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Dye-sensitized solar cells are potentially inexpensive alternatives to traditional semiconductor solar
cells. In order to optimize dyes for solar cells we systematically investigate the electronic structure
of a variety of porphyrins and phthalocyanines. As a biological model system we use the heme
group in cytochrome c which plays a role in biological charge transfer processes. X-ray absorption
spectroscopy of the N 1s and C 1s edges reveals the unoccupied molecular orbitals and the
orientation of the molecules in thin films. The transition metal 2p edges reflect the oxidation state
of the central metal atom, its spin state, and the ligand field of the surrounding N atoms. The latter
allows tuning of the energy position of the lowest unoccupied orbital by several tenths of an eV by
tailoring the molecules and their deposition. Fe and Mn containing phthalocyanines oxidize easily
from +2 to +3 in air and require vacuum deposition for obtaining a reproducible oxidation state.
Chlorinated porphyrins, on the other hand, are reduced from +3 to +2 during vacuum deposition at
elevated temperatures. These findings stress the importance of controlled thin film deposition for
obtaining photovoltaic devices with an optimum match between the energy levels of the dye and
those of the donor and acceptor electrodes, together with a molecular orientation for optimal overlap
between the  orbitals in the direction of the carrier transport. © 2009 American Institute of
Physics. 关doi:10.1063/1.3257621兴
I. MOTIVATION

The key challenge to photovoltaic power generation is
reducing cost. To this end one can pursue two avenues, i.e.,
increase the efficiency or reduce the cost. Organic molecules
in dye-sensitized solar cells1–12 potentially pursue both avenues by using the tunability and low cost of organic molecules. The idea is to reproduce the light-harvesting and
charge transfer properties of biomolecules in simpler organic
molecules that contain transition metal centers similar to
those in complex metalloproteins. While photosynthesis in
plants is not very efficient overall 共of the order of 1%兲, certain reaction steps are very efficient—notably the initial
electron-hole separation. The electronic properties of organic
molecules are tunable via attaching functional groups. They
can be processed roll to roll at low temperatures and the
abundance of the raw material should yield low production
and material costs.
Metalloproteins involved in electron transport and photosynthesis are characterized by an active center containing a
3d transition metal atom 共Mn, Fe兲 or an alkaline earth 共Ca,
Mg兲. The metal is surrounded by a cage of four to six atoms
共typically nitrogens兲. Examples are chlorophyll, hemoglobin,
myoglobin, various heme groups, and cytochromes. Photosystem II contains four Mn atoms surrounding a Fe atom.
The electrons in the 3d shell of the transition metal are able
to change their oxidation state readily and thereby facilitate
the separation of electron and hole. Porphyrin derivatives
with the 4d transition metal ruthenium have been used
a兲
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widely for dye-sensitized solar cells. Unfortunately the scarcity of these high Z elements will make scaling up the production of such solar cells prohibitive. Consequently we follow nature and use the 3d transition metals.
The active center of metalloproteins can be reproduced
in a variety of small organic molecules, such as porphyrins,
phthalocyanines, and their derivatives. In their native state
they contain a divalent metal atom surrounded by a planar,
fourfold nitrogen cage. The metal atom can be oxidized from
the +2 to the +3 oxidation state by electronegative ligands
above and below the metal 共for example, Cl and CO兲.
Thereby the highest occupied molecular orbital 共HOMO兲 can
be shifted between the transition metal and the neighboring
nitrogen ligands.13,14 That provides an opportunity to control
the location and separation of electron and hole inside the
molecule. Further tailoring of the electronic structure can be
achieved by attaching ligands to the outer part of the cloverleaf structure. Particularly important for photovoltaics are the
energies of the HOMO and the lowest unoccupied orbital
共LUMO兲. They define the band gap which controls the optical absorption spectrum, and their lineup with the energy
levels of the acceptor and donor electrodes controls the separation of electrons and holes. To reduce losses in the charge
separation process and thereby increase the open circuit
voltage15 it is desirable to reduce the energy offset of the
molecular orbitals in the absorber molecule and the donor/
acceptor electrodes while retaining enough of a potential gradient to drive charge separation. An analogous relationship
has been found in organic light-emitting diodes 共LEDs兲 be-
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tween the driving voltage and the position of the HOMO by
using various metal phthalocyanines as hole-transporting
layer.16
The aim of this work is to systematically explore the
electronic structure of biomimetic dye molecules by determining their unoccupied orbitals. This is accomplished by
near edge x-ray absorption fine structure 共NEXAFS兲 spectroscopy, which measures optical transitions from a specific
core level to the lowest unoccupied molecular orbitals including the LUMO. By choosing the metal 2p or the nitrogen
1s core level it is possible to discriminate between orbitals
localized at the metal atom and at the surrounding nitrogen
cage. From the multiplet structure of the metal 2p edge it is
possible to obtain the oxidation state, the spin state, and the
ligand field of the metal atom. This can be achieved by comparison to systematic calculations17–23 or by using reference
spectra from model compounds as fingerprints of particular
oxidation states and bonding configurations.22–25 The spin
state of the metal atom is also reflected in the multiplet structure. In phthalocyanines a simple relation of the spin state to
the branching ratio between the 2p3/2 and 2p1/2 absorption
edges has been found.26 Thus, a systematic study of the
NEXAFS spectra of biomimetic dye molecules provides a
starting point for establishing a database for the associated
electronic energy levels and electronic properties. Such a database will be helpful for establishing a tight feedback loop
between the design and synthesis of dye molecules and their
photovoltaic properties. Ideally, such a program will make it
possible to proceed from trial and error to a rational design
of tailored molecules for photovoltaics and other optoelectronic applications.

