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Abstract:

A detailed analysis of the N(1s) and C(1s) X-Ray Photoelectron Spectroscopy, XPS, is
made where the measured XPS is compared with theoretical Sudden Approximation, SA,
intensities and theoretical XPS Binding Energies, BEs. There is remarkably good agreement
between the theoretical predictions and the measured XPS; in particular, the different Full Width
at Half Maximum, FWHM, for the C(1s) and N(1s) BEs is explained in terms of unresolved C(1s)
BEs for the different C atoms in pyridine. This work demonstrates that the combination of theory
and XPS measurements can extract analysis of the XPS relevant to the molecular electronic
structure. The theory used is based on fully relativistic self-consistent field solutions of the Dirac-
Coulomb Hamiltonian and the SA is used to determine relative XPS intensities.
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I.

Introduction:

X-Ray Photoelectron Spectroscopy, XPS, has a long history as a powerful method to
identify not only elemental composition but also the electronic structure of the material studied.
This can already be seen in the pioneering work of the Uppsala group directed initially by
Siegbahn. [1, 2] Theory, especially rigorous ab initio theory, is an important complement for the
interpretation of measured XPS and is regularly used; an early effort to demonstrate the application
of theory to the core hole states generated in XPS is the paper by Bagus. [3] While it is not possible
to cite the vast number of papers that apply theory for the interpretation of XPS, two recent reviews
by the present authors [4, 5] do cite much of this literature. In this paper, the goal of extracting
chemical information from XPS measurements is addressed with a combined experimental and
theoretical analysis of the XPS of a simple organic molecule, pyridine, with the formula CsNHs.
Our interest in pyridine and CNH materials in general arises from our investigations of the
chemical transformation of molecules adsorbed on N-doped graphene surfaces. [6] N-doped
carbon materials are reported to activate molecular hydrogen to transfer to and from heterocyclic
arene of liquid organic hydrogen carriers, LOHCs, such as pyridine and quinoline. [7-9] LOHCs
are a unique class of ‘hydrogen energy carriers’ that show promise to store and transport large
quantities of green hydrogen for large-scale and long-duration energy storage applications. [10,
11] We are using a combination of computational and spectroscopic approaches to gain insight
into the fundamental interactions of molecules at N-doped graphene surfaces. The objective is to
determine how the properties of the surfaces and the adsorbates can be modified in order to
optimize the desired reactivity. XPS provides the ability to characterize both the surface of N-

doped carbon materials and molecules adsorbed to the surface.



In pyridine, the main features of the XPS spectrum are a single N(1s) XPS peak and three
C(1s) XPS peaks for the three inequivalent C atoms in the molecule. A high resolution C(1s) XPS
spectrum of pyridine, obtained using synchrotron radiation and with a photon energy of 382 eV,
[12] clearly show that each non-symmetrically equivalent C can be resolved. While the authors of
Mendolicchio ef al. [12] used a photon energy of 382 eV to obtain this high-resolution C(1s)
spectra, it came with two essential limitations. First, they were not able to access the N(1s)
ionization, where the BE is 400.18 eV. Second, for the C(1s) ionization, which can be probed with
382 eV photons, the photoelectron has a kinetic energy of less than 100 eV. This low energy photo-
electron represents an issue as the usual XPS analyses, which are based on the sudden
approximation, [13] cannot be performed because these analyses are exact only in the limit of
infinite photon energy. However, the sudden approximation is still valid for photon energies of Al
Ko X-Rays [14] as used in the present paper. As the focus of this paper is to compare the broadening
and underlying chemistry for both the C(1s) and N(1s) peaks, it is important to have an experiment
which can measure both and which can be accurately described using the sudden approximation.
While Mendolicchio ef al. [12] argue that it is necessary to include vibronic effects to describe the
details of their high-resolution C(1s) spectra obtained with low energy photons, there is strong
evidence [1, 2, 13, 15, 16] that this is not important at the usual high energy Mg or Al K. Indeed,
the vibrational effects lead only to a minor broadening of the XPS features. [15] Here, our concern
is about the different broadening of the C(1s) and N(1s) XPS peaks, as reflected in the Full Width
at Half Maximum (FWHM), which is accurately described by our measurements and by our
theoretical analysis. A particular advantage of our theoretical analysis is that we are able to identify
the intensities and energies of XPS BEs that cannot be obtained with the resolution of the

measurements.



