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An experimental and theoretical study of the electronic structure of copper phthalocyanine (CuPc)
molecule is presented. We performed x-ray photoemission spectroscopy (XPS) and photoabsorption
[x-ray absorption near-edge structure (XANES)] gas phase experiments and we compared the results
with self-consistent field, density functional theory (DFT), and static-exchange theoretical
calculations. In addition, ultraviolet photoelectron spectra (UPS) allowed disentangling several outer
molecular orbitals. A detailed study of the two highest occupied orbitals (having a;, and b,
symmetries) is presented: the high energy resolution available for UPS measurements allowed
resolving an extra feature assigned to vibrational stretching in the pyrrole rings. This observation,
together with the computed DFT electron density distributions of the outer valence orbitals, suggests
that the a;, orbital (the highest occupied molecular orbital) is mainly localized on the carbon atoms
of pyrrole rings and it is doubly occupied, while the b,, orbital, singly occupied, is mainly localized
on the Cu atom. Ab initio calculations of XPS and XANES spectra at carbon K edge of CuPc are
also presented. The comparison between experiment and theory revealed that, in spite of being
formally not equivalent, carbon atoms of the benzene rings experience a similar electronic
environment. Carbon K-edge absorption spectra were interpreted in terms of different contributions
coming from chemically shifted C 1s orbitals of the nonequivalent carbon atoms on the inner ring
of the molecule formed by the sequence of CN bonds and on the benzene rings, respectively, and
also in terms of different electronic distributions of the excited lowest unoccupied molecular orbital
(LUMO) and LUMO+ 1. In particular, the degenerate LUMO appears to be mostly localized on the
inner pyrrole ring. © 2007 American Institute of Physics. [DOI: 10.1063/1.2712435]

I. INTRODUCTION self-assembling behaviour from the very first growth stages,2

conduction and superconduction upon
doping.3

suitable alkali
Metal-phthalocyanines (MPc) are among the most stud-

ied organic molecules in the ever moving front of organic
semiconductors. This class of materials, also including poly-
acenes, thiols, and fullerides, can show interesting electronic
properties: high hole mobility in well-ordered thin films,'
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MPcs are planar fourfold-symmetry molecules character-
ized by a common electronic structure of the ligand indepen-
dent from the metal in the center.* In particular, the energy
gap in the ligand between the highest (doubly) occupied mo-
lecular orbital (HOMO) (with a;, symmetry) and the lowest
unoccupied molecular orbital (LUMO) (e,,) falls in the vis-
ible region. The peculiarity of copper-phthalocyanine (CuPc)

© 2007 American Institute of Physics
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is that the Cu-derived outer level (with b, symmetry) is
predicted to lie, singly occupied, in the HOMO-LUMO
ligand gap and the corresponding orbital can be addressed as
singly occupied molecular orbital (SOMO).” The single oc-
cupancy of the Cu-derived level was proved by the XANES
observation of the Cu L, 3 edgeé’7 associated to a Cu 2p-b,,
transition, otherwise impossible to occur. MPcs also show
attracting structural properties: they can grow in an ordered
way, forming stacked weakly interacting columns, eventually
exhibiting different orientations (and different molecular or-
bitals’ overlap) with respect to the surface.

It appears evident how mastering the processes that in-
duce molecular ordering on a surface represents a great chal-
lenge in view of technological spin-offs and also to reach a
complete understanding of organic-inorganic interface pro-
cesses. Such skills can be gained once the role of the
molecule-substrate interaction is understood. Several mecha-
nisms occurring at the interface can characterize an MPc-
substrate interaction, such as charge tlransfer,8 interface
dipoles,g’10 and new interface-localized electronic states.'' In
order to shed light on the nature of the interaction at the
interface, a detailed description of the electronic structure of
the CuPc molecule needed. Indeed, by comparing the inter-
face with the isolated molecule, contributions coming from
the molecule rather than from the interaction with the sub-
strate will be singled out.

Several theoretical works addressed the electronic struc-
ture of phthalocyanines by means of different methods, the
most recent ones taking into account electronic correlation,
providing a satisfying energy level scheme of the neutral
molecule.*'? Density functional theory (DFT) method was
successfully employed also in predicting the valence band of
a lead-Pc film"® with particular attention devoted to the dif-
ferent contribution coming from the electronically inequiva-
lent C and N atoms in the molecule. A recent work coupling
experiment and theory reports on a weak intermolecular in-
teraction in CuPc crystals,14 while DFT calculations proved
to be successful in describing a x-ray absorption near-edge
structure (XANES) spectrum from the N K-edge spectrum
from free' and iron'® phthalocyanine derivatives.

