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Near edge x-ray absorption fine structure spectra have been measured and interpreted by means of
density functional theory for five different azabenzenes �pyridine, pyridazine, pyrimidine, pyrazine,
and s-triazine� in the gas phase. The experimental and theoretical spectra at the N 1s and C 1s edges
show a strong resonance assigned to the transition of the 1s electron in the respective N or C atoms
to the lowest unoccupied molecular orbital with �* symmetry. As opposed to the N 1s edge, at the
C 1s edge this resonance is split due to the different environments of the core hole atom in the
molecule. The shift in atomic core-level energy due to a specific chemical environment is explained
with the higher electronegativity of the N atom compared to the C atom. The remaining resonances
below the ionization potential �IP� are associated to � or � orbitals with mixed valence/Rydberg
character. Upon N addition, a reduction of intensity is observed in the Rydberg region at both edges
as compared to the intensity in the continuum. Above the IP one or more resonances are seen and
ascribed here to transitions to �* orbitals. Calculating the experimental and theoretical �� term
values at both edges, we observe that they are almost the same within �1 eV as expected for
isoelectronic bonded pairs. The term values of the �* and �* resonances are discussed in terms of
the total Z number of the atoms participating in the bond. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2822985�

I. INTRODUCTION

Near edge x-ray absorption fine structure spectroscopy
�NEXAFS� has proven to be a sensitive technique for accu-
rate determination of electronic structure of matter.1 The
technique is atom specific and sensitive to the chemical en-
vironment of atoms in molecules, thus providing useful in-
formation about local bonding structure and the presence of

specific bonds in molecules. This site dependent technique is
now commonly realized by energy selective excitation ob-
tained from synchrotron radiation �SR� available from third-
generation synchrotron radiation facilities.

The azabenzene family comprises low-Z aromatic mol-
ecules structurally related and isoelectronic to benzene
wherein one or more CH groups in the six-membered ring is
replaced by a nitrogen atom. In this manner, pyridine is the
simplest one with one N atom substituted, followed by py-
ridazine, pyrimidine, and pyrazine with 2N atoms substituted
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in the 1,2, 1,3, and 1,4 positions and s-triazine which has 3N
atoms substituted in the 1,3,5 positions. Pyridine, s-triazine,
and pyridazine are starting materials in the synthesis of com-
pounds used as intermediates in making insecticides and her-
bicides. Pyridazine, pyridine, and pyrazine are also found
within the structure of several pharmaceutical drugs. Pyrimi-
dine is the precursor of the cytosine, thymine, and uracil in
DNA and RNA bases. Hence, their spectroscopic properties
are the base for the understanding of larger systems in which
they are embedded.

In the context of NEXAFS spectroscopy the K-shell
spectra of these molecules show prominent, structure-
sensitive resonances around the K-edge which serve as a
prototype for explaining the spectra of larger molecules as in
Ref. 2 and building blocks in polymers. So far most of the
studies of these molecules have been performed in the con-
densed phase. Along this line, we find a study by Plash-
kevych et al.3 where they calculated the NEXAFS spectra for
different carbon-nitrogen molecules, clusters, and solids. The
molecular and cluster spectra were calculated with the ab
initio technique, while the solid state calculations were per-
formed with the density functional full potential augmented
plane wave method. Also in the condensed phase, experi-
mental studies of pyridine, pyrazine, and s-triazine have been
done by Dudde et al.4 where they used deexcitation electron
spectroscopy to obtain the kinetic energy distribution of elec-
trons emitted in the decay of N 1s core-to-bound-state exci-
tations. Other studies on multilayers of pyridine and pyrazine
were done by Bader et al.,5 Aminpirooz et al.,6 and Johnson
et al.7 In the gas phase, pyridine has been extensively studied
with NEXAFS by Kolczewski et al.8 who recorded high res-
olution spectra �65 and 150 meV for the C 1s and N 1s
edges, respectively� for pyridine and deuterated d5-pyridine.
In order to interpret the experimental spectra and assign the
observed peaks they used ab initio and density functional
theory approaches. Electron-energy loss �EEL� spectroscopy
has been employed by Horsley et al.9 to study pyridine and
benzene. The spectra in the gas phase presented in that work
were compared to those for the solids and for monolayers
chemisorbed on Pt�111�. They found that the gas phase and
solid state spectra are largely the same, however, the mono-
layer spectra show a strong polarization dependence as a
function of the x-ray incidence angle because of the orienta-
tion of the molecules upon chemiabsorption. Hannay et al.10

measured the EEL spectra of gaseous pyridine and py-
ridazine and used ab initio configuration interaction calcula-
tions to aid the assignments of the spectral features. The
results were also compared to the s-triazine molecule. The
latter has also been studied in the gas phase with inner-shell
EEL spectroscopy, see work by Apen et al.11 where the dif-
ferent resonances were assigned.

Experimental gas phase NEXAFS studies with synchro-
tron radiation for four of these molecules are not yet reported
in the literature nor has a comparative study in the gas phase
of these five azabenzenes been performed as far as our
knowledge concerns. Thus, we present here experimental
and theoretical photoabsorption spectra of pyridine, pyrimi-
dine, pyrazine, pyridazine, and s-triazine and analyze their
informational content.

II. EXPERIMENTAL DETAILS

The measurements were conducted on the undulator-
based Gas Phase Photoemission beamline at the ELETTRA
synchrotron facility, Trieste, Italy.12

The experimental setup consisted of two chambers
placed one after the other in the photon beam direction. The
first chamber functioned as a first stage of differential pump-
ing and allowed us to leak the N2 and the CO2 gases for
energy calibration purposes. The second vacuum chamber
contained a windowless double ionization cell built to per-
form absolute photoionization cross section measurements.
The sketch of the cell is found in Ref. 13, and it is similar to
the design used in Ref. 14. Briefly, when the ionization is
produced along the light path in the cell the ions are col-
lected by two equally long electrodes �l�. Then, according to
the Beer-Lambert law, the absorption cross section is given
by

� =
1

nl
ln� i1

i2
� , �1�

where i1 and i2 are the ion currents collected by the first and
second electrodes and n is the number density of the gas in
the interaction volume. If we assume an ideal gas behavior in
the calculation of the gas density, then Eq. �1� can be written
as

� =
kBT

Pl
ln� i1

i2
� , �2�

where kB is the Boltzmann constant, T the temperature in
Kelvins, and P the pressure of the gas.

