and the theoretical spectral profiles computed with TP-
DFT was not quite satisfactory. TDDFT was used to provide a
qualitatively correct picture of the measured N 1s NEXAFS
spectra, as well as to fully assign the observed features (see the
discussion below and Figures 3 and 8). The following
discussion is based on the analysis of the experimental and
calculated C and N K-edge spectra of the parent molecule
indole. The impact of the substitution of one carbon atom in
the benzene ring of indole by nitrogen (7-AI) and of the
presence of a formyl group (3-FI) has been probed by the
measured photoabsorption profiles. Overall, the most evident
effect of these structural changes resulted in a shift of some
resonances toward higher energy, as well as a redistribution of
intensities and the appearance of additional transitions.
Throughout the text, TP-MOs refer to the MOs with the
core hole on Ci sites obtained from the TP calculation.

C 1s and N 1s Photoabsorption Spectra of Indole.
Indole is planar and consists of fused benzene and pyrrole rings
(see Figure 1a). It has ten π-electrons, is aromatic, and readily
undergoes electrophilic substitution reactions similar to
benzene.65 Indole possesses four unoccupied antibonding
MOs of π character corresponding to the three benzene π*
MOs and the π* MO of the pentacyclic ring.
The experimental C K-edge NEXAFS spectrum of indole

(see Figure 2, left side) is characterized by a first resonance
(peak 1) in the photon energy range between 284.8 and 285.9
eV with a maximum of intensity centered at 285.15 eV and a
shoulder (peak 2) at a higher photon energy of 285.5 eV.
There are two further resonances labeled as peaks 3 and 4; the

Figure 3. N K-edge spectrum of indole. The experimental spectrum (black diamonds) is shown together with the calculated results (solid red line
and red vertical lines). The calculated profiles obtained by (a) TP-DFT/B3LYP, (b) TDDFT/B3LYP, and (c) TDDFT/CAM-B3LYP have been
shifted by −0.45, +12.80, and +12.55 eV, respectively, to match the first experimental peak. The experimental ionization threshold is also shown
(black vertical solid bar).32

Figure 4. Left side: C K-edge NEXAFS spectrum of 2,3-dihydro-7-
azaindole. The experimental spectrum (black diamonds) is shown
together with the total theoretical line shape (solid blue line) and the
partial Ci contributions (colored vertical lines). Partial Ci
contributions convoluted with Gaussian profiles with FWHM = 0.3
eV are presented as colored spectra in the bottom panels. The
calculated profile obtained by TP-DFT/B3LYP has been shifted by
−1.1 eV to match the first experimental peak. The experimental
ionization thresholds are also shown (black vertical solid bars).32

Right side: for the main peaks appearing in the C 1s NEXAFS
spectrum of 7-AI, the C atoms that mainly ( f × 102 ≥ 0.80)
contribute to their intensity are highlighted.
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first one is quite sharp, appearing at 286.1 eV, and the second
one is broader and more intense than the former, with a
maximum at 286.8 eV. In the spectral interval starting from
about 288.5 eV, the experimental spectrum is no longer
resolved.
The calculated total C 1s spectrum of indole shows a first

band (A), in the region of peaks 1−2 of the experimental
profile, entirely due to C 1s → lowest unoccupied molecular
orbital (LUMO) (1π*) transitions from all of the Ci atoms of
the molecule, except for those directly bonded to the
heteroatom (i.e., C2 and C8) (see Table 1). A lower excitation
energy is predicted for this set of atoms, as their 1s orbitals are
more screened compared to C2- and C8 1s orbitals. The
dominant contribution results from the excitations to LUMO
from C4, C6, and C7, namely, three of the atoms belonging to
the benzene ring. The stronger intensity of these transitions to
the LUMO can be related to the greater localization of the TP-
LUMO on these sites (see Table S8, SI).45 Based on the

present calculations, the shoulder appearing in the exper-
imental spectrum at 285.5 eV can be assigned to core-
excitations from C3, C5, and C9 carbons to π* MOs. Indeed,
in comparison with our previously studied 3-methylindole
molecule,35 the same feature was also assigned to the excitation
of carbon atoms within the pyrrole ring.
Higher C 1s → LUMO excitation energies are predicted for

