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Abstract—Energy distributions and properties of the occupied and empty electronic states for a planar com-
plex of nickel porphyrin NiP are studied by X-ray photoemission and absorption spectroscopy techniques. As
a result of the analysis of the experimental spectra of valence photoemission, the nature and energy positions
of the highest occupied electronic states were determined: the highest occupied state is formed mostly by
atomic states of the porphine ligand; the following two states are associated with 34 states of the nickel atom.
It was found that the lowest empty state is specific and is described by the 6-type b;, MO formed by empty

Ni3dxz_yz—states and occupied 2p-states of lone electron pairs of nitrogen atoms. This specific nature of the

lowest empty state is a consequence of the donor—acceptor chemical bond in NiP.
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1. INTRODUCTION

Modern interest in molecular metal—porphyrin
(MPs) complexes is caused by their key role in various
biochemical processes and the wide use in many tech-
nological applications [1]. Porphyrins of transition 3d
metals (3d MPs) are among the most favorable candi-
dates for wide application in molecular electronics [2],
nonlinear optics [3], catalysis [4], cancer diagnostics
and therapy [5], sensorics [6], and many other direc-
tions of modern technologies.

One of the simplest porphyrins of 3d metals is
nickel (IT) porphyrin NiP whose electronic structure,
according to optical experiments [7, 8] and quantum
chemical calculations [9, 10], is characterized by com-
plete electron shells. Therefore, the total spin of the
NiP molecule ground state is zero, which substantially
simplifies the analysis and interpretation of spectro-
scopic data.

It should also be noted that the NiP molecule is a
parent of a large family of nickel porphyrin derivatives
produced by attaching various functional groups to the
NiP periphery. Such a chemical functionalization of
the simplest nickel porphyrin significantly extends the
spectrum of useful properties of its family. In view of
the foregoing, it is clear that comprehensive experi-

mental and theoretical studies of the NiP atomic and
electronic structure are very important to understand
the properties of this complex and, in essence, repre-
sent the necessary first step in the study of electronic
properties of nickel porphyrin derivatives and more
complex porphyrins of 3d metals with partially filled
electron shells. A special place in these studies should
be given to the experimental study of the total spec-
trum of occupied and empty NiP electronic states,
which controls all physicochemical properties of the
compound under study.

So far, the properties of the nickel porphyrin elec-
tronic subsystem were mostly experimentally studied
using optical absorption spectroscopy methods in UV,
visible, and IR regions [11, 12]. However, such exper-
iments do not provide obtaining necessary informa-
tion about occupied and empty electronic states in
nickel porphyrins, since it is indirectly contained in
optical spectra in the form of energies and oscillator
strengths of observed electronic transitions. The iden-
tification of absorption bands in optical spectra of the
NiP complex and its derivatives is complicated due to
the complex atomic-orbital composition of molecular
orbitals (MO) between which electronic transitions
occur and is almost impossible without quantum
chemical calculations the electronic structure of com-
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plexes. Furthermore, transitions of valence electrons
with energies of several electronvolts between occu-
pied and empty states arranged only near the Fermi
level correspond to optical absorption bands.

On the contrary, X-ray absorption spectra are
formed by electronic transitions from inner shells of
atoms forming a polyatomic system (a molecule or a
complex). As a result, the initial state of the X-ray
transition, localized on an individual atom, is
described by the atomic orbital (AO) with certain
angular symmetry, which significantly simplifies the
identification of the final molecular state (MO) and
the entire analysis of the fine structure of X-ray
absorption spectra. The X-ray absorption spectros-
copy method based on the analysis of the near-edge
X-ray absorption fine structure (NEXAFS) [13] is
among the most informative methods and is currently
widely used to study polyatomic systems due to its sen-
sitivity to such details of the local electronic and
atomic structure of the system as the ordering, binding
energy, atomic-orbital composition, and angular sym-
metry of the empty electronic states, bond lengths and
angles, nearest neighborhood coordination, etc.

In turn, X-ray photoelectron spectroscopy is a
modern and widely accepted technique for probing
occupied electronic states in polyatomic systems [14].
In studying the spectrum of electronic states and char-
acterizing the chemical bond in the compound, as a
rule, inner-shell X-ray photoelectron spectroscopy
(XPS) and valence band photoemission (VB-PE) are
used.

Several studies are known, in which XPS spectra
were measured with low energy resolution and, along
with optical absorption spectra, were used to charac-
terize the electronic structure and chemical bonding
in nickel porphyrins [15, 16]. Valence photoemission
measurements for NiP are absent in the literature. The
number of X-ray absorption studies of nickel porphy-
rins is also small in number; as a rule, they are
restricted to an analysis of the narrow initial region of
absorption spectra, which reflects the interaction of
the nickel atom with pyrrole nitrogen atoms [17—20].