We also believe that a satisfying knowledge of the elec-
tronic structure of a large organometallic molecule can be
better reached by means of a joint experimental and theoret-
ical investigation. In the field of x-ray spectroscopies, only
recently it was possible to pursue theoretical approaches al-
lowing the description of not only the ground state of the
molecular system but also its high excited states. In particu-
lar, the static-exchange (STEX) approximation approach that
we are referring to'” allows simulating an experimental x-ray
absorption (XANES or near-edge x-ray absorption fine struc-
ture) spectrum. Such a theoretical approach revealed to be
successful in disentangling different C contributions to
XANES spectra of large organic molecules such as, for in-
stance, heterocyclic molecules,'®' and planar 7r-conjugated
systems such as pentacene, 0 encouraging us to apply the
same method to a much more complex system such as a
metal phthalocyanine.

From an experimental point of view, in spite of the ac-
knowledged importance of knowing the phthalocyanine elec-
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tronic structure, experimental literature on isolated MPcs is
quite poor. Electron diffraction studies on metal phthalocya-
nines aimed at the description of the molecular structure,ﬂ’22
while a few photoemission experiments addressed the elec-
tronic structure. In the work by Berkowitz” an overview of
different UPS spectra of transition-metal Pcs was reported,
while Schlettwein e al.>* focused their attention on the com-
parison between isolated molecules and thin films, supported
by theoretical calculations. A gas phase study was engaged
also on Vanadyl Pc,” where a non-Aufbau filling was experi-
mentally deduced and confirmed by theoretical calculations.
To the best of our knowledge neither experimental nor theo-
retical results concerning CuPc core level spectra (e.g., C 1s)
as well as XANES of the isolated molecule are presently
available.

In this work we report on an experimental and theoreti-
cal study on the CuPc molecule. By photoemission we ad-
dressed both the C 1s core level [by x-ray photoemission
spectroscopy (XPS)] and the valence levels [by ultraviolet
photoemission spectroscopy (UPS)]. The chemical selectiv-
ity of XPS allowed the investigation of the electronic envi-
ronment of each atom, while UPS shed light on the nature of
the outer molecular orbitals. A combined experimental and
theoretical XANES study at the C K edge was engaged on
the free molecule. In order to disentangle the different con-
tributions to the spectra, experimental XPS and XANES
spectra were simulated by means of a series of calculations
based on ab initio methods: self-consistent field (SCF) for
the photoemission and STEX'’ for the absorption spectra,
particularly focused on singling out the different contribu-
tions from each chemically different carbon atom.

In the following two sections we will deal with the de-
tails about experimental measurements and computational
procedures. Then spectroscopic results will be divided in
UPS, XPS, and XANES parts, where the experiment-versus-
theory approach provides insight on the electronic structure
and on the molecular orbitals’ spatial distribution.

Il. EXPERIMENT

All measurements concerning the isolated molecule were
performed at the Gas Phase beam line of the Elettra Synchro-
tron Light Laboratory (Trieste). The beam line is equipped
with an undulator which delivers light in the range from 14
to above 1000 eV, with the help of a monochromator con-
sisting of a plane mirror and five spherical gratings. The
beam line is presently equipped with several different inter-
changeable apparatuses. The results presented in this work
have been obtained using the ARPES end station.”® Photo-
electron spectra were recorded using a hemispherical elec-
tron energy analyzer (VSW, 50 mm of mean radius and
1.5 mm of exit slit) operated in constant pass energy mode.
When working in high resolution conditions (i.e., UPS mea-
surements), a pass energy of 5 eV was employed yielding an
overall (photon+analyzer) energy resolution of less than
100 meV. For core level photoemission spectra a pass energy
of 10 eV was employed, which implied (when coupled to the
resolving power of the beam line at the photon energy of
about 300 eV) an overall resolution of about 300 meV. The
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kinetic energy scale of the analyzer was calibrated by intro-
ducing suitable gases (e.g., CO,) into the ionization region
together with the sample and recording a photoelectron spec-
trum at the same photon energy. In particular, the C 1s XPS
was collected with a photon energy of 309.5 eV with the
ionization energy scale calibrated against the binding energy
of the C 1s of CO, gas [BE=297.65 ev? (BE denotes bind-
ing energy)]. High-resolution x-ray absorption spectra were
collected in total ion-yield mode. A channeltron acts as a
detector for positively charged ions coming from the interac-
tion region. The energy resolution for XANES measurements
is only limited by the photon energy bandpass used, namely,
about 40 meV at 300 eV. Also in this case the energy scale
was calibrated according to C K edge spectrum measured for
COz.28 For the C 1s XPS spectrum and for the highest band
of the high resolution UPS spectrum a fitting procedure was
performed. Every spectral component is described with a
Voigt profile, as a result of the convolution of a Gaussian
function and of a Lorentzian profile, which are related to the
experimental resolution and the natural lifetime of the exci-
tation, respectively. The width of the Gaussian was kept
equal for all the components, while the Lorentzian width was
kept fixed to the value of 150 meV for C 1s, a value that was
also used for fits in CuPc films.’

Commercial sublimated CuPc was obtained from Ald-
rich Chemical (99.7% dye content, already purified) and in-
troduced in the oven present in the experimental chamber.
Vaporization in the ionization region was achieved by heat-
ing the oven at a suitable temperature: a value of about
350—-400 °C was reached, with no traces of molecular de-
composition found at this temperature.