C2 and C8, which are directly bonded to the heteroatom and
therefore less screened, in agreement with the higher C 1s XPS
binding energies (BEs) (experimental values are 290.61 eV for
C2 and 290.66 eV for C8).32 The C2 1s → LUMO (1π*) and
C8 1s → 2π* excitations, characterized by a comparable value
of the oscillator strengths, are mainly responsible for the
appearance of bands B (286.1 eV) and C (286.8 eV). By
considering the two bands separately, band B is due to
transitions to the LUMO (1π*) from C2 and to the 2π*
orbital from C6 and C5. The calculated profile of the total
spectrum shows a shoulder appearing at a lower energy with
respect to the main peak of the second band due to the C5 1s
→ 2π* transition. Band C, although derived from contribu-
tions of several excitations, mainly results from the transition to
3π* from C3, i.e., one of the atoms of the pyrrole ring, and
from the transition to 2π* from C8, the site directly bonded to
the nitrogen. The analysis of the core-excitations from the
individual Ci sites shows that the excitations to the LUMOs
are generally more intense than those to the higher energy
orbitals; however, C3 and C8 exhibit an opposite behavior. For
C8, this can be explained by considering the larger Ci 2pz AO
contribution to the LUMO + 1 (2π*) compared to that of the
LUMO, whereas for C3, the relaxation effects following the
core-hole formation seem to play a dominant role (see Table
S9, SI).45

Our calculations predict several transitions of both valence
and Rydberg characters in the spectral region starting from
around 287.5 eV (D−F bands), where the experimental
spectrum shows only a weak modulation without any
pronounced features. In particular, shoulder D can be assigned
to C7 1s → 4π*/Rydberg and C2 1s → 2π* excitations,
whereas feature E is essentially due to a mixed-valence (3π*)-

Figure 5. N K-edge NEXAFS spectrum of 2,3-dihydro-7-azaindole. The experimental spectrum (black diamonds) is shown together with the
calculated results (solid red line and red vertical lines). The calculated profiles obtained by (a) TP-DFT/B3LYP, (b) TDDFT/B3LYP, and (c)
TDDFT/CAM-B3LYP have been shifted by −0.7, +12.30, and +11.90 eV, respectively, to match the first experimental peak. The experimental
ionization thresholds are also shown (black vertical solid bars).32

Figure 6. C K-edge experimental NEXAFS spectrum of 3-
formylindole (blue) compared to the C K-edge spectrum of indole
(yellow). The dashed black lines delimit four different spectral regions
(labeled as 1−4).
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Rydberg transition from C2. Before the ionization threshold,
core-excitations from all Ci sites to Rydberg orbitals are
responsible for the shape of the spectral envelope.

The N 1s experimental and theoretical NEXAFS spectra of 
indole are shown in Figure 3, and the energies of the observed 
resonances are summarized in Table 2. The absorption 
spectrum is characterized by a strong asymmetric band A 
(peak 1) between 401.5 and 403.5 eV, with a maximum 
intensity at around 402.25 eV. This resonance is due to the N 
1s core-excitation to the LUMO (1π*) (see Table 2). In this

energy range, the TP-DFT calculation predicts three
transitions with an intensity distribution that does not correctly
reflect the experimental profile. In particular, the lower
intensity of the shoulder at 402.82 eV, labeled as 1′, compared
to peak 1, observed experimentally, is not well reproduced (see
Figure 3a). No significant variation in the intensity distribution
is obtained using another exchange−correlation potential (i.e.,
PW86x), so that the reason for the disagreement with the
experiment cannot be attributed to the choice of the DFT xc
potential. Besides, this shoulder has also been observed in the

