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Abstract The chemical transformation of the polar
chloroaluminum phthalocyanine, AlClPc, to μ-(oxo)bis
(phthalocyaninato)aluminum(III), (PcAl)2O, in thin films
on indium tin oxide is studied and its influence on the
molecular orientation is discussed. The studies were
conducted using complementary spectroscopic techniques:
Raman spectroscopy, X-ray photoelectron spectroscopy, and
near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy. In addition, density functional theory calculations
were performed in order to identify specific vibrations and
to monitor the product formation. The thin films of AlClPc
were annealed in controlled environmental conditions to
obtain (PcAl)2O. It is shown that the chemical transforma-
tion in the thin films can proceed only in the presence of
water. The influence of the reaction and the annealing on the
molecular orientation was studied with Raman spectroscopy
and NEXAFS spectroscopy in total electron yield and par-
tial electron yield modes. The comparison of the results
obtained from these techniques allows the determination of
the molecular orientation of the film as a function of the
probing depth.
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Introduction

Phthalocyanines (Pcs) are of interest for a variety of opto-
electronic devices, the commonest applications being field-
effect transistors [1, 2], solar cells [3, 4], and light-emitting
diodes [3]. The broad bandwidth for applications of Pcs
results from their electronic and optical properties which
can be tailored by chemical modifications. Substituents
can be introduced at the peripheral positions or at the central
atom. Substitution at the periphery, for example, with ali-
phatic [5, 6] or aromatic [7] moieties, induces, for example,
liquid-crystalline properties, whereas substitution with oxy-
gen [8, 9], chlorine [10, 11], or fluorine [12] at the central
metal creates a permanent dipole moment. Moreover, sand-
wich complexes [12–14] and annulated Pcs [15, 16] are
known.

Polar Pcs have been investigated intensively recently. In
contrast to the more familiar CuPc or ZnPc, the polar metal
Pcs are not planar but are umbrella-like and tilted by 7°,
leading to a symmetry lowering from D4h to C4v.
Nevertheless, the vibrational structure of peripheral
unsubstituted Pcs, for example, in Raman spectroscopy, is
very similar between D4h and C4v [17, 18].

It can be expected that the presence of a molecular dipole
moment offers a route to control the growth of molecules in
thin films by means of external factors. Indeed, it was shown
for TiOPc [9], AlClPc [10, 19], and VOPc [8] that electric
and magnetic fields can influence the molecular orientation,
the polymorphism, and the surface morphology. On the
other hand, it can be shown that for devices containing Pcs
as active layers, the efficiency is affected by the growth,
interface properties [20–23], molecular orientation [10, 11,
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21, 24], and electronic properties [25–27]. In this context,
possible chemical reactions in air are important.

The reaction from AlClPc to (PcAl)2O in solution has been
already described in the literature [28, 29]. It was shown that
the hydrolysis of AlClPc upon immersion in KCl water solu-
tions at different pH values leads via hydroxyaluminum
phthalocyanine, Al(OH)Pc, finally to the formation of μ-
(oxo)bis(phthalocyaninato)aluminum(III), (PcAl)2O [28].

In a previous article [19] the influence of a magnetic field
(1 T), applied during postdeposition annealing, on AlClPc
films was studied. The reaction from AlClPc to (PcAl)2O on
the substrate surface on annealing in air under ambient
conditions was monitored by UV/vis spectroscopy, IR spec-
troscopy, Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), and atomic force microscopy.

The aim of this work is a more detailed investigation of the
chemical reaction from the monomer AlClPc to (PcAl)2O μ-
(oxo)dimers in thin films deposited on indium tin oxide (ITO).
We focus on the study of the influence of environmental
conditions as well as the molecular orientation. The reaction
fromAlClPc to (PcAl)2O on the substrate surface in controlled
environmental conditions was investigated by Raman spec-
troscopy and XPS. To assign the vibrations and their corre-
sponding symmetry of the monomer and the μ-(oxo)dimer,
density functional theory (DFT) calculations were used for
comparison with the experiment findings. The identification
of significant bands with their specific symmetry makes pos-
sible the investigation of the molecular orientation with
Raman spectroscopy in combination with near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy.