Photocurrents were measured by two picoammeters. Ab-
sorption spectra of the different samples were recorded at
pressures ranging from 0.9 to 0.3�10−1 mbar with a 1 mbar
full scale range calibrated baratron. The accuracy of the bara-
tron was 1�10−4 mbar and the pressure was recorded in real
time. The pressure was measured directly outside the inter-
action region and therefore the measurements presented here
are in units of relative cross sections. The samples were pur-
chased from Sigma-Aldrich with a stated purity of �99% for
pyridine and pyrazine, 99% for pyrimidine, 98% for py-
ridazine, and 97% for s-triazine. Pyridine, pyrimidine, and
pyridazine are liquid at room temperature, while pyrazine
and s-triazine are solid at 295 K. All samples were subjected
to several cycles of freeze-pump-thaw in situ to eliminate all
traces of contaminants. They were held at 295 K and con-
trolled by a thermocouple device. The photon energy scale
was calibrated using the absorption line N 1s→�*�v�=1� of
N2 at 401.10 eV �Ref. 15� and the peak of the centroid for
the C 1s→�* transition of CO2 at 290.7 eV �Ref. 16� which
were measured simultaneously with the absorption spectra.
The resolution at the N 1s edge was approximately 90 meV
and the resolution at the C 1s edge was approximately
75 meV.

The experimental energies of the C and N 1s edges of
pyrimidine and pyrazine, as well as x-ray photoelectron
spectroscopy �XPS� spectra of both molecules, were deter-
mined in an independent experiment using the commercial
150 mm hemispherical electron-energy analyzer �from
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Vacuum Generator� available at the Gas Phase beamline,
ELETTRA.17 The C 1s and N 1s binding energy scales were
calibrated by measuring the XPS spectra of the sample mol-
ecules together with CO2 and N2 gases. We estimate an over-
all accuracy of �0.2 eV for the absolute core binding ener-
gies of the sample molecules.18

III. COMPUTATIONAL DETAILS

The geometries of the five studied molecules: pyridine
�C2v�, pyrimidine �C2v�, pyridazine �C2v�, pyrazine �D2h�,
and s-triazine �D3h� are shown in Fig. 1. They were opti-
mized at the B3LYP/aug-cc-pVDZ level using the GAUSSIAN

03 program.19 The optimized bond lengths and angles of
these five molecules are given in the Appendix section.

The total spectra at the carbon or nitrogen 1s edges are
obtained by computing the NEXAFS spectra for the

symmetry-independent carbon or nitrogen atoms and sum-
ming up the different contributions scaled with the relative
abundance of every type of carbon or nitrogen atom. The
NEXAFS spectra of each symmetry-independent carbon or
nitrogen atoms were calculated using the DEMON program.20

We used the gradient-corrected Becke �BE88� exchange
functional21 and the Perdew �PD86� correlation functional.22

The orbital basis set used for the nonexcited carbon and ni-
trogen atoms was a triple-� valence and polarizing d-function
type with the following form �7111 /411 /1�. Hydrogen at-
oms were represented by the double-� valence plus polariza-
tion scheme �311 /1�. The IGLO-III basis set of Kutzelnigg,
Fleischer, and Shindler23 was used for the excited carbon or
nitrogen atom. In order to help the convergence of the core-
hole state, an effective core potential was used to describe
the other carbon or nitrogen atoms. The theoretical spectra

TABLE I. Theoretical and experimental N 1s ionization potentials and excitation energies for all five molecules. Term values �� and �� are shown. All
computed energies include the relativistic correction �+0.3 eV�. The experimental error is �0.2 eV.

Peak

Pyridine Pyrimidine Pyridazine Pyrazine s-triazine

Expt. �KS Expt. �KS Expt. �KS Expt. �KS Expt. �KS

1 398.8 398.38 398.8 398.36 399.0 398.54 398.8 398.23 398.9 398.36
�*�b1� �*�a2� �*�a2� �*�b3u� �*�e��

2 399.9 399.44 399.6 399.95 399.9
�*�b1� �*�b1�

3 401.45 401.78 402.17 402.06
�*�a1� �*�a1� �*�a1� �*�ag�

4 402.6 402.32 402.8 402.33 402.7 402.52 402.8 402.36 402.9 402.34
�*�b2� �*�b1� �*�a2� �*�b2g� �*�a2��

5 404.9 404.9 404.7 405.4 405.2
6 408.1 408.7 408.4 408.0 409.0
7 415.1 415.1 415.2 415.3
IP 404.9a 404.47 405.2b 404.96 404.88c 405.44 405.6b 405.20 404.9d 405.50
�� −6.1 −6.09 −6.4 −6.60 −5.9 −6.90 −6.8 −6.97 −6.0 −7.14
�� +3.2 +3.5 +3.5 +2.4 +4.1

aReference 27.
bReference 28.
cReference 10.
dReference 11.

FIG. 1. Numeration of the atoms in pyridine, pyrazine,
pyridazine, pyrimidine, and s-triazine.
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TABLE II. Theoretical and experimental C 1s ionization potentials and excitation energies for all five molecules. Term values �� and �� are shown. All
computed energies include the relativistic correction �+0.2 eV�. The experimental error is estimated to be �0.2 eV.