Figure 7. Left side: C K-edge NEXAFS spectrum of 3-formylindole. The experimental spectrum (black diamonds) is shown together with the total
theoretical line shape (solid blue line) and the partial Ci contributions (colored vertical lines). Partial Ci contributions convoluted with Gaussian
profiles with FWHM = 0.3 eV are presented as colored spectra in the bottom panels. The calculated profile obtained by TP-DFT/B3LYP has been
shifted by +1.0 eV to match the first experimental peak. The experimental ionization thresholds are also shown (black vertical solid bars; note that
the third IP = 292.65 eV is out of the present photon energy range).32 Right side: for the main peaks appearing in the C 1s NEXAFS spectrum of 3-
FI, the C atoms that mainly contribute ( f × 102 ≥ 0.80) to their intensity are highlighted.

Figure 8. N K-edge NEXAFS spectrum of 3-formylindole. The experimental spectrum (black diamonds) is shown together with the calculated
results (solid red line and red vertical lines). The calculated profiles obtained by (a) TP-DFT/B3LYP, (b) TDDFT/B3LYP, and (c) TDDFT/
CAM-B3LYP have been shifted by −0.25, +13.25, and +12.55 eV, respectively, to match the first experimental peak. The experimental ionization
threshold is also shown (black vertical solid bar).32
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nitrogen K-edge spectrum of 3-methylindole (402.5 eV)35 and
pyrrole (402.6 eV)66 and assigned to a N 1s→ 3pσ/σ*(N−H)
Rydberg-valence excitation. The strong mixing between the
3pσ and the σ*(N−H) MOs, which is responsible for the
rather high intensity of the Rydberg state, was discussed in
detail by Duflot et al. in the case of gaseous pyrrole.66

We, therefore, investigated the possible impact of the
coupling among the N 1s−1 excitations, included in a
description based on linear-response TDDFT. The results
obtained by TDDFT with the hybrid B3LYP xc kernel slightly
improved the intensity distribution (see Figure 3b), still
indicating the influence of the configuration mixing (see Table
S12, SI).45 The use of the range-separated hybrid CAM-B3LYP
is instead able to fully resolve the discrepancy with the
experiment, both for the energy separation and for the
intensity distribution of the spectral features (see Figure 3c).
The analysis of the TDDFT eigenvectors indicates that CAM-
B3LYP accounts for a stronger coupling of singly excited
configurations compared to B3LYP (see Table S12, SI).45 Also,
the second intense line, contrary to the other two that can be
assigned to transitions into pure π* orbitals, corresponds to a
mixed σ*(N−H) valence-Rydberg transition. Consistent with
previous literature, the Rydberg excitations are well described
by the range-separated functionals such as CAM-B3LYP, while
the B3LYP functional describes the same excitations less
accurately.67,68 Overall, taking into account the 1h-1p
configuration mixing by the TDDFT description together
with including more HF exchange for long electron−electron
distances by the range separation scheme provides a better
description of the N 1s NEXAFS spectrum of indole compared
to the simpler TP-DFT scheme.
The next band B (peak 2, Figure 3), barely visible in the

experimental spectrum, appears at 404.1 eV. Based on our
calculations, it arises from a group of weak transitions to virtual
orbitals with both valence and Rydberg characters. Excitation
of these states is consistent with the spectral intensity at 404.6
and 404.0 eV for gaseous pyrrole66 and 3-methylindole,35

respectively. The hardly resolved resonance at 404.92 eV
(band C) in the N 1s spectrum of indole was also reported
previously for pyrrole at 405.2 eV, and it has been assigned to
the N 1s → σ*(N−H) excitation.66