Experimental

Materials

AlClPc was synthesized as described earlier [19]. The struc-
tures of AlClPc and (PcAl)2O as ball and stick models and
the formal reaction are shown in Fig. 1. Additionally, a
skeletal structure of AlClPc is given. The structure and

stoichiometry were checked by XPS and Raman spectros-
copy; in particular, the presence of μ-(oxo)dimers in the
source material can be ruled out. The film thickness was
estimated from XPS intensities assuming layer-like growth.
The inelastic mean free path was calculated according to the
method described in [30]: we obtained about 2.4 nm for C 1
s electrons with a kinetic energy of approximately 966 eV
(corresponding to an information depth of about 7 nm). The
Al/Cl elemental ratio was determined to be 1:1 from Al 2p
and Cl 2p core level spectra using corresponding sensitivity
factors from [31]. The Raman fingerprint spectrum of
AlClPc was used to identify the structure [10, 11, 17] .
Beam damage in XPS and NEXAFS spectroscopy was ruled
out by the observation of possible changes of the peak shape
of the C 1s spectrum during the measurements. In the case
of Raman spectroscopy, during the typical measurement
time (approximately 5 min per spectrum), no spectral
changes were observed.

The ITO substrate was cut and cleaned ex situ with
acetone and ethanol in an ultrasonic bath before film depo-
sition. ITO was used as a substrate because it is used as an
electrode material in devices.

Methods and preparation

The thin films of AlClPc with nominal film thicknesses of
50 nm were prepared by physical vapor deposition from a
temperature-controlled cell with an evaporation rate of
0.5 nm·min-1 on ITO substrates in a ultra-high-vacuum
preparation chamber with a base pressure of 6×10-10mbar.
The films were characterized with XPS directly after depo-
sition. Subsequently Raman and UV/vis spectra were mea-
sured under ambient conditions. It was verified by XPS that
exposure to air at room temperature does not lead to a
chemical reaction. The subsequent annealing at 300 °C for
1–1.5 h initiates the reaction forming the μ-(oxo)dimer. The
annealing of the films was performed in different controlled
environmental conditions in a separate closed-chamber sys-
tem as described earlier [32]. The environmental conditions
used were (1) dry N2 (purity 5.0), (2) N2 saturated with H2O

Fig. 1 Left: Structure of chloroaluminum phthalocyanine (AlClPc) with labeled C and N. Right: Formal reaction of the dimerization of MClPc to
(PcM)2O. Different atoms appear in different colors (hydrogen white, carbon gray, nitrogen blue, aluminum rose, chlorine green, oxygen red)
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(N2/H2O) (more than 95 % relative humidity), and (3)
ambient conditions (exposure to air). Before the annealing,
the chamber was purged for 2 h with the corresponding
gases to establish a constant environment. The deposited
films were characterized by XPS after deposition. The films
which were investigated by NEXAFS spectroscopy were
prepared in our laboratory and were characterized with
XPS, Raman spectroscopy, and UV/vis spectroscopy prior
to the NEXAFS measurements.

XPS spectra were measured in a separate chamber using
Mg Kα radiation and a hemispherical EA 125 analyzer
(Omicron); the base pressure was 4×10-10mbar. Pass energies
of 50 and 30 eV were used for overview and detailed spectra,
respectively. Since no substrate signals were observed for the
films with nominal thicknesses of 50 nm, the energies were
calibrated to the C 1s peak maximum of AlClPc of 284.6 eV
(as found for thin films with a thickness of 2–8 nm).

The Ramanmeasurements of the thin films were performed
with a confocal Raman spectrometer (LabRam HR800
equipped with a BX 41 microscope) from Horiba Jobin-
Yvon. A long-distance lens with 50-fold magnification and a
numerical aperture of 0.5 was used. The spatial resolution
(central lobe diameter) for this lens is approximately 1.3 μm
and the estimated field depth is estimated to be 3.2 μm.