Peak

Pyridine Pyrimidine Pyridazine Pyrazine s-triazine

Expt. �KS Expt. �KS Expt. �KS Expt. �KS Expt. �KS

1� 284.9 284.76 284.9 284.72 285.5 284.56 285.3 285.03 285.9 285.49
C2: �*�b1� C3: �*�b1� C3: �*�a2� �*�b3u� �*�e��

284.71
C3: �*�b1�

1� 285.5 285.17 285.4 285.08 286.2 285.12 285.8 285.86
C1: �*�b1� C2: �*�a2� C1: �*�a2� �*�au�

285.50 285.67
C2: �*�a2� C1: �*�b1�

285.79
C3: �*�b1�

1� 285.8 286.11 285.8 285.56 286.5
C1: �*�a2� C1: �*�b1�

2 287.3 286.89 287.3 287.12 288.2 287.33
C2: �*�a1� C3: �*�a1� C3: �*�a1�

287.09
C3: �*�a1�

3 287.9 287.69 288.3 288.15 288.7 287.87 288.2 287.98 298.8 289.36
C1: �*�a1� C2: �*�a1� C1: �*�a1� �*�ag� �*�a2��

287.66 288.71 290.13
C2: �*�b2� C3: �*�b2� �*�a1��

4� 288.6 289.27 289.3 289.14 289.1 289.55 289.1 288.74 290.5 290.40
C2: �*�a1� C1: �*�a1� C1: �*�a2� �*�b2g� �*�e��

290.17 288.61 288.94
C1: �*�b1� C3: �*�a2� �*�b2u�

288.87
C2: �*�b1�

289.33
C2: �*�b2�

4� 289.2 289.99 289.6 290.96
C1: �*�a1� C1: �*�a1�

289.44
C3: �*�a1�

5 290.5 290.2 289.9 291.9
6 294.4 295.5 296.0 295.4 296.1
7 301.6 302.6 301.4 302.4 303.2
IP 290.6a C1: 291.05 C1: 292.4b C1: 292.14 C1: 291.4c C1: 291.52 291.7b 291.51 290.6d 292.95

C2: 290.48 C2: 292.0b C2: 291.79 C3: 290.7c 291.23
C3: 290.75 C3: 291.1b C3: 290.93

�� −5.7 C1: −5.88 C1: −6.6 C1: −6.58 C1: −5.2 C1: −6.40 −6.4 −6.48 −4.7 −7.46
C2: −5.72 C2: −6.6 C2: −6.71 C3: −5.2 C3: −6.67
C3: −6.04 C3: −6.2 C3: −6.21

�� +3.8 +3.1 +5.3 +3.7 +5.5

aReference 9.
bReference 28.
cReference 10.
dReference 11.

TABLE III. Electronic configurations of five azabenzenes in neutral ground state.

Molecule Electronic configurations

Pyridine 1a1
21b2

22a1
23a1

22b2
24a1

25a1
26a1

23b2
24b2

27a1
28a1

25b2
29a1

26b2
21b1

210a1
27b2

22b1
21a2

211a1
2

Pyrimidine 1b2
21a1

22a1
22b2

23a1
24a1

25a1
23b2

26a1
24b2

27a1
28a1

25b2
29a1

21b1
26b2

210a1
21a2

22b1
211a1

27b2
2

Pyridazine 1a1
21b2

22b2
22a1

23a1
23b2

24a1
25a1

24b2
25b2

26a1
27a1

28a1
26b2

21b1
27b2

29a1
22b1

21a2
210a1

28b2
2

Pyrazine 1b1u
2 1ag

21b2u
2 2ag

21b3g
2 2b1u

2 3ag
23b1u

2 2b2u
2 2b3g

2 4ag
25ag

23b2u
2 4b1u

2 4b2u
2 1b3u

2 3b3g
2 1b2g

2 5b1u
2 1b1g

2 6ag
2

s-triazine 1e�22e�21a1�
23e�24e�22a1�

23a1�
25e�26e�27e�28e�21a2�

24a1�
21a2�

29e�210e�25a1�
21e�22e�211e�212e�2

044316-4 Vall-llosera et al. J. Chem. Phys. 128, 044316 �2008�



were obtained using the Slater transition potential �TP�
method in combination with a double basis set technique,
where we used a normal orbital basis set �see above� in the
minimization of the energy, and an added augmented diffuse
basis sets �19s ,19p ,19d� for the excited carbon or nitrogen
in order to obtain a proper representation of the relaxation
effects.

The TP calculation gives most of the relaxation effect
upon core ionization but neglects the relaxation effects on
the molecular ion core on adding the excited electron. In
order to determine the absolute energy position of the spec-
trum, we resorted to �Kohn-Sham ��KS� calculations as de-
scribed in Refs. 8 and 24. All the calculated spectra were
calibrated so that the first spectral feature corresponding to
the transition from the 1s level to the lowest unoccupied
molecular orbital �LUMO� coincides with the same one ob-
tained from the �KS calculations in which the energy differ-
ence between the ground state and the relaxed core excited
state is calculated. The ionization potentials �IPs� were also
calculated in the �KS scheme where the energy is taken as
the difference between the ground state and the fully opti-
mized core-ionized state. Relativistic effects of +0.3 eV for
the N 1s edge and +0.2 eV for the C 1s edge24 were also
included to produce the overall shift of the spectrum.

Both symmetry broken and symmetry restricted calcula-
tions have been performed. In general, the molecular point
group symmetry is broken, and the core hole localized, upon
excitation involving symmetry adapted core orbitals. This
follows from pseudo-Jahn-Teller effects operating for the
close lying core excited levels that couple through antisym-
metric vibrational modes. Computationally, core localization
leads to an efficient incorporation of relaxation energy upon
the core excitation, which in the symmetry adapted case cor-
responds to interaction of certain resonant configurations
which are not accounted for in the static exchange, or single
determinant approximations. While in the symmetry broken
case the spectra are calculated within 1 eV, symmetry re-
striction leads to offsets of the order of several eVs. Thus the
physical pseudo-Jahn-Teller localization is met by a more
accurate calculation in the symmetry broken case. However,
for interpretation purposes it can sometimes be desirable to
relate observed spectral features to the electronic structure
and symmetry of the ground state. We have therefore aug-
mented the symmetry broken, core hole localized calcula-
tions, that allocate spectral transitions and intensities, with
symmetry restricted calculations to obtain symmetry orbital
labels of the peaks.