II. EXPERIMENTAL
A. Sample preparation

Various types of metal phthalocyanine 共M-Pc兲, and metal
octaethyl-porphyrin 共M-OEP兲, as well as equine heart cytochrome c were obtained as powders from Sigma-Aldrich.
Three types of samples were prepared: 共i兲 powders embedded in carbon tape, 共ii兲 solutions dried on silicon wafers, and
共iii兲 thin films deposited in ultrahigh vacuum onto silicon
wafers passivated by their native oxide.
Solutions of Ni-Pc, Cu-Pc, and MnCl-OEP samples were
produced mainly using ethanol after testing a few other solvents. Cytochrome c samples were made both as powder on
carbon tape and also dried water solution. The solutions were
dried quickly on a Si共111兲 with native oxide to minimize the
formation of thick crystallites.
Thin films of MnCl-Pc, Fe-Pc, FeCl-Pc, Co-Pc, MnOEP, FeCl-OEP, and Co-OEP were produced by sublimation
in ultrahigh vacuum from a tantalum Knudsen cell. The substrates were Si共111兲 wafers covered with the native oxide of
about 1 nm thickness. Typical sublimation temperatures for
M-Pc were ⬃430 ° C and for M-OEP ⬃270 ° C. The MnOEP sample started as MnCl-OEP powder, but was sublimated at 455 ° C which is enough to desorb the Cl. The
temperature of the Knudsen cell was monitored with a ther-

mocouple with an accuracy of ⫾10 ° C. The resulting spectra
were independent of the thickness of the film after normalizing the overall intensity.
Film purity was monitored by examining N 1s NEXAFS
spectra taken versus evaporation time and temperature. During the initial phase of the evaporation of phthalocyanines, a
more volatile impurity was found that exhibited a characteristic ⴱ transition at 399.5 eV photon energy. It gave way to
sublimation of the stable molecule. There was no clear evidence of less volatile residues when the Knudsen cell was
heated to higher temperatures after complete evaporation of
the molecules. For high purity films a shutter blocked the
initial impurity from being deposited.
B. NEXAFS technique

NEXAFS spectroscopy detects optical transitions from a
core level to unoccupied valence orbitals, most notably to the
LUMO that corresponds to the acceptor level in an organic
solar cell. The binding energy of the core level identifies a
specific element and provides clues about its charge state via
the chemical core level shift. The core level binding energy
can be measured independently by photoelectron spectroscopy. By subtracting the core level binding energy from the
NEXAFS transition energy one can obtain an estimate of the
energy position of the unoccupied orbital. However, the interaction between the excited valence electron and the core
hole shifts the NEXAFS transition energies downward by an
unknown amount which depends on the localization of the
valence electrons. Nevertheless, a comparison of NEXAFS
transition energies for similar transitions in related molecules
can be used at the C 1s and N 1s edges to detect systematic
trends in the position of the LUMO. For a highly localized
transition, such as the transition metal 2p-to-3d edge, a
proper calculation of the atomic multiplet structure induced
by the electron-hole interaction is required.
The absorption coefficient is measured indirectly by detecting decay products of the core hole, such as Auger electrons and secondary electrons in the total electron yield
共TEY兲 and soft x-ray photons in the fluorescence yield 共FY兲.
These signals are proportional to the absorption coefficient
as long as the escape depth or the thickness of a thin film
sample is small compared to the absorption length of the
incoming photons. TEY detection generally operates in this
linear regime since the mean free path of electrons
共1–10 nm兲 is small compared to the absorption length of soft
x rays 共0.1–1 m兲. FY detection does not always satisfy this
criterion since the absorption lengths of incoming and emitted soft x rays are comparable. For quantitative intensity ratios, such as those in Table I, we use TEY detection. FY
detection is used to improve the signal/background ratio by
filtering out fluorescence from the substrate and selecting the
fluorescence from a particular atom.
The most detailed information about the electronic structure 共oxidation state, spin state, and crystal field兲 can be obtained from the transition metal 2p absorption edge, which is
dominated by the 2p-to-3d transitions. The 2p level is by far
the sharpest core level of the 3d transition metals with an
intrinsic Auger lifetime broadening of a few tenths of an eV.
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TABLE I. The 2p3/2 / 2p1/2 intensity ratio and peak positions for the 2p-to-3d
transitions of phthalocyanines, porphyrins, and cytochrome c. The intensity
ratio is determined from the area under the TEY spectra after subtracting the
2p-to-4s continuum 共with an accuracy of about ⫾0.2兲.

