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The trials and triumphs of modelling X-ray absorption
spectra of transition metal phthalocyanines †

Esma Birsen Boydasa and Michael Roemelt∗a

This study explores the electronic structure of Co, Fe and Mn phthalocyanines (TMPcs) as well
as their perfluorinated counterparts through a series of electronic structure calculations utilizing
multireference methods and by simulating their metal L-edge and ligand (nitrogen and fluorine) K-
edge X-ray absorption spectra (XAS) in an angle-resolved manner. Simulations targeting different
ground-state symmetries, where relevant, have been conducted to observe changes in the N K-
edge lineshape. The applicability of the quasi-degenerate formulation of n-electron valence state
perturbation theory (QD-NEVPT2) for L-edge X-ray absorption spectroscopy (XAS) is evaluated,
alongside the use of a restricted active space (RAS) formalism to describe the final-state multiplets
generated by L-shell X-ray processes. Our findings provide valuable insights into the electronic
properties of TMPcs, in particular with respect to the effect of fluorination, and demonstrate the
broad applicability of various formulations of NEVPT2 in spectral simulations. Moreover, this study
highlights the utility of manual truncation of the configuration spaces in order to allow for large
active orbital spaces in aforementioned calculations.

1 Introduction
Transition metal phthalocyanines (TMPcs) are a class of cyclic
coordination compounds widely explored across multiple do-
mains of chemistry due to their distinct structural, electronic, and
magnetic properties.1,2 These systems feature an 18-membered
macrocycle composed of four isoindole units connected by
carbon-carbon bonds. The first coordination shell of the central
metal ion involves four nitrogen atoms, adopting a square pla-
nar configuration. Notably, TMPcs share structural similarities
with porphyrins, essential components of biomolecules such as
hemoglobin and chlorophyll.3 Both porphyrins and phthalocya-
nines are able to accommodate over 70 elements at their central
cavity while providing a rather rigid and stable coordination en-
vironment.4

TMPcs exhibit attractive electronic and magnetic characteristics
owing to their extensive π-conjugation.5 This skeleton facilitates
electron delocalization throughout the entire macrocycle, result-
ing in pronounced absorption in the visible and near-infrared re-
gions of the electromagnetic spectrum.6 Such absorption prop-
erties render TMPcs appealing for diverse technological appli-
cations, including organic photovoltaics,7 organic light-emitting
diodes,8 and sensors.9 Besides their electronic attributes, TMPcs

a Institut für Chemie, Humboldt-Universität zu Berlin, Brook-Taylor-Str. 2, D-12489
Berlin, Germany. Tel: +49 (0)30 2093 82700; E-mail: michael.roemelt@hu-berlin.de
† Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/cXCP00000x/

can also exhibit magnetic behavior due to their generally open-
shell 3d orbital manifold.10 This magnetic propensity positions
TMPcs as pivotal constituents for novel materials and devices such
as data storage and spintronics.11,12

Fluorinated metal-phthalocyanines (TMPcF16) are extensively
employed across diverse applications.13 In contrast to conven-
tional p-type semiconductors such as TMPcs, TMPcF16 func-
tions as an n-type semiconductor in photovoltaics and light-
emitting diodes.14 Furthermore, fluorination enhances the sta-
bility of these compounds, rendering them viable for operation
in challenging environmental conditions.15,16 The distinct elec-
tronic structure of TMPcF16 facilitates efficient charge transport,
a fundamental aspect for optimal performance in electronic de-
vices.17

The complex coordination chemistry of metallophthalocya-
nines offers compelling opportunities for the tunability of the
electronic structure by altering the central metal ion or adding
functional groups to the macrocycle. This adaptability allows for
precise adjustments tailored to specific applications. A fundamen-
tal step in this direction involves elucidating the electronic struc-
ture of isolated TMPcs. This requires a comprehensive under-
standing of the arrangement of frontier molecular orbitals, spin
states, ground state symmetry, and the nature of near-degenerate
states. For instance, in optimizing solar cell performance, it is
crucial to thoroughly understand and adjust the energy levels of
dye molecules.18

The electronic properties of first-row TMPcs have been ex-
tensively studied in the existing literature. Nickel and zinc ph-
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thalocyanines are commonly described as having a ground state
electronic structure characterized by A1g symmetry in a singlet
spin state, as evidenced by several studies.19–26 On the other
hand, copper phthalocyanine is typically attributed to a 2B1g
state.27–31The consensus among these studies provides strong
support for the ground state electronic structures of NiPc, ZnPc,
and CuPc.

In contrast, a considerable disparity exists when it comes to
the identity of the ground and low-lying excited states of the cor-
responding cobalt, iron, or manganese complexes. This discrep-
ancy is evident across several studies.32–35 Specifically regarding
MnPc, experimental observations suggest that differences in sam-
ple preparation can result in different spatial symmetries being
assigned to the ground state, primarily varying between 4A2g and
4Eg states.35 The discrepancies concerning CoPc and FePc pri-
marily revolve around the thermally accessible near-degenerate
states.35–37

Considering the susceptibility of these complexes to various
near-degenerate states, and the inconsistency often observed in
DFT-based studies due to the choice of density functional, it is
valuable to highlight previous studies that employed multicon-
figurational wavefunction based methods. For example, Wallace
et al. recently conducted a study scrutinizing the ground state
electronic structure of TMPcs to assign state symmetries at a
CASSCF and MRMP2 level.38 The active spaces in this study in-
cluded metal 3d orbitals along with a small number of significant
ligand orbitals. Structure optimizations were performed at the
B3LYP/6-31G* level only for ZnPc, with its geometry then used
as a model scaffold for the remaining TMPcs. This decision was
based on previous X-ray diffraction data indicating no discernible
differences in the first-coordination shell of TMPcs across the se-
quence from MnPc to ZnPc. In a subsequent study by Hobza et al.,
much larger active spaces, such as CASPT2/CASSCF (16e,15o)
and DMRG(28e,36o), were employed to shed light on the spin-
state of iron phthalocyanine.39 Here, a quintet ground state was
found to be thermally stable for an isolated FePc moiety in the gas
phase.