C 1s and N 1s Photoabsorption Spectra of 2,3-
Dihydro-7-azaindole. The substitution of one carbon atom
in the benzene ring of indole by nitrogen (see Figure 1b) forms
7-AI and induces differences in its photoabsorption spectra. In
contrast to indole, 7-AI is a nonplanar compound due to the
sp3 hybridization of the C2 and C3 atoms in the five-
membered ring.
The experimental C 1s NEXAFS spectrum of 7-AI is

dominated by two strong peaks (1 and 2) at 285.05 and 285.35
eV, respectively, and shows a few less-pronounced features in
the energy range of 286−292 eV (see Figure 4, left side). The
first well-resolved maximum, A, is due to a pair of transitions to
the LUMO (1π*) from C9 and C4. The second maximum B is
due to a second pair of transitions to 2π* and LUMO from C5
and C6. All of these C-atoms belong to the six-membered ring.
As for band A of indole, the first two peaks appearing in the
spectrum of 7-AI are mainly due to the excitations from the 1s
orbitals of the more screened atoms. The most evident effect of
the change in hybridization of C2 and C3 is in a shift to higher
energies of the excitation from C3, which, in this case,
contributes with two less intense σ* and Rydberg transitions to
the following bands. This is also reflected in the higher XPS BE
value of C3 in passing from indole (289.54 eV) to 7-AI
(290.80 eV),32 with a difference in the absolute value of 1.26
eV greater than that found for all other C-atoms.
By comparing the C 1s NEXAFS spectra of indole and 7-AI,

one can observe that peak 3 in the spectrum of indole, mainly
due to the transition to LUMO from C2, does not have a

Table 1. Peak Assignments for the C K-Edge NEXAFS
Spectrum of Indolea,b

theory (TP-DFT/B3LYP) experiment

energy
(eV)
shifted

f ×
102 site assignment maximum peak

band A 285.04 2.65 C4 LUMO (1π*) 285.15 1
285.18 2.15 C6
285.27 2.42 C7
285.32 1.28 C5 285.50 2
285.39 1.29 C3
285.53 1.23 C9

band B 286.22 2.66 C2 LUMO (1π*) 286.10 3
286.24 0.80 C6 2π*(CC)
285.90 1.83 C5 2π*(CC)

band C 286.47 0.93 C9 2π*(CC) 286.80 4
286.58 0.52 C8 LUMO (1π*)
286.75 0.31 C7 σ*(C−H)
286.87 1.87 C3 3π*(CC)
286.91 0.31 C5 σ*(C−H)
286.95 2.80 C8 2π*(CC)
286.97 0.27 C6 σ*(C−H)
287.00 0.27 C4 σ*(C−H)
287.04 0.35 C3 σ*(C−H)
287.35 0.81 C9 3π*(CC)
287.48 0.25 C6 3π*(CC)-

Rydberg mixed
287.50 0.42 C2 σ*(C−H)-

Rydberg mixed
band D 287.67 0.30 C2 2π*(CC) 287.90

287.92 0.43 C7 4π*(CC)-
Rydberg mixed

band E 288.14 0.76 C2 3π*(CC)-
Rydberg mixed

band F 289.00 0.25 C3 Rydberg
aCalculated excitation energies (eV) have been shifted by −0.9 eV to
match the first experimental peak. bOnly transitions with f × 102 ≥
0.25 are reported.

Table 2. Peak Assignments for the N K-Edge NEXAFS
Spectrum of Indolea,b

theory (TP-DFT/B3LYP) experiment

energy (eV)
shifted

f ×
102 assignment maximum peak

band A 401.88 0.59 LUMO (1π*) 402.25 1
402.46 0.71 σ*(N−H)-

Rydberg
402.82(shoulder) 1′

402.73 0.74 2π*(CC)
band B 403.96 0.14 Rydberg 404.10 2
band C 405.31 0.12 Rydberg 404.92