In this paper, photoelectron spectra (from both core lev-
els and valence band) on copper Pc thick films deposited on
Au(110) performed at the ALOISA beam line are also pre-
sented. Details about this experiment and the experimental
setup are given elsewhere.” For the aim of this work it will
be sufficient to remark that the nominal coverages here re-
ported are always above 40 A, a thickness for which we can
safely consider the molecules to be scarcely affected by the
substrate. The XPS spectrum was realized with a photon en-
ergy of 500 eV with the binding energy scale calibrated
against the Au 4f core level peaks.

lll. COMPUTATION
A. Geometry

Geometry optimization of CuPc was performed by
ground state SCF calculations employing GAMESs” and the
TZV basis set (C[5s,3p],H[3s]). The only restriction on the
system geometry was to be planar. Molecular planarity was
adopted as a simplifying model for the real system, where
copper atom should be actually positioned slightly above the
carbon-nitrogen ring plane. In this way, the symmetry of the
system was artificially increased, thus reducing computa-
tional costs, without any consequence on the quality of the
theoretical results presently considered as they involve deep
core levels of carbon atoms. As a result, only four non-
equivalent C atoms, numbered from 1 to 4 in the insert of
Fig. 2 could be considered.

J. Chem. Phys. 126, 124709 (2007)

FIG. 1. Spatial distributions of the highest occupied (HOMO, a,, symmetry,
and SOMO, b, symmetry) and lowest unoccupied (LUMO) CuPc molecu-
lar orbitals. DFT calculations are on the left half of the figure, while SCF
results are on the right half. Although a;, and b,, orbitals appear to be
energy swapped in the two calculations, the electron distribution of the
unoccupied orbitals is identical.

B. SCF and DFT calculated molecular orbitals

It is worth discussing at this stage the shape of the outer
molecular orbitals as they appear by DFT and SCF calcula-
tions. The ground state and some excited states of phthalo-
cyanines were investigated by several theoretical
approaches,30 the most recent calculations™'? being done at a
DFT level. It is commonly accepted that the SOMO of CuPc
(which is an open shell system) is essentially located on the
Cu atom with a main 3d(x*~y?) component mixed with
small contributions from the in-plane N 2p orbitals of the
ligand atoms. The HOMO is instead mainly localized on the
carbon atoms of pyrrole rings (see Fig. 1) with contributions
from the 2p orbitals orthogonal to the molecular plane. Our
DFT calculations with the B3LYP functional and a large ba-
sis set (Ahlrich PVTZ C[5s,3p, 1d], H[3s, 1p]) confirm this
picture with the SOMO being 1.5 eV higher than the
HOMO, in agreement with previous calculations on CuPc.*
The DFT-calculated distributions can be seen in the left side
of Fig. 1 where the spatial distributions of the highest occu-
pied and the lowest unoccupied (degenerate LUMO and
LUMO+ 1) orbitals are also presented. The SCF calculations
show an inversion of the Cu-derived (b,,) and the ligand-
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derived (a;,) levels (the former is now 5.5 eV lower) that is
not unusual when a method neglecting the electron correla-
tion is adopted for a molecule with a high density of orbital
levels close to the ionization threshold. In Fig. 1 we can also
observe that the virtual orbitals relevant in the photoabsorp-
tion spectrum (LUMO, LUMO’, and LUMO+1) are, any-
way, not affected by this a,,—b;, level inversion, actually
revealing the same electronic structure when computed both
at the DFT and at the SCF level (right side of Fig. 1). This
means that we can safely employ the SCF calculations as our
basis for the STEX procedure to be presented later on.

Every molecular orbital is not homogeneously distrib-
uted over all atoms in the molecule. In particular, whereas
the by, (SOMO) level is strongly concentrated in the central
Cu atom (with significant N contribution), the a;, (HOMO)
orbital is mainly localized on C atoms in pyrrole rings (C4
atoms). The electron density distribution of the a,, orbital is
of crucial importance when interpreting the high resolution
UPS spectrum, as well as the localization of the LUMO or-
bitals (also concentrated in the inner pyrrole ring) will pro-
vide a tool to interpret the spectral density of the C K-edge
XANES spectra.

C. XPS spectra

The CuPc ground state wave function was optimized by
the restricted open shell Hartree-Fock procedure using a lo-
cally modified version of DALTON proglram.31 The 1s core
orbitals on all symmetry distinct carbon atoms were local-
ized using Boys localization procedure. The core-ionized
states were then optimized by a two-step procedure restarting
from the ground state wave function. In the first step the
singly occupied core orbital (or core hole) was left out of the
optimization, while all orbitals were optimized in the poten-
tial of the core hole. In the second step, the core orbital was
optimized, while all the remaining orbitals were left out of
optimization. Due to the presence of two (core and valence)
open shells, two spin couplings (singlet and triplet) can be
realized, and both singlet and triplet states were initially
computed. It turned out, however, that the singlet-triplet
splitting of these states was negligible (<1 meV), hence
only singlet states were considered. The corresponding or-
bital set was employed to build both the singlet and triplet
ionized wave functions. Symmetry distinct atoms of the
same species in a molecule give origin to chemically shifted
contributions to the XPS spectrum. As already discussed, we
considered that core ionization leads only to four distinct
core-ionized states. These can be divided in atoms belonging
to benzene rings (C1, C2, and C3) and atoms located in the
pyrrole rings (C4) (see Fig. 2).