Building upon the extensive literature on TMPcs, this work
aims to unravel the characteristics of the ground and low-lying
excited states of multiple TMPcs utilizing transition metal L-edge
and ligand K-edge X-ray absorption spectra as means of validation
of the obtained results. The first part of this study concerns the
local electronic structure of 5 TMPcs shown in Figure 1, i.e. dom-
inating electronic configurations are reported for all low-energy
states as obtained from state-of-the-art multireference electronic
structure methods. Then, computed nitrogen K-edge spectra are
compared to the experimentally observed spectra. In this way,
the results from the first part are validated and the observed fea-
tures in the spectra can be assigned to electronic transitions. In
a similar manner, the less well studied F K-edges of CoPcF16 and
FePcF16 have been computed and analyzed. Finally, after hav-
ing established confidence in the symmetry and spin state of the
electronic ground state description, the complex task of model-
ing L-edge multiplets is effectively pursued. Here, the transition
metal L-edge spectra have been modelled by means of Complete
Active Space Configuration Interaction combined with strongly

contracted n-electron valence perturbation theory (SC-NEVPT2)
and its quasi-degenerate (QD-NEVPT2) variant.40–42 To accom-
modate larger active spaces while simulating the L-edges, a man-
ual truncation of the final state multiplets has also been carried
out. In some cases, the comparison between calculated and ex-
perimentally observed spectra indicates interesting features of the
experimental setup, e.g. the presence or absence of significant
chemical interactions between the investigated TMPc and the sur-
face it has been adsorbed on.

X

X

X

X
X X X

X

X

X

X

X
XX

X X

M

M = Mn, Fe, Co 
X  = H, F

Fig. 1 Illustration of the cobalt dioxolene compounds studied in this
work.

2 Computational Methodology

A series of simulations were conducted employing various theo-
retical levels, primarily utilizing the ORCA software package ver-
sion 4.2.43 The subsequent paragraphs will describe these setups.

2.1 Structure optimizations

Geometry optimizations were executed using the B3LYP global
hybrid density functional44,45 alongside the def2-TZVP(-f) ba-
sis set,46 with numerical integration facilitated by a dense grid
(ORCA Grid5). Acceleration of Coulomb and exchange integrals
was achieved through the resolution of identity (RI) and chain-
of-sphere (COSX) approximations, in conjunction with the def2/J
basis set.47–52 Additionally, dispersion corrections were incorpo-
rated using the D3BJ method.53,54

2.2 Ligand K-edge

Nitrogen and fluorine K-edge XAS were simulated using Time-
dependent Density Functional Theory (TD-DFT) calculations, per-
mitting the excitation of electrons from molecular orbitals with
a primary ligand 1s character.55 The N 1s orbitals were local-
ized using the Pipek-Mezey scheme to simulate the underlying
phenomena.56 The Tamm-Dancoff approximation (TDA) was em-
ployed in all TD-DFT calculations,57 and scalar relativistic effects
were approximated using the zeroth-order regular approximation
(ZORA).58–60 Simulated spectra were generated by convoluting
the calculated transitions with Gaussian functions of 0.3 to 1.0
eV width. All computed spectra were shifted by around 12 eV to
better align with experimental counterparts, a necessary adjust-
ment to account for systematic errors introduced by the TD-DFT
method and dependent on the chosen functional and basis set.55
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2.3 Transition metal L-edge

2.3.1 CASCI/NEVPT2

Transition metal L-edge spectra were computed using two distinct
levels of theory: CASCI/NEVPT2 and RASCI. The CASCI/NEVPT2
approach involved optimizing a valence active space of metal
3d-based orbitals in a state-averaged CASSCF fashion, followed
by a CASCI calculation with energy refinement incorporating
dynamic electron correlation effects via strongly contracted or
quasi-degenerate second-order n-electron valence perturbation
theory (SC-NEVPT2 or QD-NEVPT2).40,41 This multi-step proto-
col for L-edge spectroscopy underwent thorough validation for
first-row transition metal atoms in prior research by Chantzis et
al..61 Additionally, spin-orbit coupling effects were addressed us-
ing quasidegenerate perturbation theory (QDPT), with the spin-
orbit mean-field approximation applied during the evaluation of
SOC matrix elements.62 Scalar relativistic effects were accounted
for in all steps of the L-edge spectra calculations via the second-
order Douglas-Kroll Hess (DKH2) correction, while utilizing finite
nucleus model.63–65 The cc-pVTZ-DK basis set was chosen to be
consistent with the benchmark study by Chantzis et al.,61,66–68

and two-electron integrals were computed using the resolution
of the identity (RI) approximation with an automatically gener-
ated auxiliary basis set.69 All computations were performed in the
gas phase while excluding considerations of potential interactions
with neighboring molecules.

2.3.2 RASCI with ligand orbitals

The systems under investigation in this study feature a complex
valence orbital structure due to numerous π orbitals from ligands.
Selecting an appropriate active space and managing core-excited
state multiplets poses a considerable challenge for these kind of
systems. Calculating a wealth of final-state multiplets while con-
sidering dynamic electron correlation within a large acceptor or-
bital space, capable of capturing essential electronic structure, re-
quires significant computational resources. Therefore, we utilized
the RASCI method along with the recently developed ASS1ST
strategy.70,71 This approach aimed to identify active spaces that
include all strongly correlated orbitals while remaining as com-
pact as possible.