405.44 0.14
405.66 0.11

aCalculated excitation energies (eV) have been shifted by −0.45 eV to
match the first experimental peak. bOnly transitions with f × 102 ≥
0.1 are reported.
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corresponding peak in the spectrum of 7-AI, as remarked
above due to the lack of planarity in the five-membered ring.
The peak at 287.2 eV is mainly contributed by the transition
from the C8 atom, directly bonded to both N1 and N7 atoms
(see Figure 1b). In particular, our calculations show that the
wide resonance corresponding to bands C and D originates
from the envelope of two distinct transitions, namely, C8 1s →
1π* and C8 1s → 2π* (see Table 3). Peak 3 is slightly shifted

to a higher energy with respect to the analogous peak in the C
1s NEXAFS spectrum of indole. This shift can be explained by
considering that C8 in 7-AI is less screened than the
corresponding C8 in indole and a larger excitation energy is
then predicted for it.
Finally, bands E and F are assigned to transitions from C2

and C3 1s core-level atoms belonging to the five-membered
ring: C2 1s → σ*(C-H) and C3 1s → Rydberg.
In Figure 5, the experimental and theoretical N K-edge

NEXAFS spectra of 7-AI are reported and compared. The N 1s
NEXAFS spectrum is dominated by peak 1 at 398.93 eV,
which shows a slightly asymmetric line shape with a tail on the
high-energy side. This asymmetry is due to an unresolved
vibrational fine structure, caused by vibrational excitations
generated by the change in the molecular potential upon
excitation. Based on our calculations, the first band is due to
the core-excitation from N7 to the LUMO (1π*). The
significant localization of the LUMO on the N7 atom gives rise
to the higher intensity of the N7 1s → 1π* transition
compared to the N1 1s → 1π*, which has a negligible
oscillator strength. This resonance has the same nature as the

strongest peak observed in the N K-edge spectrum of pyridine
at around 399 eV.69−71 All other transitions involving the N
atom belonging to the benzene ring are related to the
excitations to MOs with a Rydberg character (see Table 4).

The experimentally observed feature at 401.92 eV together
with the shoulder at 402.98 eV is very similar to that previously
described for the N 1s photoabsorption spectrum of indole. In
comparison with this, peaks 2 and 3 have been assigned to the
transitions N1 1s → LUMO (1π*) and N1 1s → 2π*,
respectively. The region just below the ionization threshold
(XPS IPs at 404.23 and 405.03 eV)32 contains several weak
transitions of mixed Rydberg and valence character.
It should be pointed out that also in the case of 7-AI, TP-

DFT combined with the B3LYP potential cannot provide a
quantitative description of the N 1s NEXAFS spectrum for this
molecule, especially for the photon energy range above the first
intense experimental peak 1 (see Figure 5a). The TDDFT
results, both with B3LYP and CAM-B3LYP, are instead in very
good agreement with the experimental spectrum in the whole
energy region and correctly describe the relative intensities of
the experimentally verified peaks 2 and 3 (Figure 5b,c and
Table 4).

C 1s and N 1s Photoabsorption Spectra of 3-
Formylindole. Indole and 3-formylindole differ by the formyl
group bonded to C3 in the pentagonal ring (see Figure 1c).
The latter compound has both 1H-trans and 1H-cis isomers,
which are detectable,11 and may influence the shape and peak
positions of the measured photoabsorption spectrum.
For a visual comparison of the absorption profiles of I and 3-

FI, we have reported their experimental C 1s NEXAFS spectra
in Figure 6. One can clearly distinguish four different regions
(labeled as 1−4 in Figure 6): three of them exhibit spectral
shapes with different features for both molecules, while the last
one shows a well-defined band only in the case of 3-FI.
The first region (reported in Figure 7) of the experimental C