The main objective of this study is to obtain
detailed information about the energy distribution,
angular symmetry, localization, and atomic-orbital
composition of occupied and empty electronic states
in the molecular complex of nickel porphyrin NiP by
X-ray photoelectron and absorption spectroscopy
methods.

2. EXPERIMENTAL

All measurements were performed using the equip-
ment of the Russian—German beamline of synchro-
tron radiation (SR) output and monochromatization
of the BESSY II electron storage ring (Berlin, Ger-
many) [21] and the D1011 beamline of SR output and
monochromatization of the MAX-II electron storage
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ring (Lund, Sweden) [22] under close experimental
conditions. Nickel porphyrin NiP and free-base
(without metal atom) porphine H,P were synthesized
using techniques known from the literature [23]. Sam-
ples for measurements represented polycrystalline
NiP layers ~30 nm thick, prepared in situ by thermal
evaporation of porphyrin powder from a tantalum cru-
cible of a Knudsen cell and deposition on a clean sur-
face of a copper plate. The crucible temperature
during deposition was ~600 K. The deposition rate
measured by a quartz monitor was ~0.6 nm/min. The
porphyrin vapor pressure in the preparation chamber
during deposition did not exceed 5 X 108 mbar. The
free porphine H,P sample was prepared under the
same experimental conditions.

X-ray photoelectron spectra for the valence band
and core levels (Ni2p, N1s, and Cls) of nickel porphy-
rin were measured using a Phoibos 150 (Specs GmbH)
hemispherical electron analyzer in the mode of
recording the normal total photoemission. The total
energy resolution (of monochromator and analyzer)
for the valence photoemission spectra measured using
exciting photons with an energy of 72—170 eV was
~200 meV. The core level spectra were excited by pho-
tons with energies of 400, 500, and 940 eV; the total
energy resolution was 300, 350, and 700 meV, respec-
tively. NEXAFS spectra of studied porphyrins were
obtained by the method of the total electron yield of
the external X-ray photoelectric effect in the mode of
measurements of the drain current from the sample
with varying the energy of photons incident on the
sample at an angle of 45°. The monochromator energy
resolution in the regions of Ni2p;,, (~850 eV), Nls
(~400 eV), and Cls (~280 eV) absorption edges was
550, 180, and 110 meV, respectively.

All photoemission and absorption spectra were
normalized to the incident photon flux monitored by
recording the photocurrent from a gold mesh placed at
the output of the SR extraction beamline. The photon
energy in the range of 70—500 eV was calibrated using
Audf; 5, Cls, and Nls photoelectron (PE) spectra
measured with radiation reflected by a diffraction
grating in the first and second diffraction orders. The
high-energy spectral region was calibrated using the
first narrow peak (683.9 eV) in the Fls absorption
spectrum of solid-phase K,TiF4 [24]. The PE spectra
for the valence band and core levels were approxi-
mated using the FitXPS program [25].

All measurements were performed at room tem-
perature and a residual gas pressure in the experimen-
tal chamber no more than 2 X 107! mbar. During
measurements, no noticeable effects of charging the
samples irradiated with the intense beam of mono-
chromatized SR of the soft X-ray region were
observed.
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(b)

Fig. 1. Schematic diagram of (a) nickel porphyrin NiP and
(b) free-base porphine H,P molecules.

3. RESULTS AND DISCUSSION

Nickel porphyrin (NiP, C,,H;,N,Ni) represents a
molecular complex consisting of a central complexing
nickel atom and a stable ligand representing a por-
phine macrocycle. The latter is formed by four pyrrole
rings NC, arranged in the same plane and linked by
carbon atoms C,, via bridging carbon atoms C, (Fig. 1)
[9]. As a result, the NiP complex is planar and its
atomic structure is characterized by D,, point symme-
try group. Electronic properties of the nickel porphy-
rin complex are determined by the electronic structure
of the nickel atom and covalent porphine macrocycle,
and their chemical interaction. Covalent bonding of
the nickel atom with the macrocycle is of donor—
acceptor nature and is implemented by displacing the
lone 2p electron pair of the nitrogen atom of each pyr-
role group to the empty 3d orbital of the nickel atom
[15]. As a result, four sp’d-hybridized 6-bonds are
formed, which provide square coordination of the
nitrogen atoms around the nickel atom.

The electronic spectrum of the polyatomic system
(molecule, complex) can be described using the spec-
tral distribution of bonding and antibonding one-
electron MOs of this system, which, as a rule, charac-
terize occupied and empty electronic states of the
polyatomic system, respectively. In the case of a pla-
nar molecule, these MOs are differently oriented with
respect to the molecular plane: c¢-type MOs are
arranged in the molecule plane, and t-type MOs are
perpendicular to it [26]. As a rule, m-bonding is
weaker in comparison with 6-bonding, which leads to
lower bond energies for bonding and antibonding
T-type MOs.