A Gaussian function �full width at half maximum
�FWHM�=0.3 eV for carbon and nitrogen atoms� was used
for convoluting the spectra below the IP. Vibrational and
rotational effects are not included in this work.

IV. RESULTS

Figure 2 shows an overview of the experimental NEX-
AFS spectra of all the azabenzenes at the nitrogen and car-
bon 1s edges. The main features have been numbered and
will be discussed through the text.

A. N 1s edge

The overall gas phase spectrum of pyridine at the N 1s
edge agrees well with previous synchrotron8 and EEL
studies,9,10 and it is in less agreement with the condensed
phase studies of pyridine adsorbed on Pt�111�,7 Cu�110�,25

Ag �111�,5 and Ni�111� �Ref. 6� where the photoabsorption
spectra depend on the grazing incidence angle. Earlier inner-
shell EEL gas phase studies of s-triazine at the N edge11

show an agreement with our experimental spectrum, as does
the multilayer NEXAFS spectrum of s-triazine upon SR ex-
citation recorded by Dudde et al.4 For pyridazine the gas
phase EEL study in Ref. 10 shows a general agreement with
our experimental data.

Our gas phase pyrazine spectrum is consistent with the
N 1s spectra of the pyrazine adsorbed on a substrate,6,25

whereby the results depend on the orientation of the sample.
For pyrimidine, there are no previous studies at the N 1s
edge, however, our gas phase spectrum shows a rough agree-
ment with the condensed phase NEXAFS spectrum of pyri-
midinic bases, thymine, and uracil shown in Ref. 26. The
enlarged experimental and the calculated NEXAFS spectra
of pyridine, pyridazine, pyrimidine, pyrazine, and s-triazine
at the N 1s edge are displayed in Fig. 3. Theoretical spectra
are shown under their corresponding experimental counter-
parts. Peak positions and N 1s thresholds for the respective
molecules are summarized in Table I. Both experimental and
theoretical spectra are dominated by the first peak. Peak 2 in
the experimental spectrum of pyrimidine �399.9 eV�, py-
ridazine �399.6 eV�, and s-triazine �399.9 eV� seems to be
without counterpart in the pyrazine and pyridine spectra.
This peak is well reproduced by our calculations for the py-
rimidine and pyridazine spectra but has no equivalent in the
calculated s-triazine spectrum. There are no studies for pyri-
midine, however, the s-triazine EEL study of Ref. 11 reveals
the same shoulder at 400.5 eV. Peak 3 in the computed spec-
tra of pyrazine, pyridine, pyridazine, and pyrimidine is not
present in the experimental spectra recorded here. Next peak
at approximately 402.8 eV in the experimental spectra and
labeled as number 4, is seen to be asymmetric in all mol-
ecules �see Figs. 2 and 3�. Close to the experimental IP of
each molecule we find peak 5. It is clearly seen in pyrimidine
and s-triazine, and it is less intense for pyrazine, pyridine,
and pyridazine. Peak 5 in the calculated spectra is partly
accounted by the stepwise feature at approximately 405 eV
for all molecules. Above threshold two broad and structure-
less features are named as peaks 6 and 7 �see Fig. 2�. Peak 6
is present in the five experimental spectra, while 7 is re-
corded for pyridazine, pyrimidine, pyrazine, and s-triazine
molecules. There is very little change in the peak position of
the first and second resonances in the five molecules. Also
peaks 4–7 are present although displaced from each other.
These similarities between the five spectra indicate that the
local atomic structure is the dominant factor in influencing
the spectra.

From Fig. 3 we observe that the most intense experimen-
tal features have been nicely reproduced by the present cal-
culations. Table I summarizes the assignments of peaks
evaluated via the TP calculations with imposing symmetry,
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as well as the calculated IP and the term values, ��=IP
−E��*� at the N 1s. All the values were calculated using the
�KS scheme with the correction of relativistic effects
�+0.3 eV�. Table I also summarizes the experimental energy
positions of the assigned peaks, the experimental IP values
measured in this work, as well as the experimental term val-
ues �� and ��=IP−E��*�.

B. C 1s edge

In contrast to the N edge �see Fig. 2�, upon substitution
of CH groups by N atoms, the number of resonances in the C
edge differs from one molecule to the other. The overall ex-
perimental spectra of s-triazine and pyridine agree well with
the gas phase studies of s-triazine in Ref. 11, with gas phase
studies of pyridine in Refs. 8–10 and multilayer films of
pyridine in Refs. 6 and 7. Our experimental spectrum for
pyridazine agrees well with the EEL spectrum of pyridazine
in the gas phase10 and shows an overall agreement with the
condensed phase study in Ref. 6. In Fig. 4 we show the
enlarged experimental and the calculated NEXAFS spectra at
the C 1s edge for the five molecules studied here.

Peak 1 is present in all molecules; it is the strongest in
the spectrum as expected from the insaturation of the bonds
in the molecules. Except for s-triazine peak 1 is split in two,

three, or four components. Peak 2 is present in the experi-
mental spectra of pyridazine, pyrimidine, and pyridine and is
well reproduced by our calculations. Peaks 3–5 lie right be-
low the IP confirming the valence/Rydberg nature of the
peaks. Observe that peak 4 is split in two components for
pyridine and pyrimidine. Finally, peak numbers 6 and 7 lie
above the threshold �see Fig. 2�. Peak 6 is clearly seen in all
the experimental spectra of these molecules. Peak 7 is barely
seen for all five molecules and is much weaker than the
corresponding peak at the N 1s edge. Again, our calculations
describe most of the experimental features that lie below the
theoretical IP. Slight differences may arise from vibronic
contributions not accounted for in this work. Table II sum-
marizes the assignments of peaks by means of the symmetry
restricted TP calculations, the experimental and calculated
IPs and the term values at the C 1s. All the theoretical values
were calculated using the �KS scheme and included the rela-
tivistic effects �+0.2 eV�. Table II also shows the experimen-
tal energy positions of the resonances, as well as the experi-
mental term values.