1s NEXAFS spectrum of 3-FI shows two maxima at 285.08 and
285.20 eV, which, based on the larger oscillator strength values,
have been assigned to the LUMO (1π*) transitions from the
C4−C7 sites, as visible from Figure 7. A minor contribution at
the lower energy side of the peaks arises from the C3 to
LUMO transition. If we compare the nature of band A with
that of the corresponding band in the C 1s NEXAFS spectrum
of indole (region 1 in Figure 6), the only difference lies in the
lack of the excitation from the C9 atom (see Tables 2 and 5).
Indeed, the presence of the formyl group in 3-FI is responsible

Table 3. Peak Assignments for the C K-Edge NEXAFS
Spectrum of 2,3-Dihydro-7-azaindolea,b

theory (TP-DFT/B3LYP) experiment

energy (eV)
shifted

f ×
102 site assignment maximum peak

band A 284.90 2.21 C9 LUMO
(1π*)

285.05 1

285.10 3.11 C4 LUMO
(1π*)

band B 285.33 2.57 C5 2π*(CC) 285.35 2
285.54 2.96 C6 LUMO

(1π*)
285.97 0.43 C9 2π*(CC)

band C 287.08 0.31 C4 σ*(C−H) 287.20 3
287.30 0.40 C3 σ*(C−H)
286.53 0.25 C5 Rydberg
286.59 0.58 C6 2π*(CC)
286.88 2.39 C8 LUMO

(1π*)
band D 287.28 1.68 C8 2π*(CC) 287.20 3
band E 288.00 0.57 C2 σ*(C−H) 288.30 4

288.14 0.54 C3 Rydberg
288.28 0.25 C2 2π*(CC)

band F 288.77 0.44 C2 Rydberg 288.95 5
288.85 0.48 C2 Rydberg
289.19 0.26 C9 Rydberg
289.32 0.40 C5 Rydberg
289.38 0.31 C4 Rydberg
289.58 0.42 C9 Rydberg

aCalculated excitation energies (eV) have been shifted by −1.1 eV to
match the first experimental peak. bOnly transitions with f × 102 ≥
0.25 are reported.

Table 4. Peak Assignments for the N K-Edge NEXAFS
Spectrum of 2,3-Dihydro-7-azaindolea,b

theory (TP-DFT/B3LYP) experiment

energy (eV)
shifted f × 102 site assignment maximum peak

398.96 2.15 N7 LUMO (1π*) 398.93 1
401.42 0.32 N1 2π*(CC) 401.92 2
401.70 0.39 N1
402.27 0.25 N1
403.13 0.33 N7 σ*(C−H)/

Rydberg
402.98 3

403.95 0.26 N7
404.10 0.29 N7

aCalculated excitation energies (eV) have been shifted by −0.7 eV to
match the first experimental peak. bOnly transitions with f × 102 ≥
0.25 are reported.
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for a shift toward higher energies of the C9 1s → LUMO
excitation. This shift is also in good agreement with the higher
C 1s binding energy value of the C9 carbon in 3-FI compared
to that of indole (290.24 vs 289.76 eV).32 Furthermore, the
stronger intensity of the transitions to the LUMO from C4 and
C7 compared to the other two C 1s excitations of band A (i.e.,
from C5 and C6) can be explained by considering the larger
localization of the TP-LUMO on these two sites (see Table
S10, SI).45

The photon energy region between 285.5 and 286.5 eV
(peak 2) contains several transitions of π character as reported

in Figure 7 and Table 5. The nature of band B is similar to that
of the corresponding band visible in the C 1s NEXAFS
spectrum of indole and originated by the C2 1s → LUMO and
C5 1s→ LUMO transitions. In addition, a further contribution
of the C9 1s → LUMO excitation, appearing in this spectral
region (region 2 in Figure 6) because of the presence of the
formyl group, is found. In terms of intensity, the dominant
contribution is due to the core-excitation from the carbon
directly bonded to the heteroatom (C2), as a result of the
higher localization of the TP-LUMO on this carbon site (see
Table S10, SI).45