Calculations of the reference ground and core-ionized
states were carried out employing the PVTZ basis set
(C[5s,3p,1d],H[3s,1p]) i.e., triple zeta plus polarizing and
diffuse functions. The Ahlrich triple zeta basis set spans 686
basis functions on our system, which gives rise to a very
large number of two-electron integrals. As our code was not
able to carry out direct integral evaluation for the calculation
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C1,C2,C3

Intensity
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298 296 294 292 290 288
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FIG. 2. C 1s core level XP spectrum. Lower panel: gas phase experimental
with superimposed results of the fitting procedure (see Table I). Upper
panel: theoretically simulated spectrum with vertical bars indicating the
single carbon atom contributions.

of core-ionized states of an open shell molecule, the integrals
were stored on disk, employing Huffman compression algo-
rithm of the zlib library.

D. XANES spectra

XANES spectra were obtained within the static ex-
change STEX" approximation. The STEX approach consists
in a separate states calculation in which the ground state is
approximated by the SCF wave function, while the excited
state is approximated by the coupling of a relaxed target
ionic state and an excited orbital optimized in the static field
of the molecular ion. This is the eigenvector of a one-particle
Hamiltonian that describe the motion of the excited electron
in the field of the remaining molecular ion corresponding to
a specific core hole. In this way the full, discrete, and con-
tinuum x-ray photoabsorption spectrum for each core-
excitation site was obtained from singly excited configura-
tions using the virtual orbitals of the specific core-ionized
system. While the electronic relaxation around the core hole
is fully taken into account by the SCF procedure and it is
assumed to be independent on the excited electron (with the
excitation levels converging to a common ionization limit);
electron correlation effects and the screening effect of the
excited electron are neglected. This may be considered the
most relevant approximation of this ab initio approach, be-
cause the interchannel coupling between different core-
excitation channels, also neglected, is indeed very small for
core excitations due to a significant energy and/or spatial
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separation between core holes in most of the molecular sys-
tems. For the lowest core excited states of valence, often 7
character, an overscreening effect takes place. Then, when
comparing experiment and theory it is important to consider
that, as a consequence of the STEX approximation, the en-
ergy scale of the calculated spectra will be compressed
against the ionization potential edge. In fact, by neglecting
the interaction between the excited electron and the remain-
ing electrons on the target, the potential due to ionic charge
distribution is less attractive than it should be. Due to this,
the lower excited states are less bound and, hence, closer to
the ionization potential energies. In order to correctly com-
pare the experimental spectrum and the theoretical calcula-
tion a “decompression” factor was employed. It is generally
assumed that the overscreening error is constant for the dif-
ferent ionization channels, even if this is not always strictly
true (e.g., when relaxation effects are particularly different
for different chemically shifted atoms). The excitation ener-
gies of the XANES spectrum were obtained by adding the
ionization potential to the STEX eigenvalues and the corre-
sponding transition moments were obtained as dipole matrix
elements (in length gauge) between ground state and STEX
final states projected on nonorthogonal sets of molecular or-
bitals.

IV. XPS: EXPERIMENTAL AND THEORETICAL
RESULTS

A.C1s

The photoelectron spectrum from the C 1s core level is
reported in the lower panel of Fig. 2. The spectrum shows
two main peaks at about 289.75 eV (B) and 291.1 eV (P)
ionization energy (IE) and a weaker feature at 293.1 eV (S).
Carbon atoms in phthalocyanines can be, in first approxima-
tion, divided in two inequivalent groups as displayed in the
insert of the upper panel: C atoms in the pyrrole ring (C4
atoms, P) will exhibit an electronic charge density that is
positive with respect to benzene ring (C1, C2, and C3 atoms,
B).32 As a consequence, photoemission from C1, C2, and C3
carbon atoms is expected to occur at a lower ionization en-
ergy compared to the C4 ones. The weaker structure located
at IE of about 293.1 eV (S) stems from a two-electron pro-
cess, known as a shake-up satellite, involving a HOMO-
LUMO transition.

Further insight in the spectral density can be gained by
means of a fitting procedure, whose results are reported in
Table I. To properly describe the XPS spectrum, five compo-
nents are needed: two located in the benzene region, two in
the pyrrole region, and one to reproduce feature S. The com-
ponents under the pyrrole peak are located at 291.11 eV (P)
and 291.62 eV; the latter is separated from the main compo-
nent of peak B of about 1.9 eV thus suggesting an assign-
ment in terms of a shake-up satellite (Sg) associated to ben-
zene rings. In the benzene region the main component (B) is
centered at 289.74 eV, while a second component (B') is
found at 390 meV from the main line. This could be inter-
preted as a further electronic inequivalence in the benzene
rings, even if the intensity ratio of B and B’ is not in favour
of this hypothesis. Alternatively it could be ascribed to a
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TABLE I. Numerical parameters corresponding to the fitting procedure pre-
sented in the upper panel of Fig. 2. The best fit was obtained by assigning
two different Lorentzian widths to the two shake-up satellites. This can be
explained with the neglect of possible vibrational modes falling in the P
peak IE region.