The spectra were recorded in backscattering geometry
using a frequency-doubled Nd:YAG laser (30 mW) with
an excitation wavelength of 532 nm. The incoming laser
light was attenuated by 90 % to reduce the influence of local
heating. An edge filter cut the Rayleigh line up to 120 cm-1.
A grating with 600 lines per millimeter was used, and the
spectral resolution was about 3 cm-1.

NEXAFS spectra were recorded at the ANKA synchrotron
radiation source (Karlsruhe, Germany) at theWERAbeamline.
The energy resolution at the NK edge was set to approximately
200 meV, ad the degree of linear polarization was more than
95 %. The NEXFAS spectra were measured in total electron
yield (TEY) (sample current) and partial electron yield (PEY)
(channeltron) mode. The TEYand PEY spectra were recorded
in parallel at the same spot and at the same time. The spectra
were normalized to equal step heights. To evaluate the π*
resonances, the areas were estimated by numerical integration
of the region from 397.5 to 402 eV (shaded areas in Fig. 6),
assuming that the edge structure is at higher photon energies.

DFT calculations of vibrational frequencies were
performed using Gaussian 09 at the B3LYP/6-311++G**
level of theory to study the geometry and vibrational fre-
quencies. All structures represent minima on the corre-
sponding hypersurface since no imaginary frequencies
were found. The wavenumbers obtained from each calcula-
tion were scaled by a factor of 0.978. We will not discuss
Raman intensities since the intensity of a mode depends on
several parameters, for example, the laser wavelength, mo-
lecular interactions, and the molecular orientation, which is
not taken into account for a single molecule.

Results and discussion

Characterization of the thin films and the reaction

Raman spectroscopy is very sensitive to the molecular and
crystal structure as well as to the symmetry of the molecule.

Table 1 Comparison of experi-
mental and calculated frequencies
of chloroaluminum phthalocya-
nine—AlClPc—and μ-(oxo)bis
(phthalocyaninato)aluminum
(III)—(PcAl)2O—at the
B3LYP/6-311++G(d,p) level
of theory and scaled by a
factor of 0.978

Experimental (cm-1) Calculated (cm-1) Symmetry Assignment

AlClPc

173 164 A1 ν(Al–Cl)

292 286 A1 ν(Al–Cl)

352 350 A1 ν(Al–Cl)

487 483 E ν(Al–Cl)

589 588 A1 Ring breathing

680 680 A1 Ring breathing

829 831 A1 Ring breathing

1,538 1,518 E Central atom specific

(PcAl)2O

272 261 A1g ν(Al–O–Al)

304 305 A1g ν(Al–O–Al)

346 342 Eg δ(Al–O–Al)

586 588 A1g Ring breathing

682 679 A1g Ring breathing

831 831 A1g Ring breathing

1,533 1,515 Eg Central atom specific

Chloroaluminum phthalocyanine thin films: chemical reaction 4897



DFT calculations of wavenumbers are widely used to iden-
tify substances, vibrational modes, and their corresponding
symmetry. The focus here is on the vibrational modes cor-
responding to parts of the molecules which change after the
reaction, i.e., on the μ-(oxo)dimer (PcAl)2O. For compari-
son, we performed calculations for AlClPc, and these were
in good agreement with the literature [10].

The DFT calculations predict D4h symmetry for the
μ-(oxo)dimer (PcAl)2O, whereas the monomer AlClPc
possesses C4v symmetry. Similar Raman wavenumbers
are therefore expected, since the main rotational axis is
the same (fourfold). Most of the Raman peaks are
related to vibrations of the Pc ring system, and thus
the general appearance of the spectrum can be seen as a
fingerprint for Pcs [33, 34].

The most relevant vibrational modes are Al–Cl modes
which evolve to Al–O–Al modes during the chemical reac-
tion. Table 1 shows the calculated wavenumbers for the
monomer and the μ-(oxo)dimer; these are compared with
the experimental values and are discussed later. Totally
symmetric modes were used for the determination of the
molecular orientation. The central metal atom specific mode
is also given since a change of the chemical surroundings at
the central metal atom is expected.