In our study, the XPS measurements are made on a thin film of pyridine and the theory is
based on ab initio fully relativistic self-consistent field wavefunctions, WFs, for the initial, ground
state (GS), and the core ion states that involve removal of a localized 1s electron from the N and
C atoms. The principal objective is to show that this combination results in a detailed analysis and
interpretation of the XPS. The analysis includes reliable estimates of the experimental resolution
and of the BE shifts which, for the C(1s) XPS feature, lead to a broadening of this XPS peak. This
broadening is accurately given from the theoretical BE shifts and theoretical XPS intensities of the
individual C(1s) ionizations. It is demonstrated that a general methodology and protocol is

described that should have wide applicability.

In the following section, Section II Geometry, Measurements and Methodology, we
describe the pyridine molecular geometry and the experimental and theoretical methodologies.
This is followed in Section III, XPS BEs and Intensities, with a presentation of our XPS
measurements coupled with the theoretical results for BEs and intensities. In particular, the
excellent agreement of measurement and theory is stressed. Finally, in Section IV, our conclusions

are summarized.

II. Geometry, Measurements and Methodology:

A schematic of the pyridine molecule is given in Figure 1 where the different atoms are
identified and labeled as: N, C1, C2L, C2R, C3L and C3R. The two equivalent C3 carbon atoms
are the carbon atoms closest to N with C3L and C3R being on the left-hand side and the right-hand
side, respectively; see Figure 1. The two equivalent C2L and C2R atoms are next nearest the N
atom and the C1 atom is furthest from N. The H atoms, H1, H2L, H2R, H3L, and H3R, are labeled

according to the C atom they are associated with. The molecule is planar and placed in the xy
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plane. The coordinates used for the atoms were obtained from the NIST database. [17] The

coordinates used are given in Table 1.

Figure 1: The geometry of the pyridine molecule, CsNHs, where the different atoms are labelled
so that they can be referenced in the text. The labelling distinguishes symmetrically equivalent and
inequivalent C and H atoms.

X Y Z
N +0.0 +1.43026 0.0
Cl +0.0 -1.392063 0.0

C2  £1.1995239 -0.673874 0.0
C3 +1.1481118 +0.725329 0.0
HI +0.0 -2.487089 0.0
H2 +£2.1619982 -1.192724 0.0
H3 +2.0753331 +1.309391 0.0

Table 1: Coordinates of the atoms in the pyridine molecule, in A; the x coordinate for equivalent
C atoms is shown with a + sign. For the labeling of the atoms see Figure 1.



The wavefunction, WF, calculations were carried out in Cs symmetry where only the
reflection in the xy plane was taken into account. This is done to allow the 1s ionizations of the
equivalent pairs of C2 and C3 atoms to be localized on either the left or right of the equivalent
atoms. For localization of the core ions of equivalent atoms see, for example, Refs [18, 19]. The
WFs, and orbitals were calculated as self-consistent Dirac Hartree-Fock solutions with the Dirac-
Coulomb Hamiltonian. The orbitals are complex four-component solutions for the Cs~ double
group and with all terms including Large-Large, LL, Large-Small, LS, Small-Small, SS, and Gaunt
included; see Saue ef al. [20] The ground, initial, state has 21 doubly occupied spin-orbitals and
there are no exact degeneracies although there are near degeneracies, especially for the C2 and C3
Is levels. The WFs for six 1s ions are also calculated. Here the configurations have a singly
occupied 1s orbital on one of the N or C atoms and 20 doubly occupied orbitals. The orbitals and
WFs are optimized for these six configurations. The pairs for C(1s) ions of the localized C2L and
C2R have identical total energies as well as the pair with the localized C3L and C3R C(1s) ions.
However, the two sets of orbitals and WFs for these pairs were calculated to confirm that they
were indeed identical. For an ideal localized 1s orbital, the expectation value of r, <r>, would be
equal to the coordinates of the C atom that it is localized about. To confirm the degree of
localization, the <r> was calculated for the singly occupied orbital localized about the C3L carbon
atom and found to be <r>=(-1.148,+0.725,0.0) which is indeed the position of the C3L atom, see

Table 1.

