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The shake-up transition energies of the carbenpliotoelectron spectrum of metal-free phthalocyanine
(H,Po have been calculated by means of time-dependent density functional theory, for which an equivalent
core approximation is adopted. Model calculations for thesGHake-up states of benzene are in excellent
agreement with the latest experimental results. The compleg §hake-up structures associated with the
aromatic and pyrrole carbons in the phthalocyanine are computed, as well as their ionization potentials. They
allow us to determine the origin of the anomalous intensity ratio between the pyrrole and benzene carbons in
a high resolution C 4 photoelectron spectrum measured for #El film, as due to a benzene-related shake-up
contribution, hidden under the pyrrole main intensity feature.
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The phthalocyanine molecules have been the object oflectron is photoemitted, several processes take place in the
several investigations, due to their many possible applicasystem due to the correlation and the relaxation of the re-
tions in optical and electronic devicé$and to their thermal maining electrons. Among these processes, there is the exci-
and chemical stability. Their structural similarity to the ac-tation of valence electrons into unoccupied states, experi-
tive sites of chlorofyll and hemoglobin, makes phthalocya-mentally observable as satellite lines, lying at higher binding
nines very interesting for biomimetic applications as cata-energies than the main peaks. The computations performed
lysts for oxidation reactions in heterogeneous cataff$is.  up to now in the calculation of the shake-up energy positions

The phthalocyanines are planar organic molecules thadre based oab initio configuration interactionCl),!” on the
consist of a porphyrinlike ring surrounded by four benzeneHartree-Fock static exchange techniqitF-STEX),'® and,
rings, with either a metal atometal phthalocyanineor two  in the majority, on semiempirical techniques. For instance, in
hydrogen atoms in the centémetal-free phthalocyanine or the study of the shake-up structure associated with the C 1
H,Pc, as shown in Fig.)1 The phthalocyanines have been spectra in aromatic rings like benzene, several works are
extensively studied by x-ray spectroscopic techniques thatased on the INDO/C{intermediate Neglect of Differential
provide detailed information about their electronic Overlap, including Ol (Refs. 19 and 20 and CNDO/S
structure’~13 (Complete Neglect of Differential Overlap, including single

In this work we report a joint experimental and theoretical Cl) (Ref. 21) methods. In general, the calculated results have
investigation of the shake-up satellite structures associatesliccessfully helped to interpret the experimental spectra.
with the excitation of the carbonsln the metal-free phtha- However, there are no calculations on the <shake-up sat-
locyanine. The carbonslshake-up structure of the Pc mol- ellites of H,Pc reported so far.
ecules has been under debate for decad@e¥-13wWe have In this work, we have introduced a new computational
obtained a high resolution x-ray photoelectron spectrum ofcheme to calculate the shake-up structures g?dd The
the C Is of a phthalocyanine film deposited in situ on a con-method is a combination of equivalent core hole approxima-
ducting glass substrate. The main lines of the spectrum haw@®on and time-dependent density functional thegBCH-
been calculated using the Kohn-Sham approach and their TDDFT). A detailed description of this method will be pub-
shake-up satellites are obtained using the time-dependelished elsewher& The use of TDDFT allows one to
density functional theoryTDDFT)-16for a description of incorporate electron correlation effects easily, to determine
the valence electron excitations, while the core-hole is repall possible multiple excitations automatically, and to com-
resented by the equivalent core approximation. pute large systems at a reasonable computational cost. More-

The photoelectron spectra are formed by the main linespver, with this technique, the involvement of bathand =
which are associated with the photoionization of the coreorbitals are always fully considered. A large number of sin-
electrons, in the present case to thecbre orbital of the glet and triplet states are calculated simultaneously. How-
chemically inequivalent carbons in the molecule, and by aver, it should be noted that at this stage the spin-orbital
number of satellite structures of different origin. When a corecoupling is neglected, as is the coupling between singlet and
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FIG. 1. (Color online The molecular structure of the,Ac mol-
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implemented in thesAUSSIAN 98 package’® have been used
for all the shake-up calculations of the Pc molecule. The
igloo-iii triple ¢ basis of Kutzelnigg, Fleischer, and
Schindlef* has been used in the calculations for the benzene
molecule.