If the theoretical wavenumbers of the Al–Cl (in AlClPc)
and Al–O–Al [in (PcAl)2O] vibrations are compared, signifi-
cant changes in the low-wavenumber regions are expected
because the modes at 164, 286, and 483 cm-1 (Al–Cl) vanish
and new modes at 261 and 305 cm-1 (Al–O–Al) develop (see
Table 1). The Al–Clmode at about 350 cm-1, however, is close
to the new expected Al–O–Al mode at 342 cm-1. Very minor
changes are expected for the energy positions of those totally
symmetric modes—at (1) 588, (2) 680, and (3) 831 cm-1—
which represent ring breathing vibrations, and the ring re-
mains essentially unaffected during the reaction. The alter-
ation of the chemical surroundings at the central atom causes a
small shift of 3 cm-1 to lower wavenumbers of the central atom
specific mode.

Figure 2a–c shows specific parts of experimental Raman
spectra of nominal 50-nm AlClPc thin films on ITO as
deposited and after annealing in different defined environ-
mental conditions. The Raman spectra have been separated
into three different regions to give a more detailed view
since the intensities vary strongly across the spectra. We
show spectra for a freshly prepared thin film (black lines), a
thin film after annealing in a nitrogen environment (red
lines), a thin film after annealing in a nitrogen environment
saturated with water (blue lines), and a thin film after
annealing under ambient conditions (green lines).

Peak positions of the freshly prepared AlClPc thin film
can be found quite close to the calculated wavenumbers for
AlClPc and demonstrate good agreement between theory
and experiment. One of the reasons for the remaining small

differences (see Table 1) can be ascribed to the fact that the
DFT calculations were performed for a single molecule and
the variations may indicate solid-state effects. The spectrum
of the film annealed in a nitrogen environment is very
similar to the spectrum of the untreated film, pointing to
the absence of a chemical reaction.

The Raman spectra for the films annealed in nitrogen
saturated with water (N2/H2O) or under ambient conditions
appear similar to each other but are different from the
spectra for the freshly prepared film and the film annealed
in N2. Similar spectra were recently reported for (PcAl)2O
[19, 35]. We discuss the spectra corresponding to the reac-
tion under ambient conditions exemplarily (see Fig. 2) in
detail. From a comparison of the Raman spectra before and
after the reaction (black and green lines) only minor changes
are visible in Fig. 2b and c. The experimentally found
vibrations with considerable contribution from ν(Al–Cl)
are located at 173, 292, 352, and 487 cm-1. They exhibit
very low intensity compared with other vibrations because
of small changes in the polarizability, and therefore they
might be partly overlapped by vibrations of the Pc ring
system. In Fig. 2a, these Al–Cl bands have nearly vanished
in the spectra corresponding to the films after the reaction
and new modes close to the wavenumbers of Al–Cl are
assigned to Al–O–Al vibrations, in agreement with theory.

The totally symmetric bands representing the Pc ring are
observed at 589, 680, and 829 cm-1 in Fig. 2b and their
spectral positions do not change significantly after the reac-
tion, as expected from the calculations. Some new modes
develop next to the mode at 589 cm-1, indicating new
vibrational structures. Another significant change can be
observed in the region between 800 and 900 cm-1 [19].
The totally symmetric band at 829 cm-1 can be assigned
from DFT calculations to a ring breathing, in agreement
with recent calculations [10]. An additional band at
846 cm-1 next to the totally symmetric mode at 830 cm-1

can be found which decreases in intensity after the reaction
as seen in the dashed boxes. According to the calculated
wavenumbers, there is no single-molecule Raman active
vibration at 846 cm-1. Therefore, we presume that the band
is related to Davydov splitting, in agreement with findings
for other Pcs [10, 11, 36].