The theoretical 1s ionization potential or BE is the difference of the total energies of the

ground state, GS, and the localized 1s ion:

BE(1s, atom) = E(1s ion, atom) - E(GS), (1)



where the sign is chosen so that BE>0. These BEs are described as ASCF BEs and it is known that
they are accurate BE values compared to XPS measurements; see, for example, Refs. [4, 5].
However, it is necessary to be aware of one limitation in terms of comparing calculated BEs to
measured BEs which have been obtained for condensed materials or thin films. While the reference
energy for the theory has the vacuum energy as zero, the reference for the measurements may be
different, either a Fermi level or a reference for a known material; see, for example Brundle ef al.
[21]. The ASCF BE includes what are described as relaxation energies, Er, which take into account
the response of the orbitals, especially the valence shell orbitals, to the fact that a core hole is
present. The frozen orbital BE is found by simply annihilating a core orbital from the GS WF; for
a closed shell GS, this is the negative of the Hartree-Fock orbital energy of the closed shell and is

denoted BE(KT) = -¢. [22] The Er is simply the difference of the BE(ASCF) and BE(KT):
Er = BE(ASCF) - BE(KT). (2)

The XPS relative intensities, Irel, are obtained with the sudden approximation, SA,
developed by Aberg, [13, 16] and generally used for the calculation of XPS intensities from
theoretical WFs; see, for example, Ref. [4]. The sudden approximation is based on the overlap of
the WFs for the states of the core ion, W(ion), with the initial state where the core orbital has been
annihilated, denoted as ai"W(GS), and where suitable sums are taken over different degenerate or
near-degenerate states. [4] The situation is particularly simple for pyridine where there is a non-
degenerate initial GS and very limited degeneracy in the ionic states. Here, the SA are normalized
such that the sum of I for the ionization of one of the core levels over its main and all satellite
peaks is 1. However, our concern is only for the Irel of the main peak which will be less than 1. For
the comparison with the experiment, it is necessary to broaden the directly computed BEs to the

ionic states in order to take into account experimental resolution and lifetime broadening. This is
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done with a Voigt convolution [23] of a Gaussian which represents experimental resolution and a
Lorentzian which represents broadening due to the lifetime of the core ion. The specific values
used in the Voigt convolutions are discussed and justified when the results are presented in the
following section. Calculations of the orbitals and WFs were performed with a slightly modified
version of the relativistic DIRAC program system. [20, 24] The calculations of the XPS intensities
were made with programs in the CLIPS program package [25] where the output of DIRAC has
been interfaced to CLIPS. Programs were written for the Voigt broadening of the XPS. The basis

set exponents are given in the Supporting Information (SI).

The XPS measurements were performed using a standard Omicron EA125 electron
analyzer equipped with 7 channeltron detectors and non-monochromatized Al Ko X-rays
produced by Omicron DAR400 source. The base pressure in the XPS system was 2.0x10~'° Torr.
For the XPS measurements, no charge compensation was used. Pyridine (Alfa Aesar, 99.5%) has
been purified by freeze-pump-thaw cycles and dosed as a thick multilayer film (equivalent to 50
monolayers) using a molecular beam onto a sample held at 100 K. The multilayer film was
deposited on a half-metallic iron oxide, Fe304(001), single crystal. XPS spectra were collected at
normal emission using a pass energy of PE=10 eV to ensure higher resolution. This resolution
was estimated by using the same experimental parameters (50 meV step size, 1 s dwell time, same
anode, analyzer slits and pass energy), and measuring the FWHM of Au 4f 7/2 peakto be 1.11 %
0.01 eV. The stoichiometry of our pyridine films was confirmed to be that expected for molecular
pyridine by the following method. We varied the coverage and observed the same stoichiometry for
a monolayer film dosed with a molecular beam where the C:N stoichiometry was found to be 4.99 +

0.02. This monolayer film was measured before depositing more molecules on top to obtain



multilayer coverage. Further, since we observe the same stoichiometry for both monolayer and

multilayer coverage, we can conclude that the role of adventitious carbon is negligible.

III. XPS BEs and Intensities:

In Table 2, the theoretical and measured XPS BEs for the N(1s) and C(1s) ions are
presented. For each of the distinct atoms, the atom and the number of equivalent atoms is given
following the notation in Figure 1. For each atom, the BE(ASCF) and the E(R) are given in eV;
the BE shifts from the lowest C atom, ABE(ASCEF), are also given. From the XPS measurements,
the C(1s) and N(1s) BE(XPS) and the ABE(XPS) are given. There is only one resolved C(1s) XPS

BE; the different broadening of the XPS N(1s) and C(1s) peaks will be discussed later.