V. DISCUSSION

Azabenzenes, like other unsaturated compounds, in gen-
eral, exhibit a common fourfold pattern in their NEXAFS

FIG. 2. Overview of the experimental NEXAFS spectra of the five azabenzenes at the nitrogen 1s �left� and carbon 1s edges �right�. The main features are
numbered for both edges for future reference in the text. The numbering in the C 1s edge does not consider the splitting of the resonances and a more accurate
numbering is given in the enlarged figures. For pyrimidine and pyridazine the energy position of the respective C1, C2, and C3 edges is shown. The energy
scale is calibrated as described in Sec. II. The zig-zag pattern in the s-triazine spectrum at the N 1s edge is due to gap changes that were not optimal and were
not cancelled by normalization.
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spectra; a strong �* resonance plus a weak Rydberg series in
the discrete part and multielectron excitations superimposed
on a shape resonance structure in the near-continuum part.
These features are scrambled by the chemical shifts of the
symmetry for inequivalent core sites. While these energy
shifts are quite small—a few tenths of an eV—the site varia-
tion of the intensities is quite significant.29 One also finds
that the chemical shifts of the �* excitations are closely re-
lated to the electronegative character of the substituent
groups. The occurrence of multiple �* and �* resonances is
apparent in aromatic compounds but often one finds evi-
dence for only one strong such resonance ��* and �*� per
core site.

Before the discussion, we give the electronic configura-
tions of the five azabenzenes in their neutral ground state in
Table III. The allowed dipole electronic transitions 1s
→�unoccupied orbital can be easily acquired with the help of
group theory.

A. N 1s edge

In all the spectra presented in Figs. 2 and 3, the first peak
is assigned to the transition of the 1s electron in the N atom
to the lowest unoccupied �* antibonding molecular state and
it occurs at about 398 eV in the experimental spectra. It is
well reproduced by our theoretical calculations that place the
peak at an average of 0.5 eV lower than the experimental
value. Since all N atoms are in symmetric positions in pyra-
zine, pyridazine, s-triazine, and pyridine, the peak is not split
due to the chemical shift. The asymmetry on the high energy
side is due to vibrational excitations, that, in turn, are due to
the antibonding �* character of the excited orbital.8

The contributions �area under the peak normalized to the
total area in percent� of this peak to the total K-shell intensity
spectrum for each molecule are 7%, 10%, 13%, 9%, and 9%
��1% � for pyridine, pyridazine, pyrimidine, pyrazine, and
s-triazine, respectively. The experimental results for pyri-
dine, pyrazine, and s-triazine are in agreement with the the-
oretical results in this work which are 8%, 9%, and 8% for
pyridine, pyrazine, and s-triazine, respectively. However, the
results for pyridazine and pyrimidine are higher than the cor-
responding theoretical ones, 9% and 8%. We have also com-
pared the width of the peak �FWHM� for all the molecules
with the following results, 0.56, 0.66, 0.73, 0.52, and
0.70 eV for pyridine, pyridazine, pyrimidine, pyrazine, and
s-triazine, respectively �see Fig. 3�. The results of pyridine
and pyrazine agree with those given in Ref. 6. In the same
study, a broadening of the N 1s→�* peak by a factor of 2
for monolayers of pyridine was observed. This would sug-
gest that the environment where the molecules are; �a� sur-
rounded by molecules of the same kind �condensed phase
and gas phase as in our case� or �b� surrounded by foreign
molecules �metal substrate�; plays an important role in the
shape of the NEXAFS spectrum.

Peak 2 corresponds to a transition to the LUMO+1 and
it has �* symmetry. In pyridine, the transition from 1s�a1�
orbital of nitrogen to LUMO+1�a2� is dipole forbidden in
the C2v symmetry.8 It is discussed in Ref. 8 that this peak
localized at 400.2 eV in their pyridine spectrum regains in-

tensity through the vibronic coupling. Our present calcula-
tions for the pyridine molecule do not show any structure for
peak 2 in perfect agreement with the experimental data. For
pyrimidine and pyridazine, the LUMO+1 has b2 symmetry
to which the transition 1s�a1�→�*�b2� is not forbidden in
the C2v symmetry and, thus, the present calculations, as well
as the experimental spectra for pyrimidine and pyridazine,
show a strong resonance at 399.9 eV for pyrimidine and a
weaker resonance at 399.6 eV for pyridazine.

In the ground state, the LUMO and LUMO+1 molecular
orbitals in s-triazine are degenerate with symmetry e�, but
after exciting the 1s electron into LUMO or LUMO+1, the
excitation energies and intensities are rather different and the
peaks become separable. However, the transition of the 1s
electron in any of the N atoms of the molecule to the
LUMO+1 orbital is much lower in intensity compared to the
LUMO transition due to this core hole effect, and thus peak
2 is not visible in the computed spectra. However, it is vis-
ible in the experimental results due to the vibronic contribu-
tion.

Peaks 3 and 4 correspond to excitations to Rydberg or
mixed valence—Rydberg orbitals with some antibonding
character of both �* and �* symmetries. Peak 3 is not visible
experimentally and gets sizable intensity only in the theoret-
ical spectrum of pyridine and pyridazine. On the other hand,
peak 4 is present in all experimental and theoretical spectra.
Furthermore, in pyridine peak 4 shows an admixture of Ry-
dberg character, which is underestimated in the TP calcula-
tion �but is improved in the �KS calculation�. One may also
find that the order of some unoccupied orbitals may change
in excitation. The LUMO+6 of pyrimidine, pyridazine, and
pyrazine, LUMO+5 of s-triazine in their ground states have
become LUMO+3 and LUMO+2, respectively, in the sym-
metry restricted TP calculations, indicating that peak 4 cor-
responds to a transition from N 1s to LUMO+3 for pyrimi-
dine, pyridazine, and pyrazine but to LUMO+2 for
s-triazine. Notice that the intensity of this peak compared to
the absorption continuum increases with the addition of CH
groups in the molecule. If we look at the experimental spec-
tra for the N 1s edge in Fig. 2 and calculate the intensity
difference between peak 4 and the intensity at the far con-
tinuum, we observe that pyridazine and pyrazine have sig-
nificantly lower values compared to s-triazine.