The ionization potential§IP) of the eight inequivalent
carbons of the phthalocyanirisix of the benzene-type and
two of the pyrrole-typg—that correspond to the main lines
of the x-ray photoelectron spectrum—were computed with
the gradient-corrected DFT cod&MON?® as the energy dif-
ference between the ground state and the core hole(tate
A Kohn-Sham approaghWe have used the PD86 correla-
tion and exchange functional by Perdew and W&ayd the
igloo-iii triple ¢ basis set, to describe the core-excited atoms,
and double/ bases sets and effective core potent{&@€pP
for the remaining atoms. With the same program th&dd
molecule has been geometry-optimized. The obtained geom-
etry is slightly distorted from a perfectlyp,, symmetric
structure. The theoretical method for the calculations of the
shake-up energy positions was first tested on thesC 1
shake-up satellites of the benzene molecule, for which both
experimental data and theoretical calculations obtained with
different techniques are available in the literatéé® Our

ecule. The carbon atoms labeled from 1 to 6 are benzene-type whillneoretical results reproduce with a good accuracy most of

7 and 8 are pyrrole-type.

the main shake-up features resolved in the experimental
studies. A sequence of 9 main shake-up satellites was iden-

triplet states. The intensity of the shake-up peaks has besified in an Al Ka excited C & spectra for energies up to
calculated for the singlet-type transitions as the squared ovef9 eV from the main C4line.?8 A more recent experiment
lap between the initial-state and the final-state wave funcprobed different excitation energi€298 and 309 eYresolv-
tions. The hybrid density functional BSLYP has been usedng a few extra smaller features in the energy range of 7 eV
throughout all the computations. The 6-31++G basis set fofrom the main line, at 3.9, 4.2, and 6.2 eV, that appear as
the core ionized atom and 6-31G for the other atoms, ashoulders of other well-defined structufésThe resulting

TABLE I. The experimental and theoretical energy and intensity of the mainsbadke-up features of the

benzene.
Benzene
Experiment This work
Energy Intensity? Energy! Intensity?
eV % eV % SIT® Assignment
3.9+0.1 3.73 T
4.2+0.1 4.33 T
4.8+0.1 4.53 T
5.2+0.1
5.8+0.1 2.21 5.95 2.87 S b2(7) — 3by(7*)
6.2+0.1 6.57 T
6.57 T
6.80 T
7.15+£0.05 5.52 7.12 4.89 S al(m) — 2a,(7*)
8.4+0.1 4.47 9.15 6.61 S bl(7) — 3by(7*)
9.8+0.2 2.01

@Data taken from Ref. 27.
bShake-up energy positions as the energy difference from the experimental main line.
%In percent of the main peak’s intensity.
dShake-up energy positions as the energy difference from the IP.

€Triplet (T) or singlet(S) character.
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peaks are reported in Table | for energies up to 9.8 eV from

the main line, together with our theoretical results. For the 3-Peak Fit
excited states of singlet-type, we report also the calculated — — = benzene-C ls
intensity and indicate the assignment of the electrons subject - - pyrole-C ls

----- pyrrole-C shake-up
®  experiment

to the transitions. The first three transitions are of triplet type,
and they have a complex structure, involving several elec-
tronic excitations. In these transitions;type orbitals are
involved together with 7-type orbitals. The computed
shake-up energy positions account very well for the most
prominent features in this energy window. The ECH-TDDFT

approach is thus expected to describesGHake-up states of é
similar systems, such as,Flc, with good accuracy. ;

Previous experimental works have studied the x-ray pho- S pu——— L et
toelectron spectrum of the Gtore level in phthalocyanines 2| 290 290 288 286 284
and in molecules with related structures, like naphthalocya- £ .

. - ; 2 4-Peak Fit
nine and, in some of these studies, the role of eventual = — it
shake-up satellites associated with the benzene carbons has === benzene-C 1s
H 0,12,13 H -—-- benzene-C shake-up
been discussed?1213In fact, the proposed assignments of -~ pyroleC Is
the experimental peaks to the different types of carbon atoms | ... pyrrole-C shake-up
in the molecule, does not lead to an intensity ratio corre- e cxperiment

sponding to the number of carbons belonging to each ¥pe. I theory

To illustrate this problem, we refer to the G g-ray photo-
electron spectroscopgXPS) experiment of HPc deposited

on a conducting glass substrate, shown in Fig. 2. The experi-
mental data, taken with an overall resolution of 0.4 eV, were
obtained with a Scienta ESCA 300 spectrométkrscribed
elsewheré’). The latter is an ultrahigh vacuufwHV) sys-
tem which allows molecular film preparatiamsitu and uses
monochromatized AKa radiation as an excitation source.  F|G. 2. Three-peak fitupper part of the figujeand four-peak fit
The H,Pc was purchased from Aldrici98% dye content  (jower part of the figurg of the experimental CSXPS curve of

and sublimated onto the substrate in the UHV chamber. A4,pc. The different curves employed in the fitting procedure to
more detailed description of the experiment can be found imimulate the main lines and the shake-up features are illustrated,
Ref. 30. This C $ XP spectrum, similarly to the cited studies along with the total fit and the experimental détimtted ling. The

of metal Pct?13is characterized by three major features: onetheoretical valuegbar graph are compared to the peak positions of
main high intensity peak centered at 284.9 eV, attributed tahe four-peak fit.