Molecule
MnCl-Pc
Mn-OEPa
MnCl-OEP
Fe-Pc
FeCl-Pc
FeCl-OEP
Co-Pc
Co-OEP
Ni-Pc
Ni-OEP
Cu-Pc
Cytochrome c
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Intensity ratio 关2p3/2 / 2p1/2兴
2.3
4.2
2.3
3.1
3.2
4.0
3.4
2.7
b

2.0
b

2.0

2p3/2 peak positions
共eV兲
639.7, 640.8, 642.2
640.0, 643.4
639.7, 640.8, 642.0
706.8, 708.5, 709.3
707.1, 708.8, 709.6
709.2
777.7, 779.7, 781.0
777.6, 779.3, 780.6
854.1, 855.5, 856.3
853.6, 855.6
931.6
707.1, 709.3, 712

a

From MnCl-OEP with the chlorine desorbed in the deposition process.
The intensity ratio is not given because only FY data are available. In that
case the intensity ratio is altered by two effects: self-absorption of the 2p1/2
fluorescence by the 2p3/2 absorption increases the ratio. Saturation of the
2p3/2 peak in thick films decreases the value 共and dominates in our measurements兲.
b

The sensitivity to the 3d states and the narrow width make
the 2p edge ideal for extracting the most detailed chemical
information about the transition metal center in biomimetic
dye molecules.
A full analysis of the fine structure of the transition metal
2p multiplets 共such as those in Fig. 1兲 requires theoretical
modeling.17–23 There are several interactions to be taken into
account, such as the screened Coulomb/exchange interaction
of the 3d electrons with the 2p core hole and among each
other, as well as the ligand field interaction between the 3d
electrons and the crystal field induced by the surrounding N
atoms. The Coulomb/exchange interaction is sensitive to the
oxidation state 共here +2 versus +3兲 and to the spin state. The
ligand field interaction is determined by the symmetry group
and by parameters for the interaction strength. Phthalocyanines and porphyrins exhibit fourfold planar symmetry
共D4h兲, in contrast to cytochrome c where atoms above and
below the plane establish a three-dimensional crystal field. A
further refinement is the inclusion of configuration
interaction,23 which considers ionic states with charge transfer between the transition metal and its ligands 共here N兲. In
the following we will use either published multiplet calculations for our assignments or a simple fingerprinting analysis
by comparison with spectra from reference compounds.22–25
A detailed calculation of the NEXAFS spectra will be pursued separately.
C. Beamline details and calibration

The measurements were performed at two beamlines at
different synchrotron light sources, the VLS PGM at the
SRC and Beamline 8.0 at the ALS. A KBr-coated channel
plate with an Al filter was used for FY detection. The filter
discriminates against the Si substrate emission because the
Al 2p edge absorbs the redshifted Si 2p fluorescence.

Radiation damage was avoided by minimizing the exposure to synchrotron light, for example, by working with narrow slits, using variable energy spacing of the data points to
focus on the key features, taking a series of spectra to detect
changes, closing a shutter between spectra, and spreading the
light over an area of 3 ⫻ 5 mm2 at the ALS 共0.1⫻ 1 mm2 at
the SRC兲. The most radiation-sensitive spectral feature was
the ⴱ orbital of the peptide bond in cytochrome c. This and
other radiation effects will be reported separately.27
All data were calibrated by spectra from reference
samples using literature values of peak positions. The calibration was transferred to nearby photon energies by assuming a constant wavelength shift. Carbon 1s spectra were calibrated to the 285.35 eV ⴱ peak of graphite, nitrogen 1s
spectra to the 458.2 eV 2p-to-3d peak of TiO2 共rutile
powder兲,28 and metal 2p spectra to the 852.6 eV 2p-to-3d
peak of a nickel mesh in the beamline.29 The Cu 2p FY data
were calibrated to the 931.6 eV peak of Cu-Pc.30 The absolute accuracy of the photon energies is about ⫾0.2 eV, the
relative accuracy within a spectrum about ⫾0.05 eV.
The sample current is first divided by the current measured from a Au mesh in the beamline to account for changes
in the x-ray flux. The Au mesh is periodically refreshed by in
situ deposition of new Au onto the mesh. A linear fit based
on the pre-edge region is then subtracted from the data to
remove the background caused by lower energy transitions.
The metal 2p spectra within a given panel are normalized to
keep the 2p3/2 peak areas constant. The carbon and nitrogen
1s spectra are normalized to have a constant step size from
the pre-edge to the continuum level. This corresponds to a
normalization per C 共or N兲 atom.
III. NEXAFS RESULTS