The highest intensity difference is for the 3N atoms con-
taining molecule, s-triazine, while the two molecules with
two N atoms substituted have lower intensity values. These
results corroborate the fact that the addition of CH groups in
the molecule enhances the Rydberg resonances when com-
pared to the continuum. This trend was seen for small mol-
ecules in CO,30 H2CO,31 and CH3OH �Ref. 32� and from this
study is postulated to be applicable to larger organic mol-
ecules.

Close to the IP we find peak 5. In the study of the pyri-
dine molecule, Kolczewski et al.8 assigned this peak as an
admixture of valence and Rydberg-type transitions. How-
ever, it has been seen in the N2 molecule, first theoretically
by Arneberg et al.33 and later on experimentally by Neeb et
al.,34,35 that there are double excitations just at the N 1s IP.
Thus peak 5 in our spectra could have a double excitation
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origin �the excitation of the N 1s electron is accompanied by
a simultaneous excitation of a valence electron�, namely,
core-valence doubly excited states. This is in agreement with
Ref. 11 who assign this peak to double excitations. In our
calculation only one-electron excitations are considered,
thus, peak 5 cannot be present in the theoretical spectra if
this interpretation is correct. However, we cannot exclude
peaks originated from double excitation mechanisms in our
experimental spectra before or after the IP threshold.

Above the 1s IP the K-shell spectra of all five molecules
show two resonances, peaks 6 and 7 assigned to excitations
to the �* orbitals in agreement with Refs. 4 and 7–11. Fur-
thermore, Apen et al.11 and Hannay et al.10 assigned both
peaks to the N 1s→�C–N

* transition. As seen in Fig. 2, �*, or
peak number 6 peaks at different positions for different mol-
ecules in the following order: pyrazine�408.0 eV�

	 pyridine�408.1 eV� 	 pyridazine�408.4 eV� 	 pyrimidine
�408.7 eV�	s-triazine�409.0 eV�. This gives rise to a differ-
ent term values, �� for each of them �see Table I� and a
spread of �� equal to 1.7 eV.

B. C 1s edge

Similar to the N 1s edge, in all the C 1s spectra pre-
sented in Figs. 2 and 4, the first peak is assigned to the
transition of the 1s electron in the C atom to a �* antibond-
ing molecular orbital. It occurs at roughly 285 eV in all the
carbon experimental spectra. It is well reproduced by our
theoretical calculations that place the peak at an average
value of 0.3 eV lower than the experimental value. Due to
the different environments for different carbon atoms in the
molecules peak 1 is split. Peak 1� in pyridazine is mostly due

FIG. 3. Comparison of the experimen-
tal �a� and calculated �b� gas phase
NEXAFS spectra of pyridine, py-
ridazine, pyrimidine, pyrazine, and
s-triazine at the nitrogen 1s edge. Peak
positions as well as the N 1s thresh-
olds �IP� are shown here and summa-
rized in Table I.
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to the C3 atom and corresponds to a transition of the 1s�b2�
electron in the C atom to the LUMO with �*�a2� symmetry
�see Fig. 1 for the numbering of atoms and Fig. 4 for the
spectra�. Peak 1� has contribution from C1, C3, with C1 being
the largest contributor �see Table II�. It is formed by a super-
position of transitions to the LUMO and LUMO+1 orbitals.
Peak 1� in pyrimidine is due to a transition from 1s�a1� elec-
tron in the C3 atom to the LUMO�b1� �see Fig. 4�. 1� is a
pure LUMO transition of the 1s�b2� electron in the C2 atom
with a2 symmetry, while 1� is entirely due to the LUMO�b1�
transition of the C1 atom.36 Finally, the shoulder in the high
energy side of 1� is ascribable to a transition of the C2 1s�a1�
to the LUMO+1�b1� orbital. In pyridine both 1� and 1�
peaks are due to LUMO transitions of the 1s�a1� electron. 1�
corresponds to transitions in the C2 and C3 positions to or-
bitals of �*�b1� symmetry and 1� corresponds to transitions
in the C1 position with �*�b1� symmetry and C2 position
with �*�as� symmetry. The shoulder named 1� �see Fig. 4� is

a LUMO+1�a2� transition of the 1s�b2� electron in the C1

atom also in agreement with Ref. 8. All the carbon atoms in
pyrazine are equivalent, thus the splitting of peak 1 is due to
transitions to two different molecular orbitals. 1� corresponds
to the LUMO��*�b3u�� transition and 1� to the LUMO
+1�au�. Similar to pyrazine, the three carbon atoms in
s-triazine are analogous, thus the peak is not split and peak 1,
corresponds to a transition to the LUMO with �*�e�� sym-
metry also in agreement with Ref. 11. The asymmetry on the
high energy side of the �* resonance in the experimental
spectra and disagreements of the relative intensities of peaks
between experimental and theoretical spectra is due to the
vibronic coupling. Since we have not included vibrational
effects in our calculations, the theoretical spectra do not re-
produce these features.

The shift in atomic core-level energy due to a specific
chemical environment can be explained with the higher elec-
tronegativity of the N atom compared to the C atom. The C