The ASS1ST method generates a set of quasi-restricted natural
orbitals for both internal and external orbital spaces. The cor-
relation strength of these natural orbitals is determined by their
associated natural orbital occupation numbers (NOONs), provid-
ing insights into whether to include or exclude them from the
active space. Initially, the active space consisted solely of metal
3d orbitals.

In RASCI part, the orbital optimization of valence excited states
included the ligand-based a1g orbital, the doubly degenerate LU-
MOs of eg character, and the transition metal 3d orbitals in the
active space. On these optimized orbitals, a configuration in-
teraction (CI) calculation with manually selected configurations
(CFGs) has been carried out. A schematic representation of the
employed configurations can be seen in Figure 2. This setup ac-
counted for up to double excitations from (and to) the ligands
in the final state multiplets. While resembling previous works by

Lundberg et al., where a SA-RASSCF orbital optimization was fol-
lowed by a RASPT2 treatment with appropriate ionization poten-
tial electron affinity (IPEA) shifts and imaginary shifts, our study
employed a SA-CASSCF orbital optimization and a manually trun-
cated selected configuration interaction step.

  

2p
LIG 3d LIG

1 e-

0,1,2 e- 0,1,2 e-

Fig. 2 Schematic representation of the configuration space used in re-
stricted active space calculations.

2.4 Comparison of simulated and experimental spectra

When comparing simulated and experimental X-ray spectra, one
can employ various methods. These approaches usually involve
examining the numbers, positions, and approximate heights or
areas of calculated spectral features and comparing them with
their counterparts in experimental spectra in a qualitative man-
ner. Additionally, more quantitative techniques, such as direct
least-squares comparison or similarity scores are commonly used.
However, it’s important to recognize that achieving perfect align-
ment between calculated and experimental spectra may be chal-
lenging due to difficulties in accurately modeling macroscopic ef-
fects such as hybridizations at the interface or bulk effects. There-
fore, we opt not to use similarity or distance scores in our com-
parisons.

The macroscopic effects mentioned earlier can appear in vari-
ous ways in X-ray spectroscopy, especially when studying adsor-
bates on surfaces. To illustrate potential scenarios, consider the
case of transition metal phthalocyanines (TMPcs) grafted onto a
surface, as shown in Figure 3. The primary focus of this work
is on modeling an isolated phthalocyanine moiety (case A). How-
ever, in experimental setups, TMPcs are often attached to metallic
or nonmetallic surfaces as thin films, which can vary in thickness.
For instance, a monolayer (case B) may highlight surface-TMPc
interaction effects, while thicker films (case C) predominantly re-
flect interactions among the TMPc layers themselves. It is crucial
to recognize that achieving a one-to-one mapping between sim-
ulated and experimental spectra cannot ba achieved, especially
when dealing with a reactive surface, such as Ag(111).72

  

metallic or 
nonmetallic surface

metallic or 
nonmetallic surface

metallic or 
nonmetallic surface

metallic or 
nonmetallic surface

TMPc (1 ML)TMPc (1 ML) TMPc (thick)TMPc (thick)

B C

TMPc TMPc 

A

Fig. 3 Schematic representation of isolated TMPcs and as adsorbates
on metallic or nonmetallic surfaces.
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3 Results and discussion
The scrutinized systems maintain a planar structure with a D4h

point group symmetry. Yet, symmetry was neither enforced nor
utilized during any of the reported calculations. The metal ions
are coordinated by four nitrogen atoms originating from pyrrole
units. Additionally, these four pyrrole entities are linked to a
tetradentate ligand via four additional nitrogen atoms located
in meso positions. Consequently, two distinct groups of nitro-
gen atoms are discernible, denoted as Npyr and Naza (see Figure
4). The nomenclature for these non-equivalent nitrogens is de-
rived from a prior theoretical investigation on metal phthalocya-
nines (Pcs) by De Francesco et al.73 Additionally, for the fluorine
K-edge calculations of fluorinated metallophthalocyanines, it is
pertinent to distinguish between two different types of fluorine
atoms: Finner and Fouter.

M
N N

Npyr N

N

Naza

N

N

F
F

F

F

F

F

F
F F

F

F

F

Finner

Fouter

F
F

Fig. 4 Schematic representation of Npyr, Naza in all tested molecules,
and Finner and Fouter in fluorinated metallophthalocyanines.

3.1 Ground state electronic structure

Equilibrium structures A summary of the important bond
lengths belonging to the first- and second- coordination shells of
the optimized metallophthalocyanines is given in Table 1. These
results align closely with both the experimental crystal structures
and previous theoretical works.74,75 The bond distances of Naza-
C were not affected by the presence of different transition metal
ions, and found to be 1.32 Å for all molecules tested. The metal-N
and Npyr distances across different TMPcs were within 0.01 Å.

Table 1 The important bond lengths (Å) of first- and second-coordination
shells of TMPcs. (B3LYP/def2-TZVP(-f) level of theory has been uti-
lized in structure optimizations.)

Name M-N Npyr-C Naza-C
CoPc 1.93 1.38 1.32
FePc 1.94 1.37 1.32
MnPc 1.95 1.38 1.32
CoPcF16 1.93 1.38 1.32
FePcF16 1.94 1.39 1.32

State symmetry A brief overview of the ground state electronic
structure of MnPc, FePc, and CoPc is provided in Table 2. This ta-
ble includes state symmetry labels and the dominating electronic
configurations for ground and low-lying excited states. These

states are found to be within 1 eV of their corresponding CASSCF
ground states. It is worth noting that different theoretical meth-
ods may yield varying energy orderings, as reported in existing
literature.38 However, our results from CASSCF, along with pre-
vious findings using MR-MP2,38 indicate consistent state compo-
sitions.