BE A Lw GW
B 289.74 1 0.15 0.35
B’ 290.13 0.25 0.15 0.35
P 291.11 0.43 0.15 0.35
Sg 291.62 0.18 0.35 0.35
Sp 293.10 0.09 0.19 0.35

C-H vibrational mode associated to electron emission from
C 1s level, as also suggested by a recent work on lead
phthalocyanine.13 Such a vibrational mode is known to be
located 380 meV from the main line, a value very close to
that derived from our fitting procedure.

Further information on the origin of peak B’ can be de-
duced from the theoretically calculated C 1s XPS spectrum.
A convolution of the XPS theoretical spectrum (bar diagram)
with a Gaussian function of FWHM=0.5 eV (FWHM de-
notes full width at half maximum) is presented in the upper
panel of Fig. 2 to simulate the effect of both the limited
experimental resolution and the vibrational broadening. The
theoretical XPS spectrum compares quite well to the experi-
mental one, except for an energy shift stemming from ne-
glecting the electron correlation and, due to the type of com-
putational method adopted, the absence of the shake-up
satellite. We observe that, in spite of the formal non-
equivalence of the C1, C2, and C3 atoms, only two different
core ionization potentials are indeed predicted by calcula-
tions. C atoms located in the pyrrole rings (C4) are signifi-
cantly perturbed by two adjacent nitrogen atoms and are also
affected by the presence of the central Cu atom. This is very
well reflected by a calculated binding energy of 291.5 eV
with a chemical shift that is particularly strong compared to
values observed for other organic molecules. This can be
ascribed to a strong bond polarization induced by neighbor-
ing nitrogen atoms, in agreement with Mullikan atomic
charge calculations, which are of positive value for group 4
carbon atoms while they are negative for group 1-3 carbon
atoms.

Additionally, the C s core levels from benzene rings
have the same computed binding energy (290 eV), thus re-
vealing a substantial equivalence among CI, C2, and C3
carbon atoms. Then, the picture of a nonequivalence in the C
atoms of the benzene ring to explain the presence of the
shoulder B’ seems to be unlikely, suggesting that the shoul-
der B’ has to be ascribed to an excitation of an in-plane C—H
stretching vibrational mode after the excitation of the photo-
electron from the C 1s level.

B. C 1s: Gas phase versus thin film

In Fig. 3 the superposition of the C 1s XPS spectrum of
a thick CuPc film and the gas phase spectrum of Fig. 2 is
presented. The two spectra are reported in binding and ion-



124709-6 Evangelista et al.

Binding Energy (eV)

292 290 288 286 284 282

T T T T T T

o CuPc gas phase
—— CuPc thick film

Intensity

300 208 206 204 202 2% 28
Ionization Energy (eV)

FIG. 3. Comparison between C ls XP spectra collected in gas phase (lower
energy scale) and on thick film (upper energy scale). Spectra were realigned
to highlight lineshapes’ differences.

ization energy scales, respectively, with the energy scales
being offset one with respect to the other to better appreciate
line shape differences.

The similarities between the two line shapes are striking:
the three main structures (B, P, and S) are present at the same
relative energy positions. This evidence implies two impor-
tant facts about the electronic structure of the molecule. The
preserved chemical shift between carbon atoms in benzene
rings (B) and in pyrrole rings (P) suggests that the outer
charge distribution around carbon atoms is not significantly
changed in the condensed phase. As the shake-up satellite
involves the HOMO-LUMO transition, a steady energy sepa-
ration between peak S and its parent peak, lead us to con-
clude that no significant alteration of the electronic level dia-
gram occurs moving from the isolated molecule to a thick
film arrangement. The only difference visible in Fig. 3 is that
in gas phase B and P are narrower spectrum than in the thick
film, but this can be ascribed to the different overall energy
resolution.

V. UPS EXPERIMENTAL RESULTS

The photoelectron spectrum taken at 21 eV of photon
energy is reported in the upper part of the lower panel of Fig.
4. In order to gain information about the nature of these
orbitals, a comparison with a UPS spectrum collected from
CuPc thin films with photon energy of 210 eV is provided in
the lower part of the panel with the binding energy scale
aligned to the HOMO peak. Within the simplifying assump-
tion that the molecule 7 levels follow the photoionization
cross section of the C 2p, these features are expected to
quench with increasing the photon energy much more (two
orders of magnitude) than the Cu d-derived states, thus
modifying the relative intensities and the shape of the spec-
tral density,33’34

As also shown in the previous XPS section, no signifi-
cant changes in the electronic structure occur when we move
from the isolated molecule to thick films. Thus, it is safe
comparing spectra from both free molecules and films. Six
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FIG. 4. Lower panel: CuPc gas phase UPS spectrum collected with a 21 eV
photon energy (in ionization energy scale) compared with a CuPc thin film
spectrum collected at hv=210 eV figure (in binding energy scale). Upper
panel: high resolution photoelectron spectrum collected with a photon en-
ergy of 21 eV. Main structures are labelled with E;, F, and H letters.

different states, whose evolution can be followed with the
help of vertical dashed lines, are labelled from A to F in Fig.
4.