In the molecules discussed here, the HOMO and LUMO
are formed either from the nitrogen cage or from the transition metal atom. The close proximity of these orbitals and
their significant overlap facilitate electron transfer. This
transfer can be controlled by adjusting the orbital energies
via ligands.13,14 In the following, we will first discuss the
results concerning thin file oxidation and molecular orientation and proceed to a comparison of the transition metal 2p
edges and finally the N and C 1s edges.
A. Thin film oxidation

Figure 1 demonstrates the effect of sample preparation
on the oxidation state of Fe-phthalocyanine. A thin film
sample deposited by evaporation in ultrahigh vacuum exhibits a Fe 2p multiplet structure characteristic of Fe2+ 共see
Secs. III C 1 and III C 2 for the assignment兲. This is the native oxidation state of metals in phthalocyanines and porphyrins 共without chlorination兲. The Fe2+ peak at 706.8 eV gradually disappears after bringing the sample up to air for half a
day to a full day 共see the two central spectra in Fig. 1兲. As the
Fe2+ peak disappears a new peak at 709.3 eV appears that is
characteristic of Fe3+. The bottom spectrum in Fig. 1 is from
a dried ethanol solution of as-received Fe-Pc powder and
consists almost exclusively of Fe3+. Fe-Pc powder embedded
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in carbon tape gives a similar spectrum. This indicates that
the Fe-Pc is oxidized within the probing depth, which is
about 5 nm in the TEY detection mode.
The occurrence of different oxidation states in Fe-Pc depending on the preparation method clearly has consequences
on the fabrication of biomimetic solar cells. This situation is
reminiscent of the role of water contamination in shortening
the lifetime of organic LEDs. It long hampered the production of practical organic LEDs but was eventually solved by
proper preparation and sealing methods. Our measurements
suggest that biomimetic solar cells could be improved as
well by controlling oxidation of thin dye films.
For transition metals with higher atomic number Z than
Fe, we find that phthalocyanines and porphyrins are more
stable in the +2 oxidation state while for smaller Z the +3
oxidation state is favored via oxidation in ambient air. This
trend is in line with the decreasing electronegativity of transition metals toward the left of the series.
B. Molecular orientation

Molecular orientation information in deposited films is
obtained from the polarization dependence of the C 1s and N
1s absorption edges 共Fig. 2兲. Optical dipole selection rules
for transitions from the 1s core level to the 2p valence orbitals allow transitions for the component of the electric field
vector parallel to the orientation of the 2p orbital. As shown
in Fig. 2, the transitions into the lowest ⴱ orbitals are most
intense for normal incidence. In that situation the electric
field vector lies parallel to the surface and excites ⴱ orbitals
oriented parallel to the surface in the same direction. Since
the ⴱ orbitals are perpendicular to the plane of the mol-
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FIG. 1. The Fe 2p absorption edge from differently prepared Fephthalocyanine 共Fe-Pc兲 samples. Vacuum deposited Fe-Pc exhibits the native Fe2+ oxidation state 共top兲. As the sample is exposed to air, the spectrum
becomes a mixture of the Fe2+ and Fe3+ multiplets 共shown for exposures of
1
2 and 1 day兲. A dried ethanol solution of Fe-Pc consists almost completely
of Fe3+ within the probing depth of about 5 nm.

Σ

0.8

(b)

290
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FIG. 2. The polarization dependence of the ⴱ and ⴱ orbitals of a vacuum
deposited Fe-Pc film at the N 1s and C 1s absorption edges 共top and bottom兲. The maximum of the ⴱ intensity at normal incidence 共 = 0°兲 indicates preferential orientation of the molecular plane perpendicular to the
surface. The insets show the intensity of the lowest ⴱ peak as a function of
cos2共兲 using p polarization. The maximum is normalized to 1.