In the condensed state, NiP represents a molecular
crystal in which intermolecular cohesion is character-
ized by the weak Van der Waals interaction [27]. As a
result, the electronic structure of the nickel porphyrin
crystal is controlled to a large extent by the electronic
electrical of an individual molecule. Thus, the valence
band and conduction band of the NiP crystal can be
described in sufficient detail by separate narrow sub-
bands originating from one-electron MOs, describing
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Fig. 2. Valence-band photoemission spectra of nickel por-
phyrin NiP, measured at various energies of exciting pho-
tons in the range from 72 to 170 eV.

occupied and empty electronic states of one NiP mol-
ecule.

We begin the discussion of the obtained experi-
mental results with the consideration of valence pho-
toemission spectra of nickel porphyrin, measured at
various energies Av of exciting photons in the range
from 72 to 170 eV (Fig. 2). The photoemission spectra
normalized to the incident radiation intensity are pre-
sented on the scale of valence electron binding ener-
gies relative to the Fermi level. The intensity of the
photoelectron signal in the region of negative binding
energies are almost zero for each spectrum.

All spectra contain two narrow lines @ and b near
the Fermi level with bond energies of 2.9 and 4.1 eV,
respectively, and wider PE bands c—i at higher ener-
gies. Furthermore, the spectra measured at exciting
photon energies 4Av = 72—110 eV contain a noticeable
shoulder a' of line a, which is less distinct in other
spectra. It should be noted that all PE bands retain
their energy positions with varying exciting photon
energies, hence, they are caused by photoionization of
the upper occupied electronic states which can be
Vol. 59
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Fig. 3. Approximation of the valence-band photoemission
spectra of nickel porphyrin in the binding energy range of
0—8 eV using lines a', a, and b for the spectra measured at
photon energies of (a) 72, (b) 100, and (¢) 170 eV. The
experimental curve is shown by a continuous solid curve.
Lines a and b in the expansion are dashed, the line a' pro-
file is shaded. The dash-dotted curve shows the contribu-
tion of nearby photoelectron bands ¢ and d to the analyzed
spectral region. The final approximation result is shown by

open circles.

described by occupied one-electron MOs of the com-
plex under study.

Comparing the valence photoemission spectra of
nickel porphyrin, we note that the intensity of c—i
bands monotonically decreases several times with
increasing exciting photon energy Av, approximately
retaining their relative values in the spectra. At the
same time, a significant increase in the relative inten-
sities of lines a and b is observed in the considered
spectra: they increase approximately by a factor of 4
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with respect to band d (with background) as the excit-
ing photon energy increases from 72 to 170 eV. Fur-
thermore, line a gradually becomes more intense than
line b.

The isolated character of bands a and b allows
approximation of the valence PE spectra near the
Fermi level (E;,q = 0—8 €V) using three lines a', a, and
b; the results of this approximation for three spectra
measured with exciting photon energies of 72, 100,
and 170 eV are shown in Fig. 3. It is easily seen that the
relative intensity of line a' at the binding energy of 2.0
eV in comparison with line @ monotonically decreases
from 0.26 to 0.05 as the photon energy increases from
72 to 170 eV (the results of approximation for other
valence photoemission spectra, not shown in the fig-
ure, are consistent with this statement). Along with
this, the ratio of the intensities of peaks b and a
changes in favor of the latter. Thus, line a' behaves
with increasing energy Av similarly to bands ¢—i. This
observation unambiguously indicates the close
atomic-orbital composition of occupied MOs respon-
sible for bands c—i and a' and points to significant dif-
ferences between these orbitals and MOs characteriz-
ing occupied electronic states a and b.

Indeed, variations of the spectral profile of valence
photoemission, observed with increasing Av reflect
spectral variations in the photoionization cross section
of upper occupied MOs of the NiP complex. These
photoionization cross sections are determined, in
turn, by the corresponding cross sections for valence
electron shells of atoms composing the molecular
complex, i.e., partial N3d N2p, and C2p photoioniza-
tion cross sections. To estimate the changes in these
values, we turn to photoionization cross sections cal-
culated for various atomic electron shells in the pho-
ton energy range Av from 0 to 1500 eV [28]. We find
that the photoionization cross sections for N2p and
C2p shells at Av ~ 70 eV are about 1.3 and 0.5 Mb,
respectively, whereas the cross section for the Ni3d
shell is ~8.5 Mb. As the photon energy increases to 170
eV, all compared cross sections monotonically
decrease to 0.1 Mb (N2p), 0.04 Mb (C2p), and 3 Mb
(Ni3d). In other words, as the photon energy increases
from 72 to 170 eV, the photoionization cross sections
of N2p and C2p electron shells decrease by a factor of
~13, and the cross section of the nickel atom decreases
only by a factor of 3, i.e., more than four times slower
than 2p photoionization cross sections of nitrogen and
carbon atoms.