Region 3 of Figure 6 falls between 286.5 and 287.5 eV in the
C 1s NEXAFS spectrum of 3-FI and corresponds to the
spectral interval where the rather intense fourth band for
indole was seen (see Figure 6). In this region, there are two
different bands (C and D) predicted by our calculations,
consistent with the two experimental peaks 3 and 4 (see Table
5). As clearly seen from the calculated spectrum, band C is
originated from the C10 1s → LUMO transition (see Figure
7).
For both molecules, the observed spectral feature around

287 eV (C and D, respectively, for indole and 3-FI) is due to
the excitation from C8. This is also in agreement with the high
values of the calculated binding energies for C8 in both I and
3-FI, which are 290.66 and 291.12 eV, respectively.32 More
specifically, for 3-FI, two core-excitations C8 1s → 2π* and C8
1s→ 3π* contribute to peak 4 (Figure 7) together with several
low-intensity transitions of valence character (see Table 5). We
do not observe the transition from C8 to the LUMO because
of the negligible C 2pz contribution to the LUMO at this site,
unlike the 2π* and 3π* (see Table S11, SI).45

The most evident difference that one can observe between
the two spectral profiles in region 3 (see Figure 6) lies in their
intensity, which is greater in the case of indole. This can be
explained by considering the presence of an additional intense
transition from the C3 atom, almost degenerate with the
transition from C8, contrary to the C 1s NEXAFS spectrum of
3-FI. For the latter, the transition from C3 is shifted toward the
higher energy range, giving rise to the next wide band E (see
peak 5 in Figure 7), which is absent in the C 1s absorption
spectrum of indole (see region 4 in Figure 6). According to the
present calculations, several valence and Rydberg transitions
with small oscillator strength values also fall below the
ionization threshold.
The N K-edge experimental and theoretical NEXAFS

spectra of 3-FI are shown in Figure 8. The measured spectrum
of 3-FI is characterized by an intense resonance at 401.86 eV
due to the core-excitation to the LUMO (1π*). The broad and
asymmetric shoulder (see region 2 in Figure 8) contains two
peaks in its envelope centered at 402.57 and 403.00 eV,
respectively. As already discussed for indole (see section
above), TP-DFT predicts an intensity distribution that does
not match well the experimental profile (Figure 8a), whereas
TDDFT combined with CAM-B3LYP leads to a significant
variation of both the energy splitting between the transitions
and the intensity distribution (Figure 8c). This is due to the
inclusion of a strong mixing between 1h-1p configurations (see
Table S13, SI)45 and to a more appropriate description of
transitions with contributions of Rydberg MOs. Indeed, the
shoulder present in the experimental N 1s NEXAFS spectrum
of 3-FI originates from a set of both N 1s → π* and N 1s →
σ*/Rydberg transitions (see band B in Table 6). On the other
hand, TDDFT/B3LYP predicts only a slight change in the

Table 5. Peak Assignments for the C K-Edge NEXAFS
Spectrum of 3-Formylindolea,b

theory (TP-DFT/B3LYP) experiment

energy
(eV)
shifted

f ×
102 site assignment maximum peak

band A 284.86 0.55 C3 LUMO
(1π*)

285.08 1
285.08 2.20 C4
285.21 1.27 C5 285.20
285.22 1.61 C6
285.29 2.17 C7

band B 285.60 2.87 C2 LUMO
(1π*)

285.90 2

285.76 1.03 C6 2π*
285.79 2.28 C9 LUMO

(1π*)
286.12

285.80 0.52 C4 2π*
286.01 1.87 C5 3π* 286.28
286.09 0.41 C7 3π*(CO)

band C 286.38 0.39 C6 3π* 286.65 3
286.43 4.19 C10 LUMO

(1π*)
band D 286.67 0.39 C9 3π*(CC) 287.02 4

286.98 1.95 C8 2π*(CC)
287.03 0.34 C7 σ*(C−H)
287.17 1.16 C8 3π*(CC)
287.18 0.32 C5 σ*(C−H)/