ecule, this observation implies a preferential orientation of
the molecular plane perpendicular to the surface, which is
typical for the orientation of thick films on oxides31 and other
inert surfaces. Our films are many layers thick. Such perpendicular orientation is also found for other molecules consisting of -bonded rings. An example is pentacene, where the
molecular plane is perpendicular to the surface for thick
films, but parallel for a monolayer on a reactive surface.
The molecular orientation can be quantified by modeling. A perfectly parallel orientation of all ⴱ orbitals would
give rise to a cos2共␣兲 intensity distribution, where ␣ is the
angle between the electric field vector and the dynamic dipole of the orbital. Since one measures only one free variable
共the polar angle 兲, one needs to make specific assumptions
about any additional structural parameters to model the system. Here we refrain from making such assumptions and
conclude only qualitatively that the slope of the intensity
versus cos2共兲 curves in the inset determines the 共modeldependent兲 order parameter. A slope of 1 would correspond
to perfect orientation of the molecular plane perpendicular to
the surface, i.e., all ⴱ orbitals are oriented parallel to the
surface. For the lowest ⴱ orbital we measure slopes of 0.7
共at the C 1s edge兲 and 0.8 共at the N 1s edge兲. The polarization dependence of the ⴱ orbitals is opposite to that of the
ⴱ orbitals at the C 1s edge, as one would expect from the
orthogonal orientation of ⴱ versus ⴱ orbitals. At the N 1s
edge this effect is less pronounced. When comparing different molecules and preparation conditions we find substantial
variations in the slope of the polarization dependence, i.e.,
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the degree of orientation. Clearly there is room for optimizing film quality in the fabrication of dye-sensitized solar
cells.
The observed perpendicular orientation of the molecules
on SiO2 is unfavorable for photovoltaic applications where
carrier transport takes place perpendicular to the thin film.
Orientation parallel to the surface is preferable so that the 
orbitals of adjacent molecules overlap optimally. This orientation can be achieved by molecular buffer layers,31 which
suggest an extension of NEXAFS studies to multilayer systems.

Fe2p TEY Absorption
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Cytochrome c

C. Transition metal 2p edges

A systematic series of 2p absorption edges for 3d transition metals was published rather early for phthalocyanines.32
The transition metal 2p edges varied for different metals
while the N 1s edges were rather similar. More recently, it
has become possible to resolve considerable fine structure
with state-of-the-art photon sources and monochromators, as
demonstrated in individual case studies for phthalocyanines
and porphyrins.19,30,33–38 The corresponding core level binding energies36–41 have been determined in some cases by
x-ray photoelectron spectroscopy, and the valence states by
soft x-ray emission spectroscopy,33–37 photoemission,38,42,43
inverse
photoemission,44
and
scanning
tunneling
spectroscopy.45,46 Analogous NEXAFS studies exist for
porphyrins.38,47–50
Here we present a systematic study comparing phthalocyanines and porphyrins—covering a significant part of the
3d metal series. For comparison with biomolecules we add
Fe 2p and N 1s spectra for cytochrome c, a metalloprotein
that plays a role in reducing photo-oxidized donors in lipid
membranes.12,23 To our knowledge only the much broader Fe
1s edge has been reported for cytochrome c.51–55
While fingerprinting methods provide quick information
about the oxidation state from the raw data, there is a lot
more to be learned from proper theoretical modeling, as discussed in Sec. II B. There are indications that one can also
estimate the spin structure from the area ratio of the peaks at
the 2p3/2 and 2p1/2 edges, using calculation for phthalocyanines as a guide.26 In that case it was found that the high spin
共quintet兲 configuration has a 2p3/2 / 2p1/2 ratio larger than the
statistical values 2/1, and the intermediate spin 共triplet兲 configuration a smaller ratio. In Fe-porphyrin the intermediate
spin 共triplet兲 configuration is the ground state.56 For possible
use in determining the spin configuration we list the experimental peak positions and intensity ratios in Table I. These
were obtained from the spectra in Figs. 3–5 by subtracting
the 2p-to-4s continuum, which was approximated both by a
straight line and by the integral of the spectrum 共normalized
to the continuum above the 2p edge兲 with good agreement. It
would be interesting to see whether a correlation between the
intensity ratio and the spin state can be found for hemelike
configurations as well.
1. Cytochrome c Fe 2p edge

Cytochrome c contains a heme core surrounded by a
protein shell containing 104 amino acids, as shown in Fig. 3

700

705

710

715
720
Photon Energy eV

725

730

FIG. 3. The Fe 2p NEXAFS spectrum of cytochrome c. The molecular
structure consists of a protein skeleton of 104 amino acids surrounding a
heme group 共see insets; Fe is red, N is blue, S is yellow, and C is black兲. The
signal from the single Fe atom is detected among a background of about a
thousand other atoms. The position of the main peak is similar to that in
Fe3+ compounds in Figs. 4 and 5.