the 24 benzene carbons, a second, less intense peak at

286.2 eV, attributed to the remaining 8 pyrrole carbons, anénd shake-up—sum to 33% of the total intensity, instead of
a third, low intensity structure at about 288.3 eV, which isthe expected 25%. In previous studies, it has been argued
usually interpreted as a shake-up transition associated witthat a fourth peak, due to the shake-up structure of the ben-
the photoionization of the pyrrole carbofsee Fig. 212 zene carbons, might lie below the higher-intensity pyrrole
However, following these assignments, the resulting intenpeak?’-812 This would give an intensity contribution related
sity ratio of the peaks does not agree with the 1:3 valugo the benzene carbons hidden under the higher binding en-
expected from the pyrrole/benzene carbon ratio feP¢] as  ergy peak and usually included in the pyrrole intensity. Ac-
shown in the upper part of Fig. 2 by a three-peak fit of thecording to this consideration, in the case of CdPE a
experimental C & XP spectrum. Before performing the fit- four-peak curve fitting has been proposed, where the fourth
ting procedure, a Shirley background was subtracted fronpeak would represent the shake-up satellite intensity associ-
the experimental data. The energy difference in the calcuated with the benzene carbons. In this way, a significant im-
lated IP of the carbons of the same tyee Tables Il and provement in the agreement between the molecular stoichi-
[I1) are not resolved in the experimental XP spectra. Thereemetry and the experimental intensity ratio has been
fore, for the six benzene carbons, one peak centered at thbtained.

mean value 284.8 eV was used, and for the two pyrrole car- We have applied the ECH-TDDFT method to thePd
bons a feature was placed at 286.3 eV. These two curvasolecule, and the energies and intensities we have obtained
were simulated by Voigt functions, which account for thefor the shake-up lines, related to the eight inequivalent C
asymmetry due to the molecular vibrations. The peak aatoms in the HPc, are reported in Tables Il and Ill. The
288.3 eV, assumed to be a shake-up related to the pyrrolearbon atoms labeled from 1 to 6 are the benzene-like car-
carbons, was simulated by a gaussian curve centered Bbns, while the carbons 7 and 8 are pyrrole-iikee Fig. 1
288.3 eV. Smaller features were added on higher bindinghe tables report also the IP calculated for each of the 8
energies to fit the background structures, not shown in Fig. Zarbons considered. The calculated IP are referred to the
From this fitting procedure, the total intensity associated withvacuum level, and, in the comparison with the experiment,
the two peaks related to the pyrrole carbons—the main peathey have been shifted by —5.1 eV in order to be aligned to

292 290 288 286 284
Binding Energy (eV)
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TABLE Il. Theoretical shake-up energies and intensities for the benzene-tygenGHLPc.

Benzene C in HPc

IP Energy*  Intensity P Energy* Intensity
C Atom eV eV % T/ C Atom eV eV % TS
C1l 289.77 0.99 T C4 290.06 0.93 T
1.53 T 1.28 T
1.96 121 S 1.74 7.2 S
2.37 0.6 S 2.06 5.8 S
2.96 0.9 S 251 0.5 S
C2 289.84 0.96 T 2.82 0.6 S
1.51 T 3.11 0.6 S
1.91 4.1 S 3.33 15 S
2.13 0.8 S 3.44 0.6 S
2.38 0.9 S 3.50 13 S
2.80 3.7 S C5 290.11 0.96 T
2.94 3.3 S 1.27 T
2.96 0.6 S 1.48 5.9 S
3.04 0.9 S 2.06 6.4 S
3.09 0.9 S 2.83 0.7 S
3.14 1.2 S 3.13 1.9 S
3.48 2.1 S 3.32 0.9 S
3.54 1.0 S C6 290.15 1.04 T
3.82 1.7 S 1.29 T
3.85 1.1 S 1.96 11.2 S
C3 289.87 1.05 T 3.32 0.6 S
1.43 T 3.41 0.6 S
1.76 6.8 S
2.07 7.4 S
2.87 1.1 S
3.16 1.3 S
3.32 0.6 S
3.69 0.6 S

aShake-up energy position as the energy difference from the IP.
bIn percent of the main peak’s intensity.
“Triplet (T) or singlet(S) character.