These differences in the decrease rate of the calcu-
lated photoionization cross sections of valence elec-
tron shells of the nickel atom, on the one hand, and
carbon and nitrogen atoms, on the other hand, cor-
relate with changes in the relative intensities of lines a
and b in comparison with bands a' and ¢—i in experi-
mental spectra as the exciting photon energy increases
from 72 to 170 eV. This fact allows the assumption that
PE lines a and b are related to nickel porphyrin MOs
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formed mostly by 3d orbitals of the nickel atom, and
bands &' and c¢—i reflect MOs of the porphine macro-
cycle in which the contributions of valence orbitals of
carbon and nitrogen atoms dominate. We note that the
observed smaller energy width of lines a and b in com-
parison with bands c—i is in agreement with the above
considerations about the relation of these PE lines
with occupied 3d states of the nickel atom. Indeed,
3d-electrons are highly localized within the nickel
atom as a result of electron shell collapse [29]; as a
result, their states cannot differ significantly (disperse)
in energy. We also note that high-energy PE bands 4
and i with binding energies of 18 and 24.5 eV are most
likely related to MOs formed mostly by C2s and N2s
AOs whose calculated binding energies in free atoms
are 17.5 and 23.1 eV, respectively [28].

The free nickel atom with [Ar]3d®4s? electronic
configuration in the NiP complex appears as a divalent
atom Ni(II) which, within the formal valence concepts
has [Ar]3d® electronic configuration of the Ni*" ion.
In the field of the square NiP complex (D, symmetry
group), fivefold degenerate 3d states of the nickel ion
are split (in increasing energy order) into one doubly

degenerate e,(3d,, ,,) state and three nondegenerate

alg(3dz2), b,,(3d,,), and blg(3dx27yz) states [30]. In this
case, three lower 3d-states are occupied by electrons

(eg, alzg, and bzzg), and the energetically highest state b;,
remains empty. Atomic 3d-orbitals of nickel describ-
ing these states are involved, in addition to 2p-orbitals
of nitrogen atoms of the porphine ligand, in the for-
mation of 6- and m-type MOs (a,,, b, and b,,, e,,
respectively) which characterize chemical bonding
between the nickel atom and ligand in the complex.

Taking into account the assumption about the rela-
tion between PE lines a and b with occupied MOs hav-
ing large contributions of Ni3d states, it is reasonable
to consider three occupied MOs e,, a,,, and b,, to be
responsible for these lines in the valence photoemis-
sion spectrum. The intensities of lines @ and b are not
significantly different from each other, hence, these
lines are related to MOs having close contributions of
Ni3d states. Therefore, we can suggest that line a is
characterized by two nondegenerate states a,;, and b,,
having close binding energies, and line b is character-
ized by one doubly degenerate state e,.

Let us compare the conclusions about the nature of
upper occupied MOs in nickel porphyrin with the
results of calculations performed for this complex
within the density functional theory (DFT) [9]. First
of all, we note that the energy sequences of occupied
MOs with dominant Ni3d contributions in DFT cal-
culations (b,,, €,, and a,,) and the crystal field theory
(eg, ay,, and b,,) are not identical. This indicates the
important role of the chemical bonding effects and
electron charge transfer processes between the nickel
atom and porphine ligand in the formation of the
spectrum of occupied electronic states in NiP.
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According to the calculations, the upper occupied
MOs in NiP are the highest occupied MO (HOMO)
a,, and the following HOMO-1 a,, that have binding
energies identical within 0.01 eV. These MOs are
localized on pyrrole rings of the porphine ligand and
are characterized by dominant contributions of 2p
AOs of pyrrole carbon atoms (C, and Cg) for HOMO
and 2p-AOs of the nitrogen atom and bridging carbon
atom C, for HOMO-1. It is clear that these MOs cor-
respond to PE band a' in the experimental spectrum
(Fig. 3).

Then, at higher binding energies, two neighboring
MOs of a;,and e, symmetry are found according to the
calculation, which have dominant contributions of

Ni3d , and Ni3d,, ,, orbitals. Taking into account the

2, R
smallness of the energy distance AE between these
MOs (0.01 eV), it is reasonable to consider that they
are responsible for line a in the valence photoemission
spectrum. Two more MOs of b,, and e, symmetry with
Ni3d contributions almost identical in energy (AE =
0.01 eV) are even deeper. The first b,, MO is essentially
a pure 3d,, nickel atom orbital, whereas the second
contains contributions of Ni3d,, ., N2p, and Cg2p
orbitals in close fractions. This allows the conclusion
that line b is mostly characterized by the MO of b,,
symmetry. We note that lines a and b within this cal-
culation are related to other components of 3d AOs of
the nickel atom, rather than it was assumed based on
an analysis of experimental valence photoemission
spectra.