共insets兲. Such heme groups are also found in other biomolecules, such as hemoglobin and myoglobin. These are responsible for charge transfer reactions where the heme cycles
between Fe2+ and Fe3+.23 The heme core resembles the porphyrin structure with a central Fe atom and four surrounding
N atoms, but it also exhibits extra out-of-plane ligands, a
nitrogen above the Fe, and a sulfur below 共blue and yellow at
the left inset of Fig. 3兲. That makes the structure three dimensional and breaks the mirror symmetry about the porphyrin plane.
The Fe 2p spectrum of cytochrome c in Fig. 3 has a
dominant peak located at 709.2 eV. The remainder of the
2p3/2 multiplet consists of a sharp but small peak at 707.1 eV
and a broad shoulder at ⬃712 eV. In the absence of a multiplet calculation including the ligand field appropriate to cytochrome c, one can consider a simple fingerprinting analysis
via reference molecules. A comparison between Fe2+ in ferrocene and Fe3+ in ferrocenium immobilized at a surface24
produces reference spectra for different oxidation states of
the same molecule. Both oxidization states exhibit doublets
consisting of a strong and a weak peak. In Fe2+ the low
energy peak dominates 共at 708.5兲, and in Fe3+ the high energy peak 共at 709.3eV兲. This trend is also seen in Fig. 1 when
going from vacuum deposited to oxidized Fephthalocyanine, i.e., from Fe2+ to Fe3+. Judging from such a
qualitative comparison the oxidation state is Fe3+ in cytochrome c.
A more detailed analysis of the Fe 2p multiplet structure
in cytochrome c can be made using a systematic study of
molecules containing Fe3+, such as Fe共acac兲3, 关FeCl6兴3−,22
and 关Fe2共salmp兲2兴0.57 All of these compounds have threedimensional character with six ligands surrounding the central Fe. This is also true of cytochrome c. Phthalocyanines
and porphyrins, on the other hand, have planar, fourfold coordination in the +2 oxidation state and fivefold in the +3
oxidation state.
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FIG. 5. Similar to Fig. 4 but for porphyrins instead of phthalocyanines. A
Mn3+ multiplet is obtained from an ethanol solution of MnCl-OEP at room
temperature, while a Mn2+ multiplet is obtained after desorbing Cl via
vacuum deposition of MnCl-OEP at the elevated temperature of 455 ° C.
The multiplet structures of Mn2+ in Mn-OEP and Fe3+ in FeCl-OEP are
similar because these are isoelectronic 3d electron configurations.
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FIG. 4. The transition metal 2p edges from phthalocyanines. The multiplets
correspond to the +2 oxidation state for the Pc’s and to +3 for chlorinated
Pc’s.

2. Phthalocyanine metal 2p edges

After analyzing the NEXAFS spectrum of a biologically
active molecule we proceed to simple organic molecules that
mimic the active heme group, specifically phthalocyanines
and porphyrins. Figure 4 shows the 2p NEXAFS spectra for
a series of phthalocyanines, while Fig. 5 presents similar
spectra for porphyrins. Generally, one finds similar dominant
peaks in the multiplets for phthalocyanines and porphyrins,
as long as the metal atom and its oxidation state are identical.

The latter depends strongly on the sample preparation
method, as shown in Sec. III A 共Fig. 1兲. The native oxidation
state of the transition metal is +2 in both phthalocyanines
and porphyrins, and +3 in their chlorinated modifications.
In the following we discuss the 2p multiplet structures
for phthalocyanines containing 3d metals from Mn to Cu.
Chlorinated Mn-phthalocyanine 共MnCl-Pc兲 exhibits the characteristic three-peak Mn3+ multiplet 共obtained from calculations of Mn in various oxidation states in Ref. 21兲. We find a
nearly identical multiplet for commercially available Mn-Pc
itself 共not shown兲, even when evaporated in ultrahigh
vacuum. This indicates that Mn-Pc is heavily oxidized in air,
and that the oxygen is bound so strongly that it does not
desorb during evaporation. Comparing this observation with
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the behavior of Fe-Pc in Fig. 1 indicates that oxygen seems
to be bound more strongly to Mn-Pc than Fe-Pc. That is in
line with its lower electronegativity. A Mn2+ multiplet was
obtained by evaporating MnCl-OEP at an elevated temperature; see Sec. III C 3.
The multiplet structures of Fe2+ versus Fe3+ have already
been introduced with Fig. 1. Essentially, the main 2p3/2 peak
shifts up by 2.5 eV going from Fe2+ to Fe3+. Both the native
and the chlorinated Fe-Pc are fairly stable. The spectrum of
as-received FeCl-Pc powder in Fig. 4 exhibits a remnant of
the Fe2+ peak at 706.9 eV 共compare Fig. 1兲. When FeCl-Pc is
deposited by vacuum sublimation at 455 ° C, this remnant of
the Fe2+ peak doubles in height, indicating partial conversion
of Fe3+ to Fe2+ by desorption of Cl 共not shown兲.
Going from Fe-Pc to Co-Pc and beyond, the native +2
configuration becomes much more stable against oxidation.
The +3 oxidation state cannot be detected anymore, even
after long exposure to air. From Co-Pc to Ni-Pc and Cu-Pc
the multiplets become narrower and less structured, ending
up with a single peak for Cu-Pc. This is due to the decreasing
number of 3d holes that couple to the 2p core hole. For Cu2+
there is only one 3d hole left, leading to a single peak 共compare Refs. 30 and 33兲. As the number of 3d holes shrinks, the
empty 4s continuum states become visible between the sharp
3d transitions.
3. Porphyrin metal 2p edges