In the high ionization energy region the feature centered
at 13.75 appears to be composed of two contributions, B and
its shoulder A. While B is strongly reduced at 210 eV, the
depression of A is less evident, thus allowing us to assign B
as due to an orbital mostly delocalized on the molecular ring
and to guess an important Cu contribution for A. At lower
ionization energy a strong feature is centered at 11.45 eV (C)
with a shoulder on its low IE side (D). At hv=210 eV this
shoulder is the most important feature in the spectrum, while
the C feature has disappeared. Here C can be ascribed to
levels, while D is a Cu-derived state, also in agreement with
Berkowitz.”

In the low ionization energy region, the wide feature
centered at about 8.8 eV (E), reduces its intensity with in-
creasing hv. On the other hand, located at 7.6 eV IE, there is
a weak feature for hv=21 eV (F) that does not vanish and,
on the contrary, exceeds the a;, (HOMO) intensity at an
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ionization energy of about 6.4 eV for hv=210 eV. Such a
behavior leads us to think that the F peak is also due to the
ionization of another copper-derived orbital.

To gain insight in this region we report in the upper
panel of Fig. 4 a spectrum collected at a higher energy reso-
lution than the more extended one presented in the lower
panel. The higher resolution allows some fine structure to be
better resolved; in particular, the wide structure centered at
about 8.8 eV (IE) reveals to be composed of four distinct
contributions, while the state at approximately 7.6 eV (IE) is
clearly distinguishable. Labels referring to the main features
discussed [E;(i=1-4), F, and H] are also reported. The three
main contributions are located at 9.28 eV (E,), 8.79 eV (E,),
and 8.46 eV (E;) IE, with a weak shoulder (E,) positioned at
about 8 eV. The F structure is observable at 7.59 eV, while
the HOMO level is detectable at 6.38 eV (H). We stress here
the asymmetry of H towards higher IE that will be object of
a deeper analysis in the next section.

Peak F has already been addressed as a copper-derived
state. From DFT calculations on the neutral molecule® the
highest Cu-derived orbital (SOMO) is seen to be located in
the HOMO-LUMO energy gap. Then, a peak at lower IE
with respect to the a;, peak could be expected in the UPS
spectrum. On the other hand, the ionization of the a;, orbital,
giving origin to a hole delocalized on the Pc ring could be
considered more easily realized than that of the b, orbital
strongly localized on Cu'Asa consequence, the energy of
the b,, hole state could also be expected to be higher than
that of the a,, hole state. This prediction perfectly matches
the experimental finding of the Cu-3d-derived peak located
at 7.59 eV (F), 800 meV above the a;, peak on the ioniza-
tion energy scale, which is in a reverse order with respect to
the DFT orbital energy order in the neutral molecule. Alter-
natively, the experimental finding could also be interpreted in
terms of a non-Aufbau filling of CuPc electronic levels as
inferred in the case of the VOPc isolated molecule.” Despite
the fact that our experimental data are compatible with both
hypotheses, the only calculations concerning the ionization
of copper-Pc complex seem to indicate that an a;,-b,, inver-
sion takes place upon photoionization.4

No predictions of levels composing the E structure are
available for CuPc, but they are for zinc-Pc.'? From a com-
parison among the valence levels of several transition-metal
phthalocyanines,4 no significant changes for the ligand mo-
lecular orbitals are observed by varying the central metal
atom. As a consequence we can be confident that good infor-
mation for CuPc can be gained also from calculations per-
formed on ZnPc. In this case electronic states below the a,
energy position, are seen to group themselves around three
mean ionization energies that can be considered to corre-
spond to the complex band in our spectra: the relative differ-
ences in energy of the three main groups are in agreement
with our experimental data. By these arguments we propose,
keeping the Nguyen notation for Pc ligand-derived orbitals
used for ZnPc,'? an assignment of the bands E;—E, in Fig. 4
to the ionization of 3b,,, 6¢,, and 4a,, orbitals, while E, is
assigned to Se,, 2b,, and 3a,, ionizations and the E,; struc-
ture to the la;, ionization.