The central atom specific mode for AlClPc is found exper-
imentally at slightly higher wavenumbers (1,538 cm-1) com-
pared with theory in Fig. 2c, which could be related to
intermolecular interactions between the molecules [33]. The
main contribution to this vibration is given by displacements
of the Cα–Nβ–Cα bridge bonds of the Pc macrocycle.
Considering in detail the central metal atom specific mode in
the Raman spectra, the energy positions shift to 1,533 cm-1

after the reaction. The shift of 5 cm-1 to lower wavenumbers
indicates a change in the central atom surroundings. From
DFT, a peak shift of 3 cm-1 to lower wavenumbers is expected
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because of the reaction, which fits well to the experimental
observation (see Table 1).

We note that no –OH-related vibration was observed for
the annealed AlClPc films with Fourier transform IR spec-
troscopy (not shown). The nonappearance of an –OH peak,
expected between 3,400 and 3,700 cm-1, indicates the ab-
sence of formation of Al(OH)Pc and a nearly quantitative
transformation of AlClPc to (PcAl)2O in the films.

The progress of the reaction from AlClPc to (PcAl)2O
was also monitored by time-dependent UV/vis spectroscopy
(Fig. 2d). Before annealing (black curve), the maximum is
located at 750 nm, indicating a triclinic phase of AlCPc [37].
After the reaction this maximum is only visible as a shoulder
shifted by 35 nm to 715 nm. Spectra were taken every 5 min
for a total of 30 min (gray lines) to monitor the progress of
the reaction in the film. The final spectrum after 90 min
drawn in red shows two maxima, at 750 and 630 nm; the
shape is in good agreement with the shape of the literature
spectra of (PcAl)2O [35]. Already the spectrum measured
after 20 min coincides quite well with the spectrum after
90 min, indicating that the reaction in the film is practically
complete at 300 °C under ambient conditions.

XPS measurements can provide additional and supporting
information about the chemical state of particular atoms. The
AlClPc films were prepared in an ultrahigh vacuum with
nominal film thicknesses of 50 nm and were characterized

by XPS immediately after deposition and after subsequent
annealing in different environmental conditions. The corre-
sponding XPS core level spectra for carbon, aluminum, and
chlorine are depicted in Fig. 3. The spectra of the as-deposited
thin films (at the bottom in Fig. 3) are compared with the
spectra obtained after annealing in N2, in N2 plus water, and in
ambient conditions. The intensities of the particular core level
have been normalized to the maximum of the corresponding
C 1s spectrum. We note that no oxygen signal is observed
after preparation.

The C 1s core level spectra were fitted with four Voigt
functions [38, 39]. An intensity ratio of 3:1 was assumed for
the peak fitting related to the atomic ratio (C–H, C–C):(C–N).
The C 1s spectrum of the freshly prepared film exhibits a C–
C/C–H signal at 284.6 eV and a C–N signal at 286.0 eV. The
two additional peaks at higher binding energies of 286.6 and
287.9 eVare assigned to shake-up satellites [39–41]. The bind-
ing energies of C 1s and N 1s core level spectra are in good
agreement with those for other metal Pcs [20, 42] For a more
detailed discussion of the C 1s peak shape, see [38, 42]. The Cl
2p and Al 2p spectra of the as-deposited AlClPc film can be
described essentially by one doublet; the binding energies of the
2p3/2 component are 198.8 and 75.0 eV, respectively. The values
are in good agreement with the literature values [19].

After the annealing of the AlClPc films in a dry nitrogen
environment (red curves in Fig. 3), no significant changes

Fig. 2 a–c Experimental Raman spectra of 50-nm thin films of
AlClPc/indium tin oxide(ITO) annealed in controlled environmental
conditions: as deposited (black lines), after annealing in nitrogen (red

lines), after annealing in nitrogen saturated with water (blue lines), and
after annealing under ambient conditions (green lines). d Time-depen-
dent UV/vis spectra of the thin film annealed at 300 °C for 90 min

Chloroaluminum phthalocyanine thin films: chemical reaction 4899



were observed in the particular core level spectra; all the
spectra were fitted using the same shape. Only a slight broad-
ening of the C 1s spectra was found (the full width at half
maximum of the Gaussian increases from 1.11 to 1.18 eV),
which might be attributed to a change of the morphology of
the film. This is in good agreement with the results obtained
by Raman spectroscopy, where also no changes were ob-
served after annealing in an N2 environment (see earlier).