Table 2 Ground state electronic structure of TMPc’s in terms of their pos-
sible state symmetries and 3d orbital occupancies. (CASSCF/NEVPT2
involving Gouterman-like orbitals and metal 3d manifold.)

Metal ion State Symmetry Main Configuration
4A2g (dxy)2(dxz, dyz)1,1(dz2 )1

Mn 4Eg (dxy)1(dxz, dyz)2,1 (dz2 )1

4B1g (dxy)1(dxz, dyz)1,1 (dz2 )2

3A1g (dxy)2(dxz, dyz)1,1 (dz2 )2

Fe 3Eg (dxy)2(dxz, dyz)2,1 (dz2 )1

3B2g (dxy)1(dxz, dyz)2,2 (dz2 )1

Co 2A1g (dxy)2(dxz, dyz)2,2 (dz2 )1

2Eg (dxy)2(dxz, dyz)2,1 (dz2 )2

The ASS1ST scheme has been employed across all complexes
to investigate the ground state correlation and observe changes in
the electronic structure of TMPcs when different transition metals
are incorporated. As described elsewhere in detail,70,71 ASS1ST
predicts how strong orbitals are correlated by computing approx-
imate natural orbital occupation numbers. The farther apart this
number is from 2 or 0, the more correlated the corresponding
orbital is. This approach also aids in selecting a suitable active
space for these compounds. The starting point for all reported
ASS1ST calculations was a minimal CAS comprising only metal
3d orbitals.

The results for CoPc are presented in Figure 5. Metal 3d or-
bitals of (dxy)2(dxz, dyz)2,2 display an occupation of 2.0. In the
case of CoPc, this configuration corresponds to the 2A1g state.
Additionally, Gouterman-like orbitals from both internal (1.93,
1.96) and virtual subspaces (doubly-degenerate 0.05) are easily
discernible. These results indicate that the desired 2A1g state has
been successfully located through ASS1ST calculations.

The ASS1ST plots for FePc and MnPc are available in the Sup-
porting Information. One of the most debated phthalocyanines,
FePc, was found to be of 3Eg state, in line with the previous
theoretical studies that utilized B3LYP, and experimental studies
employing FePc thin films.76,77 For MnPc, the ASS1ST simula-
tions predominantly point to the 4A2g state with a (dxy)2(dxz,
dyz)1,1(dz2 )1 configuration. Notably, orbitals with occupation
numbers around 0.05 and 0.055 indicate a loss of degeneracy in
the Gouterman-like orbitals from the virtual space due to Jahn-
Teller (JT) distortion. This suggests involvement from the 4Eg

state. A JT effect is not observed for the other molecules. Further-
more, there is an evident increase in the active orbital character
when transitioning from Co to Mn, while the remaining orbitals
from the internal subspaces maintain a similar character across
this sequence.

ASS1ST results for the fluorinated phthalocyanines CoPcF16
and FePcF16 can be found in the SI-Figures S?? and S??. Both
CoPcF16 and FePcF16 exhibit a behavior similar to their non-
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Fig. 5 ASS1ST scheme for CoPc.

fluorinated counterparts, CoPc and FePc, respectively, with one
notable difference: the occupation numbers of the Gouterman-
like virtual orbitals (also referred to as π-backbonding type lig-
ands) are smaller in the fluorinated compounds. This differ-
ence can be attributed to the electron-withdrawing effect of flu-
orine substitution, which stabilizes the HOMO and destabilizes
the LUMO.78 As a result, there is a weaker correlation of these
orbitals in the ground state of the fluorinated compounds.

3.2 Ligand K-edges
3.2.1 Nitrogen K-edge

In prior investigations, the nitrogen K-edges of CuPc, CoPc, and
FePc have been modeled using various levels of theory, including
time-dependent density functional theory (TDDFT) with Slater
type orbitals (STOs), TDDFT with Gaussian type orbitals (GTOs),
and transition state Kohn-Sham density functional theory (TS-
KS DFT) in different studies.31,73,79–81 In this section, we ex-
amine the spectral region for CoPc, FePc, and MnPc also using
TDDFT, with particular attention to the influence of different cen-
tral metal ions and underlying transitions in the spectra, analyzed
in an angle-resolved manner. Figure 6 presents a comparison be-
tween experimental and calculated spectra for the nonfluorinated
TMPcs. The analysis distinguishes between two distinct groups of
nitrogen atoms within the system, designated as Naza and Npyr.
A total of 500 roots originating from eight different nitrogen 1s
orbitals has been calculated for the isolated TMPc molecules.

Lineshape and origins Nitrogen K-edge of CoPc, FePc and
MnPc display three evident peaks in their π* region, as indicated
in Figure 6 by labels A, B, and C. CoPc and FePc exhibit similar
lineshapes, while the experimental spectrum of MnPc is some-
what different. Noteworthy differences of MnPc include more
pronounced shoulder features at peaks A and B, with peak B dis-
playing a notable redshift in comparison to CoPc and FePc. Peak
A originates from intense 1s-to-π* Gouterman orbital transitions,
arising from either Naza or Npyr. This phenomenon can be at-
tributed to the stabilization of π-backbonding-type eg orbitals in

MnPc, which is also evident in the ground-state molecular orbital
(MO) representation, as illustrated in Figure 2 of Reference 38.
The corresponding NDOs of the nitrogen K-edge simulations are
detailed in ESI.