# equivalent BE(ASCF) ABE(ASCF) E(R) BE(XPS) ABE(XPS)

C2(1s) 2 290.68 0.00 15.5

Cl(ls) 1 291.21 0.53 154 286.27 0.00
C3(1s) 2 291.59 091 15.5

N(ls) 1 404.48 113.80 19.4  400.18 113.91

Table 2: For the inequivalent atoms, see Figure 1, theoretical C(1s) and N(1s) BE(ASCF),
relaxation energies, E(R) and BE shifts, ABE(ASCF) are given; the reference energy for the
ABE(ASCEF) is the lowest C(1s) BE for the C2 atoms. The number of symmetrically equivalent
atoms is also given. For the XPS, the BE(XPS) and ABE(XPS) are given. All energies are in eV.

The C(1s) BEs span a small energy range of less than 1 eV and they will not be resolved,
especially with our non-monochromatic XPS. They will, however, lead to a broadening of the

C(1s) peak as we will show shortly. The relaxation energies are very similar, within 0.1 eV, and



this is to be expected given the very similar environments for all the C atoms. The N(Is)
BE(ASCF)is 113 to 114 eV larger than the C(1s) BE, entirely as expected given the larger nuclear
charge for N. It is, however, important that the N(1s) ABE(ASCF) and the measured ABE(XPS)
are remarkably similar. This is the case even though the absolute values of the BE(XPS) are about
5 eV smaller than the BE(ASCF) which is simply because a different reference than vacuum zero
is used for the BE(XPS). This indicates that our theoretical treatment of the 1s BEs is satisfactory
and that the SA Irel which are needed to compare to the experimental XPS are reliable. The SA Irel
and the intensity lost from the main peak, which is observed, to satellites, which are not observed,

are given in Table 3.

Irel % Loss

C2(1s) 1381 30.9
Cl(ls) 0.690 31.0
C3(1s) 1357 322
N(ls) 0.669 33.1

Table 3: SA Irel to the C(1s) and N(1s) main XPS peaks; the loss to satellites is also shown as a
percentage which is simply 100x(1-Irer). The Irel for C2 and C3 are greater than 1 because they are
for ionization of two equivalent atoms.

The N(1s) and C(1s) Irel will be broadened, rigidly shifted, scaled, and compared to the
experiment. From the data in Table 3, the departures from the intensity ratio for C2:C1:C3 of 2:1:2
based on the number of equivalent atoms of each type is rather small. This is simply because the

losses of intensity from the main peaks to satellites are very similar for all three types of C atoms;
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see Table 3. The loss from the main N(1s) peak to satellites is similar to that of the C atoms; this
is true since the nuclear charges of C and N differ by only 1 and they have similar chemical

bonding.

Now, we turn now to plots of the Voigt broadened theory with the XPS experiment. The
comparison for the N(1s) is shown in Figure 2 where the XPS is shown as a dashed blue curve and
the broadened theory is shown as a solid black curve. The N(1s) XPS is taken with a pass energy
Er=10 eV and a Shirley background [26] is subtracted. The Voigt broadening parameters are a
Lorentzian with Full width at Half Maximum, FWHM of 0.093 ¢V for the lifetime taken from the
compendium of Campbell and Papp [27] and a Gaussian with a 1.2 eV FWHM for experimental
resolution. The Gaussian was chosen to give a good fit between the theoretical and measured N(1s)
XPS curves. However, it is a reasonable estimate for experimental resolution. This Gaussian
FWHM was also used to broaden the C(1s) BEs. The theory and measured XPS were scaled so
that they both had a scaled intensity of 0.98 at their maxima and they were rigidly shifted so that
their maxima were at Ew1=0.0 eV. There is reasonable agreement between theory and XPS
measurement, but this is not surprising since there is only one N(1s) BE which needs to have a
dominantly Gaussian broadening for since the lifetime broadening is rather small and increases the
overall FWHM by only 0.06 eV; see Figure 2. The main value of the comparison of theory and
measurement for the N(1s) is that it provides a reasonable value to use for the Gaussian broadening
for the C(1s) XPS. However, we note there is a modest asymmetry of the fit of the Gaussian (solid
curve) and the XPS measurement (dashed curve). For Erei~1 eV, the Gaussian curve is slightly too
broad compared to the measured XPS and for somewhat greater Eri~1.5-2 eV, the Gaussian is too
narrow. This is because we have used a single Gaussian to fit the spectrum which contains

contributions from the nearly degenerate Koui and Koz X-Rays which are split by 0.4 eV.
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Figure 2: Plot comparing measured N(1s) XPS, dotted curve, and the Voigt broadened theoretical
BE, full curve; Gaussian (G) and Lorentzian (L) FWHM for the Voigt broadening are shown and
the experimental Ep is indicated. See text for an explanation of the scaling and shifts applied to
align theory and experiment.