FIG. 4. Comparison of the experimen-
tal �a� and calculated �b� gas phase
NEXAFS spectra of pyridine, py-
ridazine, pyrimidine, pyrazine, and
s-triazine at the carbon 1s edge. Peak
positions as well as the C 1s thresh-
olds �IP or C1, C2, C3 edges� are
shown here and summarized in Table
II.
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atoms that are bound directly to the nitrogen are weakly
positive, i.e., the electron cloud is partially displaced over the
N atom and more energy is required for the C 1s ionization
when compared to the C atoms that lie further away from the
N atom. Pyrimidine provides a good example of this notion.
According to Fig. 1 the C1 position is the most positive, and
thus the one that will require the largest amount of energy for
the C 1s to be ionized. If we now look at Fig. 4, we see that
C1 is indeed the highest in energy position, meaning that
292.14 eV are needed to ionize its 1s electron when com-
pared to C2 or C3 which need 291.79 and 290.93 eV, respec-
tively. This is also confirmed by the measured C 1s thresh-
olds listed in Table II. The C1, C2, and C3 of pyrimidine are
measured at 292.4, 292.0, and 291.1 eV,28 respectively. We
have also compared the width �FWHM� of the C 1s→�*

peak for s-triazine and the energy splitting of the C 1s
→�* peak for the other molecules. We find that the splitting
between 1� and 1� in pyridine is 0.52 eV, and 0.50 eV for
pyrazine. The splitting of 1� and 1� for pyridazine are 0.63
and 0.39 eV for 1� and 1�. The same splittings for pyrimi-
dine give 0.53 and 0.42 eV values. The FWHM measured of
peak 1 for s-triazine is 0.36 eV as shown in Fig. 4. The
results of 1� and 1� splitting in pyridine and pyrazine were
compared to those presented in Ref. 6 that relate 0.55 and
0.81 eV for multilayer pyridine and pyrazine, respectively.
As seen from these values, the C 1s→�* peak splitting in
pyridine is in agreement with Ref. 6. However, for the pyra-
zine molecule we measured a splitting of 0.50 eV, much nar-
rower than in multilayer pyrazine of Ref. 6. Upon compari-
son of the values with the FWHM of the N 1s→�*

transition, we observe that the values measured for the C 1s
edge are, in general, smaller than those in the N 1s edge.
This would imply that vibrational modes are more active in
the N 1s→�* transition than in the C 1s edge.

The results of the calculations for peaks 2 and 3 suggest
specific spectral assignments as follow; both resonances cor-
respond to a transition of the C 1s electron to a �* /�* mixed
symmetry orbitals. Thus, in pyrimidine, peak 2 corresponds
to a transition to the LUMO+2��*�a1�� of the C3 1s electron
and peak 3 to a transition to LUMO+2��*�a1�� from C2 1s
and LUMO+3��*�b2�� from C3 1s. In pyridazine, peak 2
corresponds to a LUMO+2��*�a1�� transition of the 1s elec-
tron in the C3 atom and peak 3 the same but in the C1 atom.
In pyridine, peak 2 is an admixture of transitions to
LUMO+2��*�a1�� of the 1s electron in the C2 and C3 atoms
and peak 3 corresponds to transitions to LUMO+2, +3 or-
bitals from the 1s electron in the C1 and C2 atoms with
�*�a1� and �*�b2� symmetry, respectively. Finally peak 3 in
s-triazine is an admixture of �*�a2�� and �*�a1��.

Peaks 4, 4�, and 4� correspond to excitations to a mix-
ture of Rydberg and hydrogen-derived antibonding orbitals
of �* and �* symmetries as also seen at the N 1s edge. In
the experimental spectrum of pyridine this peak consists of
two components split by about 0.6 eV compared to the
0.72 eV split in the theoretical spectra. In pyridine the 4� and
4� resonances have �* symmetry. 4� is mainly due to the 1s
electron of the C2 atom to the LUMO+8�a1� and 4� is due to
the 1s electron of C1 to the LUMO+8�a1� and the 1s elec-
tron in the C3 atom to the LUMO+7�a1� orbital in the mol-

ecule �see Fig. 4 and Table II for the symmetry assignments�.
In pyrimidine’s experimental spectrum peaks 4� ,4� are apart
by 0.3 eV compared to the 0.79 eV in the theoretical spec-
trum. For pyrimidine, 4� is due to LUMO+3, +4 transitions
of the C1 and C2 1s electrons. The molecular orbitals have
both �* and �* symmetries. 4� in pyrimidine is due to the
LUMO+7 transition of the C1 1s electron with �*�a1� sym-
metry. Pyridazine has only one 4 peak ascribed to the tran-
sition of the 1s electron from the C1 and C3 atoms to
LUMO+4��*�a2�� orbital. The main contribution to peak 4
in pyrazine is from the transition to LUMO+3, +4 in any of
the C atoms and this orbital has mixed �* and �* character.
In s-triazine, peak 4 is due to the transition of the 1s electron
to a LUMO+4 orbital which has �*�e�� symmetry.

Around the C 1s IP value we find peak 5. A double
excitation process for the benzene and s-triazine molecules
was argued to be the source of this peak in the studies made
by Rennie et al.37 and Apen et al.,11 respectively. Double
excitation processes are not included in our calculation, thus,
the nature of peak 5 in the experimental spectra could be
partially assigned to excitations of two electrons to non-
Rydberg orbitals.

Above the 1s IP the K-shell spectra of all five molecules
show one major resonance, peak 6 and a weak resonance
well above the IP, peak 7. Both resonances are assigned to
excitations to the �* orbitals or shape resonances. Reference
10 attributes peak 6 to an admixture of �C–H/C–N/C–C

* excita-
tions for pyridazine, while in the s-triazine would correspond
to a �C–N

* transition. Again as seen in Fig. 2 and Table II,
feature 6 peaks at different positions for different molecules
in the following order: pyridine�294.4 eV�	pyrazine
� 295.4 eV�	pyrimidine � 295.5 eV�	pyridazine�296.0 eV�
	s-triazine�296.1 eV�.