In addition to the aforementioned MOs, the cited
calculation indicates the existence of four more states
in the nickel porphyrin valence spectrum, which are
described by MOs of b,,, a,,, e,, and b,, symmetry and
are localized on the porphine macrocycle. The first
two MOs are energetically arranged between the orbit-
als responsible for photoelectron lines a and b, and the
second two MOs have binding energies slightly higher
than state b.

The results of the comparison of the calculated
data with the experimental spectrum of NiP valence
photoemission, unfortunately, make it possible to
consider only their qualitative agreement: the highest
occupied state is localized on the porphine macrocy-
cle; below, the states with Ni3d contributions are
located, and then the porphine ligand states follow
again. The quantitatively compared data are not quite
consistent. Indeed, the experimental spectrum of NiP
valence states (bands a'—g, Fig. 2) has an energy width
of ~12 eV, whereas the width of the theoretical spec-
trum is only 4.3 eV. For compared spectra, this is also
accompanied by differences in the sequence order of
MOs localized on the nickel atom and porphine mac-
rocycle and in their relative energy positions. For
example, the energy distance between lines a' and a
and in the experimental spectrum is 0.9 eV, while the
distance between corresponding MOs in the calcula-
Vol. 59
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Fig. 4. Ni2p, Nls, and Cls photoelectron spectra of nickel
porphyrin NiP. The approximation for the Cls spectrum:
the experimental curve is solid, contours of photoelectron
lines corresponding to carbon atoms in different chemical
states (Cp, C, CB) are painted, the dashed curve is the

background, and the final spectrum is shown by open cir-
cles.

tion is only 0.3 eV. MOs of the porphine ligand are
arranged between MOs with Ni3d contributions in the
calculation, which seems improbable according to the
shape of lines a and b.

At the same time, it should be noted that the theo-
retical energy splitting between two MOs {a,, + ¢, and
by, with Ni3d contributions is ~1.3 eV, which is in
good agreement with the experimental energy distance
of 1.2 eV between lines a and b.

Finally, let us compare the relative intensities of
experimental lines a and b with their ratio expected
from calculations. According to the latter, the intensity
of line a is controlled by Ni3d contributions to MOs of
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a;, and e, symmetry (0.97 and 0.71, respectively), and
line b is controlled by the corresponding contribution
to the b,, MO (0.93). Taking into account these values
and double degeneracy of MOs of e, symmetry, the
ratio of 2.57 : 1 is expected from the calculation for the
intensities of lines @ and . Comparing this ratio with
the values obtained from experimental spectra, i.c.,
0.84:1(hv="72¢eV),1.08:1(hv=100eV),and 1.33: 1
(hv = 170 eV), we come to the conclusion about poor
agreement between the experiment and cited calcula-
tion.

Completing the comparative analysis of the exper-
imental data and the DFT calculation [9] for upper
occupied electronic states in NiP, we note that differ-
ent sequences of upper occupied MOs are presented in
the calculations [9, 31] performed by the same group.
This disagreement is explained by differences in the
chosen approximation for the exchange potential. The
ambiguity of the results of DFT calculations for nickel
porphyrin is also indicated by the data of [10] in which
the calculated sequence of upper occupied MOs dif-
fers from the MO sequence in the aforementioned
studies.

Let us now take a brief look at X-ray photoelectron
spectra (XPS) of core Ni2p, Nls, and Cls electrons
(Fig. 4), which contain information about the chemi-
cal state of atoms in NiP and are necessary for energy
alignment of the absorption spectra of various atoms
on a unified energy scale. The measured XPS spectra
are shown on the scale of binding energies measured
relative to the Fermi level. The Ni2p spectrum consists
of two spin-doublet components, i.e., Ni2p,;, and
Ni2p;,, at binding energies of 873.0 and 855.7 eV,
respectively. These values are significantly higher than
binding energies of 2p,, and 2p;, electrons with
respect to the Fermi level in metal nickel (870.0 and
852.7 V) [32], which indicates the significant transfer
of the electron density from the nickel atom to the por-
phine ligand in NiP. The Ni2p; , spectrum at the bind-
ing energy of 863.5 eV contains the distinct high-
energy satellite s# indicating the appreciable role of
multielectron (shake-off) effects during photoioniza-
tion of the 2p; , electron shell of the nickel atom [33].
The photoelectron N 1s spectrum is also characterized
by the simple-shaped single line at the binding energy
of 399.15 eV, which indicates the identical chemical
state of all nitrogen atoms in the complex. The weak
high-energy satellite sh at the energy of 402.3 eV
reflects the existence of shake-off processes during
photoionization of the N1s shell [34].