Figure 5 shows transition metal 2p NEXAFS spectra of
Mn, Fe, Co, and Ni porphyrins, to be compared to those for
phthalocyanines in Fig. 4. Generally, one finds rather similar
multiplets, but with changes in the intensity ratios and slight
variations in the peak positions. This indicates a small but
measurable change in the crystal field which can be used to
tailor molecules for applications in photovoltaics.
As for Fe-Pc in Fig. 1, different preparation conditions
produce different oxidation states for MnCl-OEP 共see the top
panel of Fig. 5兲. When thin films of MnCl-OEP are crystallized from ethanol solution on a silicon wafer, the Mn 2p
multiplet is characteristic of the +3 oxidation state 共compare
MnCl-Pc in Fig. 4 and the calculated multiplet structures for
Mn in various oxidation states21兲. This oxidation state is expected from the chlorination of MnCl-OEP. However, MnClOEP is reduced from +3 to +2 when evaporated in vacuum at
a temperature of 455 ° C 共as opposed to 270 ° C for the other
OEPs兲. The oxidation state is again inferred from calculated
multiplets in Ref. 21, as well as Mn2+ in Mn-doped ZnS
共Ref. 25兲 共which has the hexagonal wurtzite structure with a
locally tetrahedral ligand field兲. The reduction during high
temperature evaporation is likely due to desorption of Cl.
This effect needs to be considered in the fabrication of photovoltaic devices. It is interesting to note that the spectrum
for reduced MnCl-OEP is very similar to the spectrum of
dried photosystem II reported in Ref. 21.
Comparing the Mn2+ and Mn3+ spectra, one finds an upward shift of the dominant peak. That is analogous to the
upward shift of the dominant peak when going from Fe2+ to
Fe3+ 共Figs. 1 and 4兲. Such an upward shift is not unexpected
because the higher oxidation state generates a positive potential that increases the binding energy of the 2p core level.
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Although a quantitative explanation is much more involved,
it might be worth investigating how far such a crude estimate
of the oxidation state can be extended.
Comparing the Mn2+ spectrum with the Fe3+ spectrum
provides an opportunity to compare two isoelectronic systems. Coupling the same number of 3d electrons with the
2p3/2 core hole produces a similar multiplet structure, consisting of a single peak with weaker features in its tails. This
is in contrast to Mn3+ 共with one less electron兲 where one
observes three pronounced peaks and to Fe2+ 共with an extra
electron兲 where two strong peaks are observed. To pursue
this comparison further one might want to consider other
isoelectronic combinations, such as Fe2+ and Co3+ or Cr2+
and Mn3+. However, it is difficult to produce Co3+ and Cr2+
pthalocyanines/porphyrins since these oxidation states are
less stable. The Mn and Fe compounds are at the crossover
between the +2 and +3 oxidation states. That may also shed
light on the special role that they play for charge transfer in
metalloproteins.
When comparing transition metal spectra for the same
oxidation state, but different surroundings, we observe more
subtle changes in the peak intensities, energies, and splittings. Examples are Co-Pc versus Co-OEP and Ni-Pc versus
Ni-OEP. These are attributed to changes in the strength of the
ligand field. An even larger change is observed when adding
extra ligands above and below the four in-plane N atoms
when going to cytochrome c 共compare FeCl-Pc and FeClOEP versus cytochrome c, all in the +3 oxidation state兲. In
that case not only the strength of the ligand field changes but
also the symmetry group 共from planar to three dimensional兲.
D. Nitrogen and carbon 1s edges

The nitrogen 1s edge provides information about the nitrogen cage surrounding the transition metal. Their  and ⴱ
orbitals compete with the 3d electron levels for the HOMO
and LUMO, depending on the oxidation state.16 While the
fine structure of the transition metal 2p edge is strongly influenced by the atomic multiplet splitting between the 3d
electrons and the 2p core hole,17,22,23 the N 1s edge better
represents the density of states of the unoccupied orbitals
共compare the density functional calculations of Alq3 NEXAFS spectra58兲. The absolute optical transition energy of the
observed LUMO is still shifted down by the electrostatic
interaction with the N 1s core hole, but one can assume that
this electron-hole interaction does not depend strongly on the
neighboring transition metal.
Characteristic N 1s NEXAFS spectra are shown in Fig. 6
for phthalocyanines, porphyrins, and cytochrome c 共compare
also the polarization-dependent N 1s spectra in Fig. 2, top
panel兲. For the phthalocyanines and porphyrins, the shape of
the N 1s spectra does not depend much on the transition
metal atom 共even with chlorination兲. Only the transition energies are shifted slightly, requiring careful photon energy
calibration for meaningful comparisons.
The N 1s spectra of the porphyrins are simpler that those
of the phthalocyanines, exhibiting fewer peaks. That can be
understood qualitatively from the fact that there is only a
single cage of four equivalent N atoms in porphyrins while
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FIG. 6. Comparison of N 1s absorption spectra from an octathyl-porphyrin,
a phthalocyanine, and cytochrome c. The Mn-OEP and Fe-Pc spectra are
dominated by the transition to the lowest ⴱ orbital of the N-containing
aromatic rings, while the spectrum of cytochrome c is dominated by the
higher-lying ⴱ orbital of the peptide bond. It occurs at 103 locations in the
protein backbone and is not directly involved in photosynthesis. The porphyrin data are well described by the calculation for Zn-porphyrin in Ref. 49
共inset兲. Varying the transition metal and/or the sample preparation conditions
causes shifts of a few tenths of an eV in the LUMO of porphyrins, making
it possible to tailor the energy levels in dye-sensitized solar cells.