C. Term values

In the overview given above of the resonances encoun-
tered in the C and N atom K-shell spectra, the �* resonances
are the lowest in energy, followed by Rydberg and/or
hydrogen-derived resonances, and at higher energies we en-
counter �* resonances which could be of Rydberg or mixed
valence Rydberg character. As seen in the previous section, a
K-shell resonance corresponds to a transition from a particu-
lar 1s orbital of a specific atom in the molecule to a molecu-
lar orbital �MO� that is delocalized over the bonded pair of
atoms. Consequently, transitions to the same MO can be
reached by 1s electrons of either excited atom participating
in the bond. According to Fig. 1 the possible bonded pair of
atoms in these azabenzenes can be C–C or C–N with the
corresponding Z numbers of 12 or 13, respectively. It is to be
expected that the �* resonance position relative to the re-
spective 1s IP should be rather similar at different K edges
�within �1 eV�, despite the fact that absolute excitation en-
ergies are different.30,38 One way to corroborate this fact is
calculating the �� and the spread of �� for the five mol-
ecules at both edges. Because the N atoms are equivalent in
all five molecules �see Fig. 1� the calculation of �� and ��

spread at the N 1s edge is straight forward. From Table I we
observe that the experimental �� spread at the N edge is
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0.9 eV, in agreement with the theoretical value of 1.05 eV.
However, the �� spread at the C 1s edge is more complex
due to the fact that the C atoms occupy nonequivalent posi-
tions in some of the molecules. For example, peak 1� in
pyrimidine is due to the C3 atom which is bonded to another
C atom thus Z=12, but 1� peak in the same molecule is due
to the C1 atom which is bonded to a N atom, therefore Z
=13. The �� spread for the theoretical values with Z=12 is
calculated to be 0.95 eV and for Z=13, 1.58 eV. From the
�� values in Table II we obtain an experimental �� spread of
1.0 eV, for Z=12 and 1.9 for Z=13. From these values we
observe that the position of the �* resonance with respect to
the IP is within 1 eV for the N edge in both theoretical and
experimental values, also for the theoretical and experimen-
tal values at the C edge for Z=12 of the bonded pair of
atoms, however, it is a little bit over 1 eV for Z=13 for both
theoretical and experimental �� spread values.

Compared to the rather similar position of the �* reso-
nance, the �* resonance shows a different behavior with the
particularity that the average �� at the C 1s edge is 0.9 eV
higher than the N 1s edge. The scatter of the experimental ��

energies is 1.7 eV at the N 1s edge and 1.7 eV for Z=13 and
2.2 eV for Z=12 at the C 1s edge. From these values we can
conclude that the spread in �� decreases with increasing Z.
This result was already seen for diatomic and some linear
polyatomic molecules39 and confirmed here for these hetero-
cyclic molecules.

VI. CONCLUSIONS

We have investigated the NEXAFS spectra for five aza-
benzenes at the N 1s and C 1s edges via experiments and
calculations. The experimental and theoretical spectra at the
N and C 1s edges show a strong �* transition assigned to
transitions to LUMOs. The remaining resonances below the
respective IP’s are associated to � or � orbitals with mixed
valence/Rydberg character. Above the IP one or more broad
features are seen in the experimental spectra and assigned to
�* resonances. We have also shown that in the N 1s edge the
addition of CH groups in the molecule �less N atoms� en-
hances the Rydberg resonances when compared to the con-
tinuum. We have discussed the double excitation mechanism
for the appearance of a particular resonance.

Calculating the experimental and theoretical �� term
values at both edges, we observe that they are almost the
same within �1 eV as expected for isoelectronic bonded
pairs. The term values of the �* resonances are discussed in
terms of the total Z number of the atoms participating in the
bond.
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APPENDIX: CALCULATED BOND LENGTHS AND
ANGLES OF PYRIDINE, PYRIDAZINE, PYRIMIDINE,
PYRAZINE, AND S-TRIAZINE

The optimized bond lengths and angles of the five mol-
ecules studied here and shown in Fig. 1 are given in Tables
IV–VIII. For the pyridine molecule, the results obtained here
are compared to previous works in the literature.

TABLE IV. The optimized bond lengths and angles of pyridine.

Length �Å� and angles �deg� This work Ref. 8 Ref. 10

d�C1–C2� 1.399 1.400 1.3902
d�C2–C3� 1.396 1.398 1.3882
d�C1–N1� 1.340 1.347 1.3235
d�C1–H1� 1.093 1.096 1.0762
d�C2–H2� 1.090 1.093 1.0744
d�C3–H3� 1.091 1.095 1.0753
��C1–C2–C3� 118.5 118.8 118.22
��C2–C3–C4� 118.5 Not given 118.56
��N1–C1–C2� 123.6 123.7 123.66
��C1–N1–C5� 117.3 116.9 117.69
��C1–C2–H2� 120.2 Not given 120.36
��C2–C3–H3� 120.8 120.9 120.72
��C2–C1–H1� 120.3 120.2 Not given
��C3–C2–H2� 121.3 120.8 Not given
��N1–C1–H1� 116.1 116.2 116.21

TABLE V. The optimized bond lengths and angles of pyrimidine.

Length �Å� and angle �deg� This work

d�C2–C3� 1.395
d�C1–N1� 1.339
d�C2–N1� 1.340
d�C1–H1� 1.092
d�C2–H2� 1.093
d�C3–H3� 1.090
��C2–C3–C4� 116.6
��N1–C2–C3� 122.2
��C1–N1–C2� 115.9
��N1–C1–N2� 127.1
��C2–C3–H3� 121.7
��C3–C2–H2� 121.2
��N1–C1–H1� 116.4
��N1–C2–H2� 116.6

TABLE VI. The optimized bond lengths and angles of pyridazine.

Length �Å� and angle �deg� This work Ref. 10

d�C1–C4� 1.400 1.3995
d�C3–C4� 1.386 1.3716
d�C1–N1� 1.338 1.3132
d�C1–H1� 1.091 1.0750
d�C3–H3� 1.090 1.0744
d�N1–N2� 1.334 1.3117
��C4–C1–N1� 123.6 123.34
��C3–C4–C1� 116.9 Not given
��C1–N1–N2� 119.5 120.03
��C1–C4–H4� 120.9 120.82
��C4–C1–H1� 121.4 Not given
��C3–C4–H4� 122.2 Not given
��N1–C1–H1� 115.0 115.46
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TABLE VII. The optimized bond lengths and angles of pyrazine.
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d�C1–C2� 1.399
d�C1–N1� 1.338
d�C1–H1� 1.092
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Length �Å� and angle �deg� This work
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��C1–N1–C3� 114.3
��N1–C1–N2� 125.7
��N1–C1–H1� 117.1
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