In contrast to the spectra of nickel and nitrogen,
the Cls spectrum has a more complex asymmetric
profile that can be approximated by three components
Cas Cp, and C, which correspond to three types of car-
bon atoms presenting in NiP in different chemical
states (Fig. 1). The relative intensities of these compo-
nents reflect the number of various carbon atoms in
the complex C, : Cg: C, =2:2: 1, and their energies,
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285.65 eV (C,), 284.95 eV (Cp), and 284.38 eV (C,),
reflect the chemical (charge) state of these carbon
atoms in nickel porphyrin. Noticeable differences of
the energies of Cls electrons characterize the values
and directions of the electron transfer between carbon
atoms, caused by the presence of the more electroneg-
ative nitrogen heteroatom in the pyrrole ring.

To obtain information about empty electronic
states in NiP and their properties, we consider the
near-edge fine structure of the X-ray absorption spec-
tra (NEXAFS) of the complex in the region of Ni2p,
N1s, and Cls ionization thresholds (Fig. 5). The des-
ignations of the absorption bands in the spectra are
given in view of the results of their subsequent identi-
fication. The measured 2p absorption spectrum of the
nickel atom consists of 2p;, and 2p,,, components
caused by spin—orbit splitting of the initial Ni2p state
(17.3 eV [32]). The fine structure of these spectra is
formed mostly by dipole-allowed transitions of 2p;
and 2p, , electrons to empty MOs with involvement of
3d states of the nickel atom, since allowed transitions
of 2p-electrons to 4s states is less intense than transi-
tions to 3d states by a factor of ~20 [35]. In what fol-
lows, we restrict the consideration to only the low-
energy 2p;, component having a more distinct and
intense structure. In the 2p, , spectrum, the structure
is resolved much lower, since the initial Ni2p, , level in
comparison with the Ni2p;, level has a substantially
larger intrinsic width due to the existence of the addi-
tional Auger-2p, ,2p;,3d decay process for the Ni2p,
vacancy [36].

For Cls and N1s absorption spectra of NiP and
H,P, the presence of two regions with different
absorption structures is characteristic, i.e., the low-
energy region with narrow lines and the high-energy
region with broad absorption bands. Lines B—C'in N1s
spectra (B—B, in Cls spectra) of NiP and H,P differ
appreciably in shapes and energy positions, whereas
high-energy absorption bands D—F'in nitrogen spectra
and C—F in carbon spectra are almost identical in
shapes and energy positions in the compared spectra.

It is conventional to describe the near-edge fine
structure of X-ray absorption spectra using multiple
(resonant) scattering of photoelectrons ejected from
atoms due to X-ray photon absorption on nearest
neighbor atoms [13, 24]. At certain photoelectron
energies, a quasi-molecule formed by neighborhood
atoms can temporarily trap a photoelectron, resulting
in the formation of metastable states (shape reso-
nances) for it. These resonances, depending on their
lifetime, are observed in the spectra as narrow lines or
broad absorption bands. Resonance localization in the
quasi-molecule field allows us to consider them as a
result of dipole-allowed transitions of core electrons to
empty electronic states of this polyatomic system,
which are described by its unoccupied MOs.
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Fig. 5. Ni2p3/,, Nls, and Cls absorption spectra of nickel
porphyrin NiP. For comparison, N1s and Cls absorption
spectra of free-base porphine H,P are shown.

Within this approach to the description of
NEXAFS spectra, it is reasonable to assert that the dif-
ferences in the low-energy region of NEXAFS spectra
of NiP and H,P reflect differences in their local elec-
tronic structure, which are caused by changes in cen-
tral atoms of the complex and the nature of their
chemical bonding with neighboring nitrogen atoms of
the porphine ligand in NiP in comparison with H,P.
In turn, the high-energy absorption bands in the spec-
tra of both complexes are related to the fine structure
formation processes within the rigid porphine ligand
which changes slightly during the transition from NiP
Vol. 59
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Fig. 6. Valence-band photoemission spectrum VB PES
(hv =100 eV) and Ni2p3 5, N1s, and Cls absorption spec-
tra of nickel porphyrin NiP, aligned in energy on a com-
mon scale of binding energies reletive to the Fermi level.

to H,P. It is clear from the above comparison that
information about features of the local electronic
structure of the complex, caused by chemical bonding
of the nickel atom with the porphine ligand, is con-
tained mostly in the low-energy region of absorption
spectra.

Let us consider the informative region of the NiP
absorption spectra within the quasi-molecular
approach, assuming that the local electronic structure
of the complex is essentially determined by the poly-
atomic group (quasi-molecule) NiN, (C,); that forms
the central complexing nickel atom with nitrogen and
carbon atoms of the first and second coordination
spheres of its neighborhood (Fig. 1). This quasi-mole-
cule, as the nickel porphyrin molecule as a whole, is
characterized by D,, point symmetry group. In this
approach, the fine structure of the compared absorp-
tion spectra of the polyatomic system under study can
be considered uniformly as a result of dipole-allowed
transitions of core electrons to the common system of
unoccupied electronic states of the complex, which can
be approximated by empty quasi-molecule MOs [24].