A high resolution UPS spectrum in the region of the first
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FIG. 5. High resolution photoelectron spectrum of the a;, (HOMO) region
collected with a photon energy of 21 eV. The results of the fitting procedure
are also reported (solid curves).

ionized molecular orbital is presented in Fig. 5. The spec-
trum is dominated by one main feature ascribed to photo-
emission from the a,, orbital and located at the ionization
energy of 6.38 eV with some extra features detectable on the
high binding energy side. A fitting analysis was performed
and the resulting parameters are reported in Table II. Besides
the main peak, two more components are needed to properly
describe the experimental data. In particular, the first one lies
at 150 meV from the main line, while the successive barely
visible peak is shifted by 310 meV. The presence of high BE
features was recently pointed out also by Kera et al.>® which
found, in the case of CuPc thin film, an asymmetric line
shape for the a;, hole state; they assign it to the presence of
vibrational modes coupled to the photoemission process. In
the present gas phase experiment it was possible to distin-
guish better these extra features. Nonetheless, an exact iden-
tification of which molecular vibrations are involved is not a
straightforward task. This is because in the energy range
where we find the extra excitation (150 meV, ~1210 cm™)
several vibrational modes are possible: according to recent
high-resolution electron-energy-loss spectroscopy results®
our value falls in the energy-loss region characteristic of the
in-plane C—C stretching but also very close to energy region
of the C-N in-plane stretching.

Even lacking an exact assignment of the vibrational
mode, the observation of excitation of the C—C/N stretching
modes and not of the C-H one (~380 meV) can provide
important information as well. In particular, it confirms the
spatial localization of the a;, on the pyrrole ring predicted by
our calculations. In fact, the molecular structure shows that
each one of the outer carbon atoms in benzene rings is linked
to a hydrogen atom, while only carbon atoms in the pyrrole

TABLE II. Resulting parameters from the fitting procedure presented in
Fig. 5

1IE A Lw GW

HOMO 6.38 1 0.03 0.08
v 6.53 0.254 0.09 0.08

v 6.69 0.018 0.09 0.08
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FIG. 6. X-ray absorption spectrum from the C K edge collected in total ion
yield mode. The main structures detectable are labelled with a letter from A
to F. Theoretical bars were arbitrarily superimposed to the experimental
data. Different colors account for different final states (LUMO, LUMO+1,
etc.), while theoretical energy scale was expanded to compensate the ap-
proximations made in the calculations.

rings can exhibit a C—C and/or C-N in-plane stretching with
no involvement of hydrogen atoms. Thus, the hypothesis that
the a,, is mainly localized on the C4 carbon atoms is very
reasonable and in perfect agreement with the prediction of
the DFT calculations, as shown by the spatial distribution
reported in Fig. 1, and with previous observations on other
metal phthalocyanines, PbPc" and NiPc™.

VI. XANES: EXPERIMENTAL AND THEORETICAL
RESULTS

The experimental high-resolution XANES spectrum re-
corded at the C K edge is reported in Fig. 6. An intense
two-peak-shaped structure (A and B in the figure) is centered
approximately at 285.2 eV, with an A-B energy separation of
about 700 meV. At higher photon energies the spectrum
shows several features: a weak structure (C) located at about
286.6 €V, a slightly asymmetric structure at 287.4 eV (D)
with a shoulder on its high energy side (E), and then a wide
feature located approximately at 289.4 eV (F). To the best of
our knowledge, this is the first XANES measurement con-
cerning a metal-phthalocyanine in the gas phase. Though
XANES was extensively used to determine MPc films mo-
lecular orientation it is still debating which orbitals and
which contributions from the inequivalent C atoms give rise
to the spectral density. In fact, the interpretation of a photo-
absorption spectrum is not as straightforward as that of a
photoemission spectrum. In XANES the initial ground state
as well as the final states have to be taken into account. Thus,
the need for a theoretical simulation of the complete photo-
absorption spectrum appears evident.

The theoretical spectra obtained by the STEX approach
are presented as bar diagrams in Fig. 7. The four upper pan-
els refer to excitations from each group of inequivalent car-
bon atoms (see the insert in Fig. 2). The larger panel in the
lower part of the figure represents the sum of the four differ-
ent carbon atom contributions, with benzene and pyrrole en-
ergy scales calibrated against the experimental ionization en-
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FIG. 7. SCF theoretical calculations on the C K-edge absorption spectrum.
C1-C4 named panels report on different contributions coming from in-
equivalent carbon atoms. The arrow indicates the calculated ionization
threshold. The lowest panel is the sum of the previous ones with the ioniza-
tion thresholds aligned to the experimental values (see Fig. 2).