The theory and XPS for the unresolved C(1s) XPS are shown in Figure 3 where many of
the conventions and parameters are the same as for the N(1s) comparison in Figure 2. A major
difference is that there are three underlying broadened C(1s) peaks with energy shifts and
intensities as given in Tables 2 and 3, respectively. These curves are shown in color and the full
theoretical black curve is the sum of the three curves for the different C(1s) ionizations. The Voigt
broadening of the individual C(1s) curves uses the same Gaussian FWHM of 1.2 eV as used for
the N(1s) curve and the Lorentzian broadening for the C(1s) lifetime has a FWHM of 0.06 eV.
[27] The measurement for the C(1s) is taken with an Ep=10 eV to ensure even better resolution
and the background removal is also made with a Shirley approach. The key point is that the three

unresolved C(1s) contributions lead to an overall theoretical FWHM of 1.72 eV which is almost
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in exact agreement with the XPS measurement, which is represented by a dashed curve in Figure

3.

1.0 ‘
Pyridine — Theory (G=1.2 L=0.06)
C(1s) XPS |- - -~ Exp (C1sEp10eV)
08 |
=)
o
206
@
T FWHM(theory) = 1.72 eV
E
g4t
©
]
wn
02}
0.0 T e . Sutagvan .

Relative Binding Energy (eV)

Figure 3: Plot comparing measured C(1s) XPS, dotted curve, and the Voigt broadened theoretical
BE, full curve. The individual C(1s) contributions are shown as colored curves beneath their sum,
the full curve. Parameters are as described as for Figure 2.

IVv. Conclusions:

We have presented a detailed, combined theoretical and experimental, analysis of the N(1s)
and C(1s) XPS of pyridine. While the N(1s) is a single peak, the C(1s) is a modestly broader peak
arising from the contributions of three unresolved peaks from the three inequivalent C atoms in
pyridine. Without the theoretical input for the C(1s) BE shifts and intensities, it would not be
possible to make a deconvolution of the measured C(1s) XPS peak into the three individual
contributions. On the other hand, without the measured N(1s) XPS, it would be difficult to make

a reasonable estimate of the appropriate FWHM for the Gaussian broadening to represent the
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experimental resolution. We recall that while FWHM of the Lorentzian lifetime broadening are
well known [27] the FWHM of the Gaussian broadenings depend strongly on the parameters of
the XPS measurement. They need to be either determined through separate measurements or to be
extracted from an analysis of the XPS spectrum; in the present work we have used the latter for
our analysis of the spectra. This insight is a step towards our goal of characterizing the environment
in proximity to the pyridinic nitrogen functional groups in two-dimensional carbon materials
doped with nitrogen. In particular, our work has shown how XPS can be used to provide
information that allows us to reach this goal. It is especially impressive that the theory and
measured XPS are in excellent agreement. The absolute measured and theoretical BEs disagree by
about 5 eV with theoretical BEs being larger; this is because the reference values for theory and
measurement are not the same. However, for the difference of the C(1s) and N(1s) BEs, i.c., the
BE shift, the theory and measurement are in excellent agreement. This is a very strong measure of
the reliability of the ASCF theoretical method to provide reliable BE shifts for the analysis of the
measured XPS, especially for molecular systems similar to pyridine. In particular, while there are
likely to be small errors in the theoretical absolute values of the BEs since the SCF energies do not
take account of electron correlation effects in the core, 1s, shell; [28] this error will be essentially
the same for the N(1s) and C(1s) BEs. Overall, an important conclusion of this work is that it
demonstrates the reliability of our theoretical analysis based on a ASCF approach and which

includes fully the relativistic effects.

Supplementary Material
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This material contains the exponents for the Gaussian basis functions used for the Pyridine
wavefunction calculations. Since the basis set is fully uncontracted, there is no contraction

information.
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