In Fig. 6, the low-energy region of NiP absorption
spectra is shown together with the valence-band pho-
toemission spectrum (Av = 100 eV) on the common
scale of the binding energy determined relative to the
Fermi level. The absorption spectra are aligned in
energy on this scale, using the binding energies for
Ni2p;,, Nls, and C,ls electrons considered above,
i.e., 855.7, 399.15, and 285.65 ¢V, respectively. We
note that the binding energy of C, atoms directly
interacting with nitrogen atoms in the complex and
incorporated in the used quasi-molecule was taken in
the case of the carbon spectrum. The consideration of
the fine structure of the absorption spectra aligned in
energy on a common energy scale within the quasi-
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molecular approach implies the identity of the energy
positions of absorption lines and bands related to tran-
sitions to the same MOs in the compared spectra.

From the energetically aligned NiP spectra, we
note first of all that the absorption resonance A corre-
sponding to the lowest empty state of the complex is
observed only in the Ni2p;, absorption spectrum.
This immediately suggests that this state is character-
ized by the lowest unoccupied MO (LUMO) of by,

symmetry with the contribution of 3dx27y2 states of the

nickel atom, which remain unoccupied for the divalent
Ni(IT) atom in the molecular field of the square (D,;,)
complex. According to the calculations [9, 10], the
LUMO in NiP is a weakly antibonding 6-type b,, MO

in which, along with Ni3dx2_y2 AQ, 2p states of nitro-

gen atoms make an appreciable contribution. How-
ever, no trace of any structure similar to the A band in
the Ni2p;,, spectrum is in the Nls absorption spec-
trum. In [20], to explain this observation, it was
assumed that the actual contribution of N2p states to
the LUMO is significantly smaller than the calculated
value (~0.33) [10, 31]. At the same time, it should be
noted that the energy position of the A peak falls
exactly on the band a4' in the valence photoemission
spectrum, which reflects the upper occupied state of
the complex, related to the porphine ligand. Previ-
ously, it was attributed to the HOMO and HOMO-1 of
a,;, and a,, symmetry, almost identical in energy. At
first sight, such a correlation of the absorption peak A
and photoemission band a' seems improbable.

However, the donor—acceptor mechanism of the
formation of the chemical 6-bond in NiP implies the
involvement of four nitrogen atoms in bonding by their
lone 2p electron pairs. Each pair is displaced to the

region of the empty Ni3alxz_y2 state and forms a two-

electron covalent bond between nickel and nitrogen
atoms, which differs drastically from the ordinary two-
center covalent bond [11]. According to the DFT cal-
culation [9], the HOMO-1 of a,, symmetry has a sig-
nificant contribution of N2p states that most likely
does represent the lone electron pair of the nitrogen
atom. Since the photoemission band a' is related to the
HOMO-1, its energy correlation with resonance A in
the Ni2p;, absorption spectrum becomes clear.
Therefore, it is reasonable to assert that the absence of
an analogue of band A in the nitrogen spectrum is
caused by the specific composition of the LUMO in
whose formation unoccupied Ni3d states are involved
along with occupied 2p states of lone electron pairs of
nitrogen atoms. In this case, the transitions of Nls
electrons in the LUMO are simply impossible, since
N2p states in it are occupied.

The next absorption resonance B is clearly
observed in all compared NiP absorption spectra, and
its energy positions in various spectra are identical
within the experimental accuracy (~0.1 eV). From this
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it clearly follows that the next LUMO + 1 empty state
responsible for the resonance B is a molecular state
(MO) with contributions of Ni3d, N2p, and C 2p
states. The hybridized nature of the LUMO + 1 is
confirmed by the calculation [9] according to which
this empty state is attributed to n-type e, MO with a
small contribution of Ni3d,, ,m states and significant
contributions of 2pm states of porphine ligand atoms.
The calculated characteristics of the second empty
state in NiP are in qualitative agreement with experi-
mental results.

Indeed, peaks B in the nitrogen (2) and carbon (3)
spectra in their shape correspond to the transitions of
1s electrons to empty 7 states of the molecular com-
plex, and their high intensities in comparison with the
nickel spectrum reflect the fact, that N2p and C2p
contributions to the LUMO + 1 are several times
larger than the contribution of Ni3d states [9].