ergies obtained by XPS (see Fig. 2). Core excitations
towards the by, level (SOMO) are in principle also possible.
However, the core orbitals (C 1s) and the b, orbital (mostly
Cu 3d,2_,2) exhibit a completely different spatial localiza-
tion. For this reason the intensity of such excitations at the C
K edge can be considered very small and they were, as a
matter of fact, neglected in our calculations. As the direct
result of a STEX calculation are term values rather than ex-
citation energies, a relative shift between benzene and pyr-
role XANES spectra can be accepted to partially compensate
the missing electron correlation effects. The other approxi-
mation (hole overscreening) of the STEX approach gives
origin to a “compression” of the computed spectra against
the ionization thresholds. To take into account the approxi-
mations of the STEX method, in Fig. 6 we superposed the
theoretical calculations after applying the following proce-
dure: the energy scales of the benzene (C1, C2, and C3) and
pyrrole (C4) calculated XANES spectra were separately ex-
panded keeping fixed the IE values until a good matching
with features A and B, respectively, was reached. The good
agreement observable in the figure results by multiplying for
almost the same factor (about 1.75). The intensities of the
bars reported in figure preserve the relative intensity ratios of
Fig. 7. Such an experiment-theory comparison allows to as-
sign the main peak B to an intense excitation of 7" character
at the C4 site (namely, to the LUMO level), while the first 7"
excitations at sites C1-C3 are splitted in intensity and give
origin to band A and to the less intense C feature. This split-
ting stems from the doubly degenerate nature of the unper-
turbed LUMO level: once the hole is created in the C 1s, the
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degeneracy is removed and, as a result, two levels (say
LUMO and LUMOQ'’) are available. The calculated energy
positions for the benzene and the pyrrole Cls-LUMO exci-
tations account for the A-B double-shaped peak present in
the experimental spectrum. The large D band should be as-
cribed to excitations towards the LUMO+1 level, mainly
concentrated on benzene carbon atoms, in particular, from
C1-C3 carbons. The LUMO+1 contribution coming from
the pyrrole ring (C4) has a very low intensity and hence was
not reported. The weak shoulder E is of difficult assignment,
while the wide F structure is probably due to excitations to
higher empty molecular orbitals (e.g., LUMO+2) with
strong benzene (C1, C2, and C3) character, and also exhib-
iting pyrrole contribution (C4).

Within the picture exposed, peak A has to be ascribed to
core excitations at carbons in the benzene rings and peaks B
and C 1s excitations at the pyrrole rings. In spite of the
stoichiometric ratio between the two inequivalent carbons,
the pyrrole-associated peak appears higher in intensity than
the benzene-associated one. Large differences regarding the
energy separation between the two components are evident
as well: the A-B energy difference amounts to 730 meV, that
is, approximately half of the chemical shift detected with
XPS. Such a behavior can be explained if we carefully look
at Fig. 1. In fact, the spatial projection of the LUMOs on the
different C atoms is not homogeneous and the dominant C4
contribution is clearly visible. As a consequence, in spite of
the B-P stoichiometric ratio of the carbon atoms, transitions
from pyrrole C 1s orbitals will exhibit a higher intensity. At
the same time, when the electron is promoted from a C4 core
orbital to the LUMO, a larger screening effect on the 1s core
hole will occ:ur,36 thus lowering the chemical shift observed
in photoemission from the same core orbitals.

Summarizing, it can be said that the electronic non-
equivalence of carbon atoms in CuPc, that characterizes the
C 1s core level spectrum, also affects the corresponding C K
edge absorption spectrum. Nevertheless, the localization of
the LUMO level in the central part of the molecule modifies
the stoichiometric intensity ratio and the energy chemical
shift observable in photoemission. On the other hand the
LUMO+1 is mainly localized in the outer benzene rings and,
as a consequence, a negligible pyrrole LUMO+1 contribu-
tion to the absorption spectrum is observed. A support to the
interpretation of the D band in terms of excitations towards
the LUMO+1 level comes also from considerations about
the  LUMO-LUMO+1 energy  difference. = Both
theoretically12 and experimentally37 such a distance is esti-
mated to be about 2 eV. In our case, if we take as the LUMO
position the centroid of the double A-B structure and if we
identify the LUMO+1 position with the D structure, a
LUMO-LUMO+1 energy distance of 2.2 eV is obtained,
thus in good agreement. As far as the LUMO-LUMO+2 dis-
tance is concerned, this argument is more difficult to apply,
as the wide F structure does not allow a precise energy po-
sitioning of the LUMO+2 levels. In literature the distance is
given between 3.4 eV and 3.6 eV,'? which seems slightly
lower than our experimentally detectable value.
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VIl. CONCLUSIONS

The electronic structure of copper phthalocyanine mol-
ecule was studied in detail by means of both gas phase ex-
periments (UPS, XPS and XANES) and computational tech-
niques (SCF, DFT and STEX), addressing both occupied and
unoccupied orbitals. Contributions from Cu orbitals were
singled out and a finer knowledge of the energy level align-
ment was reached. The coupling of experiment and theory
allowed to shed light also on the localization of the outer
molecular orbitals. The a,, was seen to be localized on the C
atoms of pyrrole rings, while carbon atoms in the benzene
rings were shown to be electronically equivalent. As far as
the empty states are concerned, STEX calculations provide a
satisfactory assignment of the peaks in the XANES spec-
trum: the doubly degenerate LUMO is shown to split upon
the creation of the hole, with its spatial distribution concen-
trated on the inner ring, thus implying a major intensity for
transition from pyrrole carbon atoms (C4), rather than ben-
zene ones (C1, C2, and C3). The LUMO+1 was seen to be
localized on benzene rings, while higher energy molecular
orbitals exhibit a mixed pyrrole-benzene contribution.
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