Rydberg
287.24 0.26 C6 σ*(C−H)
287.26 0.32 C4 σ*(C−H)

band E 287.89 0.26 C7 Rydberg 288.19 5
287.91 0.31 C2 σ*(C−H)/

Rydberg
288.00 1.71 C3 π*/ Rydberg
288.23 1.35 C3 π*/ Rydberg
288.57 0.30 C10 2π*(CC)

bands F
and G

288.83 0.23 C3 Rydberg 288.90
289.09 0.19 C6 4π*
289.10 0.26 C5 π*
289.27 0.54 C7 4π*
289.59 0.39 C2 4π*/

Rydberg
289.49

289.72 0.57 C10 Rydberg
289.98 0.37 C2 π*/ Rydberg
290.01 0.43 C5 Rydberg 290.00
290.06 0.31 C6 Rydberg
290.13 0.30 C8 4π*/

Rydberg
290.18 0.25 C4 Rydberg

aCalculated excitation energies (eV) have been shifted by +1.0 eV to
match the first experimental peak. bOnly transitions with f × 102 ≥
0.25 are reported.
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intensity without an appreciable improvement of the spectrum
compared to the TP-DFT (Figure 8b).

The weak resonance at 404.26 eV in the nitrogen K-edge
spectrum of 3-FI corresponds to band B observed for indole
(see Figures 3 and 8). According to our calculations as well as
to results from pyrrole66 and 3-methylindole,35 the nature of
the current peak is due to a group of weak transitions to virtual
orbitals with both valence and Rydberg character.

■ CONCLUSIONS
The high-resolution NEXAFS spectra at the C 1s and N 1s
ionization thresholds of three biologically important hetero-
cycles, namely, indole, 2,3-dihydro-7-azaindole, and 3-
formylindole, have been studied both experimentally and
theoretically. The experimental and theoretical spectra at the C
and N K-edges show a strong π* band deriving from
transitions to LUMOs. The remaining resonances observed
below the ionization threshold are assigned to transitions that
involve final states with a mixed-valence/Rydberg or pure
Rydberg character.
It has been shown that the present TP-DFT calculations are

accurate enough for a general description of the measured C 1s
NEXAFS spectra as well as for the assignment of the most
relevant features of the studied indoles. All three heterocyclic
compounds show a pronounced double structure in the C 1s
NEXAFS spectra at about 285 eV, associated with transitions
to the orbitals of benzene and pyridine aromatic subunits. The
comparison of the measured and calculated carbon K-edge
spectra of indole and 3-formylindole strongly suggests that the
presence of an extra formyl group is responsible for the shift of
some resonances toward higher energy as well as for the
appearance of the additional intense transitions belonging to
this group.
For the nitrogen K-edge of all investigated indoles, the

agreement of the experimental spectra with theoretical profiles
computed by the TP-DFT method was quite poor. TDDFT,
taking into account the mixing of singly excited configurations
that is not covered by TP-DFT, provides a correct picture of
the measured N 1s NEXAFS spectra for these molecules. The
structure of all observed resonances was correctly predicted by
the calculations, and the nature of all transitions was fully
assigned. Overall, the N 1s photoabsorption spectra of indole
and 3-formylindole are quite similar, as expected from the
similar chemical environment of the N atom, while the

spectrum of 2,3-dihydro-7-azaindole shows a rather different
structure due to the extra nitrogen atom located in the pyridine
ring.
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list of the calculated excitation energies and oscillator
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composition of selected TP-MOs with a core hole on
Ci sites in Tables S8−S11; contribution of the single-
particle-hole excitations calculated with TDDFT
B3LYP/CAM-B3LYP in Tables S12 and S13 (PDF)
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(20) Brand, C.; Küpper, J.; Pratt, D. W.; Meerts, W. L.; Krügler, D.;
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