In contrast, annealing in the presence of water leads to
significant spectral changes in the core level spectra. The Cl
2p signal in Fig. 3c disappears, which indicates that the Cl is
completely removed at least for the related XPS probing
depth of about 7 nm. A further hint at a change in the
chemical bonding of the metal atom is an energy shift of
the corresponding Al 2p core level spectra towards lower
binding energies by about 0.7 eV. Such chemical shifts to
lower binding energies in XPS point to a higher electron
density at the central atom, which might be expected for
(PcAl)2O (since oxygen is neighbored by two Al atoms).
Even though the description with a single doublet does not
result in optimal peak fitting results (see the residuals), from
Raman data we rule out the presence of other oxidation
products such as Al–OH. Rather we ascribe the inhomoge-
neous broadening to a nonuniform environment (see later).

On the other hand, the shape of the C 1s peak does not
change drastically on the reaction in N2/H2O, and the binding
energy of C–H is still at 284.6 eV. The C–N peak is shifted
slightly to lower binding energies (200 meV), which might be
related to higher electron densities due to the new chemical
environment around the central atom. The absence of new
peaks in the C 1s (and N 1s) spectra indicates that the Pc ring

is not significantly altered in the course of the reaction. The
distinct broadening of the core level spectra might be due to a
nonuniform environment of the Pc macrocycles after the
reaction and/or the inhomogeneous adsorption of water.
Since the reaction proceeds in an N2/H2O environment ex-
cluding oxygen, we conclude from Raman and XPS data that
for the reaction from the polar AlClPc to the μ-(oxo)dimer
only water is needed, and oxygen from air does not seem to be
essential for the chemical reaction.

Influence of the reaction on the molecular orientation

The question now arises whether the chemical reaction
affects the molecular orientation in the film significantly.
Raman spectroscopy and NEXAFS spectroscopy have been
successfully applied recently to investigate the molecular
orientation in thin films even on relatively ill defined ITO
substrates [11, 20, 43]. We note that the different informa-
tion depth and Raman and NEXAFS spectroscopy were
recently also used for related systems such as perylene-
3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA)
and N,N'-dimethyl-3,4,9,10-perylene tetracarboxylic
diimide (DiMe-PTCDI) on GaAs (100) [44]. Another ex-
ample of the combined use of optical spectroscopies (IR
reflection–absorption spectroscopy) and NEXAFS is in the
investigation of the orientation of self-assembled mono-
layers on Au (111) [45].

First, we will discuss polarized Raman spectra taken in
parallel z xxð Þz and cross z xyð Þz polarization in Fig. 4
(notation corresponding to that in [46]). To describe the
molecular orientation, we use Euler coordinates [11, 43,

Fig. 3 Peak-fitted core level
spectra of AlClPc thin films on
ITO annealed in different
controlled environmental
conditions: as deposited,
annealed in an N2 environment,
annealed in an N2 environment
saturated with water, and
annealed under ambient
conditions. The intensities of
the particular core level have
been normalized to the
maximum of the corresponding
C 1s spectrum. The fits, with
the residuals below each fit, are
described in the text
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47, 48] but Cartesian coordinates [7, 9, 10, 49] can also
be successfully applied. If an azimuthally averaged orien-
tation model is assumed in an Euler coordination system,
totally symmetric modes (see Table 1) are uniquely sen-
sitive to the tilt angle ϑ of the molecule relative to the
substrate surface [11]. This angle is additionally compa-
rable to the tilt angles obtained with NEXAFS spectros-
copy discussed below.

The basic approach for the determination of the molecu-
lar orientation by Raman spectroscopy is known from the
literature [11, 43]. Since no azimuthal anisotropy of the
depolarization ratio ρ was observed, we applied the model
for an azimuthally averaged molecular orientation [11]. The
transformation from molecular to substrate coordinates is

performed followed by the azimuthal averaging around the
angle φ according to

I =?k ¼
Z2p

0

ejji � R f;ϑ;yð ÞT � A =?k
1g � R f;ϑ;yð Þ

� �
� e =?k

s

� �2
df:

The ratio between intensities measured using cross-
polarized and parallel-polarized light is defined as the de-
polarization ratio ρ and can be calculated from parallel-
polarized and cross-polarized Raman spectra [11, 43, 49].
The inclination angle of the molecule, i.e., the Euler angle ϑ,
is obtained by comparison of the experimental depolariza-
tion ratio with calculated values.