the experimental data. The shift takes into account the difretical support to the procedure taken in a recent Warkto
ferent binding energy scales used for gas phase spgnotra fit the experimental data by introducing a fourth peak. This
this case the theoretical simulatiopand the photoemission peak represents the benzene shake-up intensity contribution,
experimental results for the solid film. The IP of the benzenehidden under the spectral intensity related to the pyrrole car-
carbons are lower, ranging from 289.77 and 290.15 eV antion.

the IP of the pyrrole carbons are 290.97 and A four-peak fitting of the experimental spectrum is illus-
291.45 eV—values referred to the vacuum level. The carbotrated in the lower part of Fig. 2. It must be observed that, in
shake-up lines reported in Tables Il and 11l for energies up tdhe case of aromatic molecules, the shake-up structure is
about 4 eV from the main peak, present a similar shake-upather complex, as can be seen in Tables I-lll; nevertheless it
structure for all the carbon atoms, with two triplet statesmay be convenient in a fitting procedure to approximate the
followed by a singlet state between about 1.6—2.0 eV. Thehake-up energies with a reduced number of peaks, by in-
considerable number of higher energy triplet transitions wereluding only the transitions that give the most intense con-
not reported in the tables. In the case of the benzene carbortsiputions. In the four-peak fitting procedure, two peaks have
the first singlet shake-up features fall very close in energy tdboeen used for the aromatic carborfat 284.82 and

the pyrrole main lines, and consequently have to be included®86.60 e\f and two for the pyrrole carbor{at about 286.17

in a correct fitting, as a separate peak in the pyrrole carboand 288.20 eY, representing the main line and the shake-up
binding energy region. This result represents the first theoeontribution for each type of carbon, respectively. To be
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TABLE Ill. Theoretical shake-up energies and intensities for the

pyrrole-type C & in HoPc. ®  experiment
—== FWHM 0.80 eV f"
R FWHM 0.70 eV h l
Pyrrole C in HPc -~ FWHM0.90eV s
- |  theoretical intensity P }
P Energy! Intensity? E ¥ !
C Atom eV eV % TS £ [
s &
> 1 k
c7 290.97 1.16 T P i E
& !i: :
1.67 T E 2y -2;“ %];‘
2.01 20.3 S ;, B %
3.97 13 s AT
cs 291.45 117 T <l ’ “ H kY
1.56 T e e L e
292 290 288 286 284
2.01 20.7 S Binding Energy (eV)
3.88 1.0 S
aShake-up energy positions as the energy difference from the IP. FIG}" 3 S|rr]nulat||on|of ghg expgr_lmentfal hG xp _spﬁctrum k;y h
bin percent of the main peak’s intensity. cEn\éo utln? the cac_uhate intensities o tfg_ﬁmam EV?/S l\e;[r(l) the
“Triplet (T) or singlet(S) character. shake-up features with gaussian curves of different FW@MO,

0.80, and 0.90 eV, as indicated in the figurghe calculated inten-
- . . sities (bar graph and the experimental curveotted ling are also
noted that the energy position and the intensity of the fougpown.
peaks used in the fitting proceduféig. 2, lower pangltake

into account the theoretical results, shown by bars in théFT allows to easily incorporate the electron correlation ef-
same figure for comparison. The introduction of the fourthfects, to determine all possible multiple excitations, and to
peak at 286.6 eV leads to an intensity ratio of 24% for thecompute large systems at a reasonable computational cost. A
pyrrole carbon with respect to the benzene carbons, in mucietailed description of the Gslshake-up profile of bPc is
better agreement with the molecular stoichiometry of 25%r€Ported and an excellent agreement between the theoretical
In Fig. 3 are shown three simulations of the experimentafimulation and experimental data has been obtained. The ap-
spectrum obtained by convoluting all the calculated shake-uflication of the method has permitted to determine the origin
features of the singlet-typdor which the intensity has been fzggéef;r%?ﬁéoﬂstwéeﬁisglﬁy ::2&Et?;wefgéhgp%ge:sng;)fsrg d
?Lﬁ[nxi%ttidz;nﬁaﬁrfngzlnqUIE?FF\)/\E/}ITR/IS)V\(I)”? %a; SZ:%” g '“S';\S/S 0 by previous faylurg to appreciate the important benzene

: L AT : " spake—up contribution.
respectively, obtaining a good agreement between theoretica
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