CoPc As mentioned previously, conflicting reports about the
identity of the electronic ground state of CoPc can be found in
the literature with the most prominent candidates being 2A1g, 2Eg

or a mixture of both.82 Figure 6 presents the Co K-edge simula-
tion for the 2A1g state, while the corresponding simulation for 2Eg

state can be found in the SI-Figure S??. Our results indicate the
presence of a 2A1g ground state, as this provides better agreee-
ment with the experimental nitrogen K-edge. The lineshape at the
grazing angle for the 2Eg state shows a minor shift of peak B to
lower energies. Additionally, the in-plane transitions are shifted
to a higher energy regime due to the unavailability of the dz2 or-
bital.

FePc The calculated N K-edge in Figure 6, refers to a FePc of 3Eg

symmetry, whereas the simulations from the 3A1g state are given
in SI-Figure S??. In this case, all experimentally observed features
within the π*-range, along with the relative intensity of transi-
tions, are successfully reproduced for both ground state symme-
tries.

MnPc A remarkable agreement between calculations and the
experiment is observed for MnPc. This is somewhat surpris-
ing as the presented calculations only take into account an iso-
lated MnPc molecule and intermolecular interactions have been
reported to considerably affect the electronic structure of Mn-
Pcs.83–85 The ground state symmetry employed herein is 4Eg with
(dxy)1(dxz, dyz)2,1(dz2 )1 configuration, which is also in line with
previous XAS, MCD and UV-Vis measurements.33,86–88

3.2.2 Fluorine K-edge of CoPcF16

Compared to nitrogen K-edge studies, fluorine K-shell investiga-
tions are less common. Previous studies have explored deriva-
tives of formaldehyde89 and utilized both non-resonant and res-
onant X-ray setups on sulfur hexafluoride.90,91 In the domain of
porphyrins, Mangione et al. conducted two consecutive studies
investigating the fluorine K-edge of CuTPP and CuTPP(F), while
employing TDDFT simulations to elucidate the experimental spec-
tra.92,93Interpreting experimental F K-edges poses a challenge
due to the co-occurrence of 1s-π* and 1s-σ* transitions within
the same energy range.94,95 This complexity can complicate the
analysis of planar compounds, despite their structural anisotropy
often being advantageous in many X-ray regions.96 In such cases,
simulations play a crucial role in understanding the spectra and
assigning observed bands to electronic transitions. This subsec-
tion provides a detailed analysis of the F K-edge of CoPcF16 and
FePcF16. Similar to the nitrogen K-edges, a nomenclature has
been used to distinguish between different fluorine moieties. A
schematic representation of Finner and Fouter is shown in Figure
4. It should be noted, that our categorization does not account
for Jahn-Teller (JT) distortion and the concomitant destruction
of site symmetry. After JT distortion, all four fluorine atoms are,
in principle, inequivalent. However, considering the 16 fluorine
1s orbitals separately in calculations becomes impractical. There-
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Fig. 6 Experimental (black) and calculated (green) nitrogen K-edge XAS for TMPcs. Energies are given in electronvolts, and the intensities are
normalized. (The 2A1g state of CoPc could only be located when a restricted open-shell Kohn-Sham (ROKS) wavefunction is employed, and these
orbitals were fed into the TDDFT calculations without further iterations.)

fore, a JT-description is omitted, and only two inequivalent fluo-
rine 1s orbitals were used in the donor space, with 500 excited
state roots from these orbitals taken into account in the TDDFT
calculation.

The experimental F K-edge spectra of CoPcF16 and FePcF16
presented in Figure 7 (CoPcF16) and SI-Figure S?? (FePcF16)
were obtained from previous studies conducted on Au(100) and
Cu(111) surfaces, respectively.94,97 They show similar relative in-
tensities for both the σ* and π* ranges. Additionally, a noticeable
difference between the F K-edge spectra at 0.5 nm and 3.0 nm
thicknesses is observed in the experiment, whereas the calculated
spectra closely resemble that of the 3.0 nm thickness. This ob-
servation suggests significant hybridizations occurring at the in-
terface. Despite the similarity in lineshape, it is evident from the
spectra at 10 degrees and the calculated spectrum that the C-F
bonds are not entirely parallel to the surface.94

Referring to the origins of individual features, the low-energy
small shoulder is denoted as A’, the mainline as A, the less-intense
feature around 690 (675) in the experiment (calculated) as B,
and the higher energy broad band as C. The low-energy shoulder
A’ primarily consists of the ligand-centered eg-type acceptor or-
bitals mixing with the transition metal 3dxz and 3dyz orbitals in
an anti-bonding fashion. For FePcF16, these transitions are found
to be slightly more intense in the calculations. A closer look into
the energetic positions of the aforementioned transitions can be
found in SI-Figure S??. The main feature at around 688 eV in the
experiment stems from both π* and σ* based transitions. The
NDO isodensity plots for the intense transitions are provided in
SI-Figures S?? (CoPcF16) and Figure S?? (FePcF16).