Figure 4a shows the polarized Raman spectra directly
after deposition of the AlClPc film, whereas the typical
spectra in Fig. 4b correspond to a film after the reaction.
The evaluated totally symmetric A1 (Fig. 4a) and A1g

(Fig. 4b) modes are marked with arrows. Initially, before
annealing, the depolarization ratio is about 0.08. This cor-
responds to an Euler angle ϑ of 52°, which is close to the
magic angle. This depolarization ratio points to less ordered
structures or strongly inclined molecules in the bulk as
recently discussed [11]. The depolarization ratio after the
reaction is about 0.07, corresponding to an Euler angle ϑ of
50°—similar to the initial value, indicating a less ordered
film. The values are related to the bulk of the film since
signals of the ITO background are found before and
after the reaction in the regions between 500 and
700 cm-1 and 900 and 1,300 cm-1. The Raman data
therefore indicate that the averaged molecular orienta-
tion in the AlClPc and (PcAl)2O thin film obtained by
annealing of the as-deposited film is not significantly
changed because of the reaction.

However, the orientation may change as function of the
film thickness or may be different at the interface or surface
[20]. Therefore, the surface-sensitive NEXAFS spectrosco-
py method was applied to investigate this question in more
detail. The surface sensitivity of NEXAFS spectroscopy
depends further on the detection mode used. In the case of
TEY mode, all electrons that emerge from the surface are
(indirectly) detected, and slow secondary electrons of about
5 eV dominate the signal. Since these electrons can escape
from the sample after several inelastic scattering processes,
they originate to a large extent from layers deeper than the
mean free path of the electrons. On the other hand, for PEY
detection, the retarding voltage of the detector determines
the kinetic energy of the electrons (in our case higher than
350 eV), and essentially specific Auger electrons are
detected. This results in a sampling depth of about 1–2 nm
for PEY NEXAFS spectroscopy and about 10 nm for TEY
NEXAFS spectroscopy [50]. The different information
depth of all methods is illustrated in Fig. 5: Whereas the

Fig. 4 Example of polarized Raman spectra of an AlClPc film before
annealing (a) and after the reaction (b). The totally symmetric A1/A1g

modes which are used for the orientation analysis are marked with
arrows
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laser beam in Raman spectroscopy penetrates through the
whole film, TEY and PEY in NEXAFS spectroscopy are
sensitive to the uppermost layers (see earlier).

For Pcs, the molecular orientation can be probed by mon-
itoring the relative intensities of N 1s–π* excitations [20]. The
spectral features at photon energies below 402 eV correspond
essentially to N 1s → π* transitions and at photon energies
above 402 eV they are described mainly by N 1s → σ*
transitions [11, 20]. For a more detailed characterization of
the resonances, we refer to the literature [51, 52].

N K-edge absorption spectra were taken from AlClPc
films before and after the reaction in TEY mode and PEY
mode. Selected spectra are displayed in Fig. 6 as a function
of the incidence angle of the p-polarized synchrotron radia-
tion for θ=10° (grazing incidence) and θ=90° (normal inci-
dence). Changes of the linear dichroism are more clearly
visible in the corresponding difference spectra (90° - 10°).
The spectra of the as-deposited film show a similar tendency
for both modes (TEY, PEY): the maxima of the N 1s–π*
excitations are observed at grazing incidence (θ=10°) in
Fig. 6a, pointing to a preferential orientation of the molec-
ular plane perpendicular to the substrate surface (preferred
lying absorption geometry). After the reaction, the dichro-
ism appears weaker (Fig. 6b) in particular for spectra taken
in TEY mode.