phthalocyanines have two such cages. The calculation in Ref.
49 describes the N 1s spectrum of porphyrins quite well, as
shown in the inset of Fig. 6. It uses the static exchange approximation which involves a combination of calculations
for the ground state and the excited state. The core hole is
taken into account by the ⌬SCF procedure. Other calculations have determined the charge densities of the lowest ⴱ
orbitals in porphyrins and phthalocyanines and, in particular,
their distribution over the transition metal atom and the surrounding nitrogen cage.59–63
Generally, the position of the N 1s-to-ⴱ transitions is
determined by both the N 1s core level binding energy and
the energy position of the unoccupied ⴱ level. An additional
downward shift by electron-hole interaction can be assumed
to be the same for different porphyrins. Experimentally we
find that the three lowest ⴱ peaks are almost identical for all
Pc’s 共398.6, 400.6, and 402.6 eV兲. For OEPs the two dominant ⴱ peaks vary by up to 0.5 eV 共located at 398.5 and
401.6 eV for Mn-OEP兲. In the OEPs there appears to be a
trend toward higher energy with increasing atomic number of
the metal. This energy variation is comparable to the variations observed in Ref. 64 for a different type of porphyrin.
The preparation method can also shift the transition by such
an amount, e.g., varying the evaporation temperatures. The
most likely origin of the shift is a change in the position of
the ⴱ orbital because it is delocalized and thus sensitive to

the rearrangement of neighbor molecules. This suggests that
the position of the LUMO can be tailored by a several tenths
of an eV for optimizing the level alignment in solar cells.
The biological analog cytochrome c displays a completely different N 1s spectrum 共Fig. 6 top兲. It is dominated
by a peak at 401.7 eV which corresponds to the ⴱ orbitals
of the 103 peptide bonds between the 104 amino acids. This
assignment is based on NEXAFS spectra of other
proteins.65,66 The lower-lying ⴱ orbitals of the N atoms in
the heme group nearly swamped by the large number of peptide bond orbitals.
The C 1s spectra mostly provide information about the
orientation of the molecules in thin films 共see Fig. 2 bottom
and Sec. III B兲. For the electronic structure the carbon edge
is less informative than the transition metal and nitrogen
edges because of the large number of inequivalent carbon
atoms. They are difficult to discern spectroscopically. If the
complex manifold of ⴱ and ⴱ orbitals can be unraveled,
the carbon edge might provide helpful information for tailoring the -to-ⴱ valence transitions. These dominate the
strong absorption of the dye molecules in the visible which is
important for covering the solar spectrum. It would be interesting to systematically explore changes in the C 1s and N 1s
spectra upon attaching functional groups to the molecules.
Such changes would provide feedback for tailoring the electronic properties, particularly the creation of electron-hole
pairs and their transport to an electrode.

IV. CONCLUSIONS AND OUTLOOK

As first step in the biomimetic optimization of molecules
for dye-sensitized photovoltaic cells we have performed a
systematic spectroscopic study of metallo-organic molecules
共phthalocyanines and porphyrins兲 together with cytochrome
c, a biological reference molecule involved in charge transfer. NEXAFS spectroscopy at the transition metal 2p edge
reveals the oxidation state, while the nitrogen 1s edge provides the element-resolved density of unoccupied states, including the LUMO. The polarization dependence of the C 1s
and N 1s edges yields the orientation of the ⴱ orbitals which
is important for charge transport perpendicular versus parallel to the surface. Controlled preparation of thin film samples
is crucial for obtaining the correct oxidation state of the
metal atom which is essential for reproducible solar cells.
Both oxidation of Fe2+ to Fe3+ in air and reduction in Mn3+
to Mn2+ during evaporation need to be taken into account.
The energy position of the LUMO can be varied by several
tenths of an eV via changing the transition metal atom, its
oxidation state, and tailoring the surrounding nitrogen cage.
Variations in the transition metal multiplet structure between
phthalocyanines and porphyrins indicate a change in the
ligand field that can be used for tailoring the electronic
states. In the future, atomic multiplet calculations would be
desirable to quantify the ligand field and the spin state of the
transition metal. Density functional calculations would be
helpful for revealing the orbital character of the N-derived
unoccupied states and for designing new molecules with desirable electronic properties for photovoltaics.
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