3.3 Transition metal L-edges

Various approaches have been employed in prior research to sim-
ulate the L-edge region of metallophthalocyanines. For instance,
Zhou and colleagues utilized ligand field multiplet calculations to
focus on crystal field parameters for CoPc, determining its ground
state symmetry to be 73% 2A1g 3d7 character and 27% 3d8L com-
ponent.75 Another study by Zhang et al. explored the structural
anisotropy of CoPc films on Au(111) surfaces, employing multi-
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F K-edge XAS of CoPcF16
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C

Fig. 7 Experimental and calculated F K-edge spectra for CoPcF16. Only
one 1s orbital per fluorine-type (Finner and Fouter) has been taking into
account. The experimental results were adapted from a previous study
on Au(100) surfaces.97

plet ligand-field theory to analyze in-plane and out-of-plane tran-
sitions.82 Similar approaches have been applied to FePc simula-
tions, where a 3E spin ground state is predominant.79,98 Recently,
Lüder introduced a machine learning concept utilizing an artifi-
cial neural network (ANN) trained on a vast spectral database,99

while Carlotto et al. employed a DFT/ROCIS approach, suggest-
ing ground state symmetries for MnPc and FePc based on DFT
energetics from the BP86 functional.86

In the present study, L-edge XAS was simulated using complete
and restricted active space methods to accommodate the multi-
plets generated by 2p to 3d excitations. The valence active space
consisted of metal-based 3d orbitals in a CASCI/NEVPT2 setup. In
RAS calculations of FePc and MnPc, the active space was extended
to include ligand-based HOMO, HOMO-1, and doubly degenerate
LUMO orbitals.

3.3.1 CASCI/NEVPT2

The CASCI/NEVPT2 setup entails the computation of numerous
excited state roots. Table 3 provides details on the number of
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nonrelativistic states, their respective multiplicities, and the total
count of spin-orbit coupled roots.

Table 3 Included number of roots for each multiplicity block in the final
L-edge spectra by means of CASCI/NEVPT2 calculations.

TMPc Active Space Multiplicity Nroots SOCroots
CoPc (13,8) 4,2 40,115 390
FePc (12,8) 5,3,1 35,195,170 930
MnPc (11,8) 6,4,2 16,174,360 1512

CoPc A comparison between experimental and calculated Co L-
edge XAS spectra for CoPc is presented in Figure 8. In addition
to the strongly contracted variant of NEVPT2, the quasidegen-
erate formulation has also been examined, depicted in blue. The
normalized total spectrum from calculations is compared with ex-
perimental data taken at an angle of 50 degrees. Features labeled
(A-E) observed in the experiment at 90 degrees are marked in the
subplot. The low-energy peak A at approximately 779 eV in the
experiment intensifies as the beam angle transitions from 90 to
10 degrees, indicating contributions from both in-plane and out-
of-plane components. Conversely, the intensity of peaks B and C
decreases at grazing incidence angles. While the CASCI-based cal-
culated spectrum provides a reasonable representation, the line-
shapes suggest the need for energy refinement through dynamic
electron correlation methods. Upon applying the strongly con-
tracted version of NEVPT2, additional features emerge. Notably,
all features observed in the experimental data are replicated in
the spectra calculated using QD-NEVPT2. There exists a minor
discrepancy in the intensity ratio of peaks B and C. However, con-
sidering that the experimental spectra involve a 3 nm thick film
of CoPc while the calculation refers to an isolated CoPc molecule
in the gas-phase, the agreement is astonishingly good.

The ground state identified at the CASCI level manifests as
a spin quartet. However, following the NEVPT2 treatment, the
2A1g state emerges as the lowest energy state, underscoring the
significance of dynamic electron correlation. In examining the
excited states and their compositions contributing to peaks A-E,
particular attention is given to the outcomes obtained with QD-
NEVPT2, given its noteworthy alignment with experimental spec-
tra. Notably, a single spin-orbit-coupled (SOC) transition in the
low-energy range gives rise to peak A, comprising 80% 2px,y to
dx2-y2 and 13% 2pz to dz2 excitations. The predominant in-plane
character of this transition results in a high-intensity feature at
grazing angles, while a weaker out-of-plane component is still
discernible at 90 degrees. Features B-C-D encompass multiple
out-of-plane transitions involving the dz2 orbital, exhibiting a no-
table decrease in intensity at grazing angles. Interestingly, feature
E at higher energies is also successfully reproduced using a rela-
tively minimal active space comprising solely 2p and 3d orbitals.
These transitions are ascribed to SOC-coupled doublet+quartet
type excitations characterized by various multiplet attributes.

FePc The experimental and calculated Fe L-edge XAS spectra
are depicted in Figure 9. A Pc film thickness of 3 nm has been se-
lected to rule out the interface hybridization effects vide supra).72

Notably, features A-E are highlighted in the experimental spectra
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Fig. 8 Experimental and calculated Co L-edge XAS for CoPc. The
experimental results were adapted from a previous study on Ni(111) sur-
faces.100

acquired at a 90-degree angle. Upon transitioning from a 90-
degree to a 10-degree beam angle, feature A diminishes in inten-
sity, while peak B assumes prominence as the mainline. Towards
the higher energy range, features C-D-E exhibit reduced intensity
at grazing angles.

Interestingly, a notable discrepancy between the experimental
data and QD-NEVPT2 calculations is evident. Specifically, the cal-
culated spectra at 50 and 10 degrees diverge significantly from
their experimental counterparts. In contrast, the CASCI spectrum
at 10 degrees bears a striking resemblance to the experimental
data. This observation may suggest that while the valence active
space captures crucial orbitals contributing to out-of-plane tran-
sitions, it may lack a comprehensive description of spectroscopi-
cally relevant in-plane orbitals.
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Fig. 9 Experimental and calculated Fe L-edge XAS for FePc. Only the
L3 edge is shown. The experimental results were adapted from a previous
study by Peisert et al.72

The disparity observed between the experimental results and
simulations may stem from various contributing factors. An ir-
regular deposition of FePc moieties on the surface or significant
hybridization between FePc layers could influence the observed
spectra. Additionally, from a theoretical perspective, the size of
the selected valence active space, crucial for characterizing the
acceptor orbital manifold, is often a subject of debate. Conse-
quently, to address these potential issues, a RASCI description
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incorporating additional ligand orbitals has been explored in sub-
section 3.3.2.