Comparing the relative intensities at 90° and 10° gener-
ally allows the estimation of the molecular tilt angle under
the assumption of a uniform molecular tilt in the probed
sample area and depth; we obtained about 40-45° with
respect to the substrate surface. We note, however, that even
small systematic errors (inhomogeneous sample, contributions
of differently polarized transitions, background correction and
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Fig. 5 The probing depth for the different measurements: Raman, total
electron yield (TEY), partial electron yield (PEY)

Fig. 6 a, b Near-edge X-ray absorption fine structure spectra with
included difference spectra of AlClPc for the as-deposited film (a) and
after annealing (b). The upper panels show spectra measured in TEY
mode, and the lower panels show spectra measured in PEY mode. The
angles given denote the incidence angle of the incoming p-polarized
light relative to the substrate. c Angular dependence of the intensity of

the π* resonances for the as-deposited film and the annealed film. The
expected intensity profiles for lying and standing molecules are indi-
cated by the dotted line and the dashed line, respectively. The different
behavior of the intensities from spectra measured in TEY and PEY
modes points to a different orientation of the uppermost layer with
respect to the bulk
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normalization, unknown position and width of the step edge,
etc.) result in uncertainties, which are in particular large for
small molecular tilt angles, as discussed in [20]. The angular
dependence of the N 1s–π* resonance intensity is summarized
quantitatively for all measured angles in Fig 6c. The expected
functional behavior for perfectly lying and standing molecules
assuming a polarization degree of 100 % is plotted as broken
lines in Fig. 6c. A tendency for lying molecules is observed
for the film before and after the deposition since the angular
dependence follows the dotted line for lying molecules, indi-
cating that there is a preferential orientation within the upper
10 nm of the film (with a lower degree of ordering). It is
clearly seen that the TEY and PEY intensities show a similar
behavior for the as-deposited film.

In contrast, after the reaction, the angular dependencies
of the TEY and PEY resonances show a different evolution;
the angular dependence of the TEY resonances (more sen-
sitive to the bulk) is less pronounced and indicates less
ordered structures similar to the observation using Raman
spectroscopy. The angular dependence of the PEY reso-
nances on the other hand (sensitive for the layers close to
the surface) is nearly similar to the as deposited film. The
differences in the dependence of the molecular orientations
on the film thickness might be related to the reorganizational
ability of the Pc molecules. Because of the high temperature
(300 °C), the molecules may have enough energy to
rearrange themselves during the reaction. Because of greater
steric hindrance, the molecules in the bulk appear to be less
able to rearrange themselves during the reaction, whereas
molecules at the surface arrange themselves in a favored
geometry comparable to the situation before the reaction.
Thus, the molecular orientation seems to be maintained
especially close to the surface even after a chemical
reaction.

Conclusions

In summary, we investigated the behavior of the dimeriza-
tion of the polar AlClPc to (PcAl)2O in thin films on ITO
using XPS and Raman spectroscopy. From the annealing in
controlled environmental conditions, we conclude that the
reaction from AlClPc to (PcAl)2O occurs in a water envi-
ronment. Since the presence of oxygen was avoided at
temperatures were the oxidation occurs, our data indicate
that oxygen from air is not essential for the reaction. The
comparative analysis of the theoretical Raman spectra with
experimental ones allows clear identification of bands sen-
sitive to the reaction.

The different information depth of PEY, TEY, and Raman
spectroscopy offers a route to distinguish between the mo-
lecular orientation at the surface and in the bulk. Generally,
a low degree of ordering of AlClPc in thin films on ITO is

found in the bulk, whereas close to the surface NEXAFS
data show a tendency for lying molecules. The orientation of
the uppermost molecules can be partly maintained during
the reaction from AlClPc to (PcAl)2O; most likely the
molecules may “rearrange” themselves after the chemical
transformation.

For a possible application of AlClPc in devices, it would
be very important to protect the materials from water in
combination with high temperatures. On the other hand,
ultrathin films of oriented (PcAl)2O might be prepared on
substrate surfaces by a reaction of annealed AlClPc in a
humid environment.
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