As noted above, 3d electrons are highly localized in
the intra-atomic region of the nickel atom due to col-
lapse of their electronic shell, which is reflected in the
small width of photoelectron lines a and b in the
valence photoemission spectrum of NiP (Fig. 2). At
the same time, the significant intensity of band B in
the nickel absorption spectrum suggests that partial
delocalization of 3d electrons takes place in this com-
plex. In [19, 20], similar delocalization in nickel por-
phyrins and phthalocyanine was related to strong -
bonding between nickel and ligand atoms. This bond-
ing is realized due to covalent Ni3d,, ,,—N,C2p mixing
and is accompanied by charge transfer of the Ni3d
electron density to ligand atoms (the back-donation
effect [26]). The existence of m-bonding between
nickel and ligand atoms in nickel porphine is con-
firmed by all DFT calculations; however, the calcu-
lated transfer of the Ni3d electron density (contribu-
tion to the LUMO + 1) is small (~0.03) [9] and does
not allow us to explain the significant intensity of band
B in the Ni2p; , spectrum, which is about one quarter
of the intensity of the main transition (resonance A) to
the LUMO of b, symmetry with the contribution of
Ni3d states, equal to 0.59. Then, the calculation is not
consistent with the experiment when comparing the
energy distance between LUMO and LUMO + 1,
AE(b,,—~e,) which is 0.35 €V in the calculation [9] and
2.1 eV in the experiment.

The peaks B, and B, are observed only in the Cls
absorption spectrum of NiP, which points to their
relation to empty MOs of the porphine ligand. The
energy distance between them of 0.47 eV is identical to
the distance of 0.55 eV between Cgls and C, 1s levels in
nickel porphyrin within the experimental accuracy
(~0.1 eV). This allows the assumption that the reso-
nances B, and B, in the carbon absorption spectrum
reflect the transitions between Ls electrons of Cg and C,
carbon atoms not directly bound with nickel and nitro-
gen atoms into the same empty state of the porphine
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ligand. It is quite possible that this state corresponds to
the calculated LUMO + 2 of b,, symmetry, which is
mostly localized on Cg and C, carbon atoms and has no
contributions of nickel and nitrogen atoms.

Then, in principle, analogues to low-intensity
bands C and D in the Ni2p;, spectrum in ls nitrogen
and carbon spectra can be indicated; however, identi-
fication of these bands is complicated at this stage, and
it only can be assumed that they are related to the tran-
sitions of core electrons to antibonding MOs having
contributions of Ni4s,4p and N,C2p states.

4. CONCLUSIONS

The energy distributions and properties of occu-
pied and empty electronic states for the planar com-
plex of nickel porphyrin NiP were studied by X-ray
photoemission and absorption spectroscopy.

Regularities in the behavior of the valence-band
photoemission spectrum with increasing the energy of
exciting photons from 72 to 170 eV were analyzed
based on the theoretical dependences of the spectral
behavior of partial Ni3d, N2p, and C2p photoioniza-
tion cross sections. As a result, it was found that the
highest occupied state of the nickel porphyrin complex
with a binding energy of 2.0 eV is characterized by the
MO composed of atomic states of the porphine ligand.
Slightly deeper, at energies 2.9 and 4.1 eV, occupied
MOs of the complex are located, which are formed
mostly from Ni3d states. In the binding energy range
from 5 to 15 eV, occupied MOs of the porphine ligand
are located.

Photoelectron Ni2p;,, and Nls spectra are charac-
terized by simple-shaped single lines, whereas the Cls
spectrum has a more complex asymmetric profile. It
can be approximated by three components C,,, Cg, and
C, that correspond to three types of carbon atoms in
NiP in different chemical states.

A comparative analysis of Cls and N 1s absorption
spectra of NiP with spectra of free porphine H,P
showed that the substitution of hydrogen atoms with
nickel atoms has no significant effect on the porphine
ligand, but affects the chemical state of nitrogen and
carbon C, atoms, which leads to changes in the initial
region of the fine structure of N1s and Cls spectra.

The fine structure of the NiP absorption spectra
and the valence-band photoemission spectrum were
considered within the quasi-molecular approach on a
unified binding energy scale (relative to the Fermi
level). As a result, it was found that the lowest unoccu-
pied state LUMO is specific and is described by a G-

type MO formed by empty Ni3dx2_y2 states and occu-

pied 2p states of lone electron pairs of nitrogen atoms.
In this case, transitions of Nls electrons to the LUMO
are impossible, since N2p states in it are occupied.
This specific nature of the LUMO is a consequence of
the donor—acceptor chemical bond in NiP.
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The next unoccupied state LUMO + 1 is attributed
to m-type e,-MO with a small contribution of Ni3d,, ,,
T states and significant contributions of 2pmw states of
porphine ligand atoms. This t-bonding is realized due
to covalent Ni3d,, ,,—N, C2p mixing and is accompa-

nied by charge transfer of the Ni3d electron density to
ligand atoms (the back-donation effect).

As a result of the direct comparison, it was found
that the experimental valence-band photoemission
and absorption spectra are consistent with the results
of DFT calculations only qualitatively.
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