MnPc Manganese phthalocyanine (MnPc) stands out for having
the highest number of available (unoccupied) 3d states among
the considered set of TMPcs, leading to a multitude of final states
upon excitation. Accordingly, the number of calculated roots is
significantly higher than in the other cases (see Table 3) thereby
prohibiting the application of the QD-NEVPT2 Ansatz owing to its
high computational cost that scales quadratically with increasing
number of roots.

In the experimental spectrum of MnPc, a broad L3 peak is ev-
ident at a beam angle of 90 degrees, as depicted in Figure 10.
The experimental data correspond to a 3.2 nm thick Pc layer and
reveal three main features in the L3-edge, which reduce to two
at grazing incidence. A similar trend is discernible in the spec-
tra based on SC-NEVPT2, where features A and B intensify with
a shift in the incidence of the synchrotron light from 90 to 10
degrees, albeit with slightly misaligned intensity ratios. Similar
to the FePc case, the CASCI-based spectrum at 10 degrees pro-
vides a satisfactory representation at the grazing angle, yet the
agreement is inadequate at 90 degrees of incidence. It is crucial
to note the considerable variation in the L-edge spectra of MnPc,
dependent on factors such as the thickness of the Pc layer and the
surface used, thereby complicating the analysis. Hence, it is reit-
erated that a direct one-to-one mapping between the experiment
and simulations may be impossible without taking into account
the underlying surface.
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Fig. 10 Experimental and calculated Mn L-edge XAS for MnPc. The
experimental results were adapted from a previous study on Ag(111)
surfaces.101

The effect of fluorination In a study by Balle et al.,102 the L-
edge XAS of fluorinated CoPc on Cu-intercalated surfaces was in-
vestigated. The thin film of CoPcF16, with a thickness of 3 nm,
displayed spectral features similar to those of CoPc. A similar
observation was made for FePcF16 on rutile TiO2 surfaces.103 SI-
Figure S?? depicts the calculated L-edge XAS of CoPcF16, with
the spectra for CoPc shown in grey for comparison. Despite minor
variations in the relative intensities of the features, the calculated
spectra did not reveal any additional peaks.

3.3.2 RASCI

The RASCI-based L-edge spectrum of FePc is depicted in Figure
11, alongside the experimental spectra. As outlined above, the
RASCI calculations utilize a larger active space involving ligand
based orbitals but neglect dynamic electron correlation. Notably,
compared to the CASCI spectrum shown in Figure 9, the agree-
ment between experiment and calculation increases significantly
thus underlining the importance of ligand based orbitals for the
Fe L-edge. Notably, the structure of the calculated spectra around
709 eV at 50 and 90 degrees improved. For MnPc the influence
of ligand-based orbitals on the L-edge spectrum depends on the
angle as is illustrated in SI-Figure S??. Inclusion of ligand-based
orbitals via the RASCI approach leads to visibly improved albeit
not perfect agreement between experiment and calculation at 90
and 50 degree. In contrast, at 10 degree SC-NEVPT2 seems to
reproduce the experimental spectrum better. Additional research
that goes beyond the scope of this work is necessary to explore the
possibilities and limitations of the RASCI Ansatz for reproducing
transition metal L-edges.
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Fig. 11 Experimental and calculated Fe L-edge XAS for FePc. The
experimental results were adapted from a previous study by Peisert et
al.72

4 Conclusions
This work provides an in-depth theoretical study of the electronic
structure of a series of transition metal phtalocyanines with a par-
ticular emphasis on their ligand K-edge and transition metal L-
edge absorption spectra. The different spectra for cobalt, iron,
and manganese phthalocyanines have been simulated using tai-
lored theoretical approaches, each designed for their respective
spectral regions. Remarkable agreement between the TDDFT-
calculated ligand K-shell spectra and experimental data is ob-
served, particularly regarding their structural anisotropy. Differ-
ent ground-state symmetries have been taken into account in the
simulations where needed, and 2A1g, 3Eg and 4Eg states for Co,
Fe and Mn centered phthalocyanines were found to be in agree-
ment with the K-edge XAS of >2 nm thick films of TMPcs on var-
ious surfaces. The simulation of the fluorine K-edge of CoPcF16
and FePcF16, conducted for the first time, also showed success
in reproducing the experiment, despite using only isolated met-
allophthalocyanines. While this spectral region for the TMPcF16
scaffold involves numerous transitions of both σ* and π* char-
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acter within similar energy ranges, no noticeable difference in
anisotropic characteristics across different transition metals was
observed, except for the intensity ratio of the low-energy feature.
This low-intensity shoulder present in the calculations shifted to-
wards lower energy levels and exhibited increased intensity, par-
ticularly in the case of FePcF16. This difference constitutes the
sole disparity noted within the experimental lineshape for the flu-
orine K-edge XAS.

Modeling the L-edge XAS of TMPc molecules involved a CASCI
and RASCI-based approach, depending on the need to include lig-
and orbitals in the active space. In the case of CoPc, employing a
minimal active space comprising solely 2p and 3d orbitals proved
adequate, resulting in significant concurrence, particularly when
applying a quasi-degenerate formulation of second-order correc-
tions. Nevertheless, the situation changed for MnPc and FePc,
where all computed spectra notably exhibited deficiencies, par-
ticularly evident in in-plane transitions. To explore the influence
of the active space configuration, the RASCI method was utilized,
yielding the introduction of novel peaks in the simulated spectra,
although the agreement was found to be still poor.

Despite extensive efforts to reproduce the L-edge spectra of
FePc and MnPc, it remains unclear whether the observed discrep-
ancies arise from employing rather minimal active spaces for the
acceptor orbitals considering the extensive π-conjugation and the
multitude of low-lying unoccupied ligand orbitals, or from the in-
ability to model interface and bulk properties at an isolated sub-
strate. Current findings, along with the previous works, suggest
a conclusion that involves both reasons. To elucidate the influ-
ence of the surface on the computed spectra, theoretical studies
of TMPcs on surface models as well as L-edge simulations with
large active spaces are currently conducted in our lab and will be
reported in due course.

Experimental spectra

• The K-edge experimental data for 2.2 nm thick CoPc
layer on graphene/Pt(111) were taken from a study
by Uihlein et al., with the title "Influence of Graphene
on Charge Transfer between CoPc and Metals: The
Role of Graphene–Substrate Coupling".104 This article
is an open access article distributed under the terms
and conditions of the Creative Commons Attribution (CC
BY) license (http://creativecommons.org/licenses/by/4.0/)
Copyright © 2011, American Chemical Society.

• The K-edge experimental curves of FePc on rutile
TiO2(110) were adapted from a previous study of Karstens
et al. with the title "FePc and FePcF16 on Ru-
tile TiO2(110) and (100): Influence of the Substrate
Preparation on the Interaction Strength".103 Licensee
MDPI, Basel, Switzerland. This article is an open ac-
cess article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). Copyright
© 2019 by the authors.

• The K-edge experimental spectra of a 3.3 nm thick MnPc
layer on Ag(111) were taken from a previous study Pe-

traki et al. with the title "Impact of the 3d Electronic
States of Cobalt and Manganese Phthalocyanines on the
Electronic Structure at the Interface to Ag(111)".101 This ar-
ticle is an open access article distributed under the terms
and conditions of the Creative Commons Attribution (CC
BY) license (http://creativecommons.org/licenses/by/4.0/)
Copyright © 2011, American Chemical Society.

• The fluorine K-edge experimental spectra of CoPcF16 were
adapted from a previous study by Petraki et al. with
the title "CoPc and CoPcF16 on gold: Site-specific charge-
transfer processes".97 This is an Open Access article un-
der the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which per-
mits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
The license is subject to the Beilstein Journal of Nan-
otechnology terms and conditions: (http://www.beilstein-
journals.org/bjnano)

• The fluorine K-edge experimental spectra of FePcF16 were
adapted from a previous study by Belser et al. with the title
"Interaction Channels Between Perfluorinated Iron Phthalo-
cyanine and Cu(111)"94 Copyright © 2018 WILEY-VCH Ver-
lag GmbH & Co. KGaA, Weinheim.

• The L-edge experimental data for CoPc was taken from
a previous article with the title "Communication: In-
fluence of graphene interlayers on the interaction be-
tween cobalt phthalocyanine and Ni(111)" by Uihlein
et al.100 This is an Open Access article under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which per-
mits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
The license is subject to the Beilstein Journal of Nan-
otechnology terms and conditions: (http://www.beilstein-
journals.org/bjnano).

• The L-edge experimental results for FePc were adapted
from a previous study on Ag(111) surfaces with the title
"Charge transfer between transition metal phthalocyanines
and metal substrates: The role of the transition metal" with
permission from Elsevier.72 Copyright © 2015 Elsevier B.V.
All rights reserved.

• The L-edge experimental data for MnPc was taken from
a previous article with the title "Impact of the 3d
Electronic States of Cobalt and Manganese Phthalocya-
nines on the Electronic Structure at the Interface to
Ag(111)" by Petraki et al.101 This article is an open ac-
cess article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/) Copyright
© 2011, American Chemical Society.

Journal Name, [year], [vol.], 1–12 | 9

Page 10 of 13Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 1
4.

07
.2

4 
04

:2
4:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4CP01900H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01900h


Author contributions
Esma B. Boydas: Conceptualization; formal analysis; investiga-
tion; methodology; visualization; writing – original draft.
Michael Roemelt: Conceptualization; formal analysis; funding
acquisition; resources; writing – review & editing.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
EBB thanks the Deutsche Forschungsgemeinschaft (DFG) for
funding through Emmy-Noether grant RO 5688/1.

Notes and references
1 J. Xia, R. Cao and Q. Wu, RSC Advances, 2022, 1543–1550.
2 Z. Zhang, S. Yang, M. Dou, H. Liu, L. Gu and F. Wang, RSC

Advances, 2016, 10808–10817.
3 M. O. Senge, N. N. Sergeeva and K. J. Hale, Chemical Society

Reviews, 2021, 1–32.
4 N. Lv, Q. Li, H. Zhu, S. Mu, X. Luo, X. Ren, X. Liu, S. Li,

C. Cheng and T. Ma, Advanced Science, 2023, 10, 2206239.
5 L. Milgrom, The Colours of Life: An Introduction to the Chem-

istry of Porphyrins and Related Compounds, Oxford University
Press, 1997.

6 M. Wang and K. Ishii, Coordination Chemistry Reviews, 2022,
468, 214626.

7 M. V. Martínez-Díaz, G. de la Torre and T. Torres, Chemical
Communications, 2010, 46, 7090–7108.

8 S. Reineke, M. Thomschke, B. Lüssem and K. Leo, Reviews of
Modern Physics, 2013, 85, 1245–1293.

9 D. Gounden, N. Nombona and W. E. van Zyl, Coordination
Chemistry Reviews, 2020, 420, 213359.

10 Y. Wang, X. Li and J. Yang, Physical Chemistry Chemical
Physics, 2019, 21, 5424–5434.
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