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To shed some light on the metal 3d ground state configuration of cobalt phthalocyanines system, so far in debate, we present an investigation by X-ray absorption
spectroscopy (XAS) at Co L 2,3 edge and theoretical calculation. The density functional theory calculations reveal highly anisotropic covalent bond between central
cobalt ion and nitrogen ligands, with the dominant σ donor accompanied by weak
π-back acceptor interaction. Our combined experimental and theoretical study on the
Co-L 2,3 XAS spectra demonstrate a robust ground state of 2A1g symmetry that is built
from 73% 3d 7 character and 27% 3d 8 L (L denotes a ligand hole) components, as the
first excited-state with 2Eg symmetry lies about 158 meV higher in energy. The effect
of anisotropic and isotropic covalency on the ground state was also calculated and the
results indicate that the ground state with 2A1g symmetry is robust in a large range
of anisotropic covalent strength while a transition of ground state from 2A1g to 2Eg
configuration when isotropic covalent strength increases to a certain extent. Here, we
address a significant anisotropic covalent effect of short Co(II)-N bond on the ground
state and suggest that it should be taken into account in determining the ground state
of analogous cobalt complexes. C 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4943773]

I. INTRODUCTION

Transition metal phthalocyanines (MPc’s) are a family of highly stable molecules, which
consist of a phthalocyanine (Pc) ring that incorporates a transition-metal ion in its center showing a
high thermal and chemical stability, and therefore have many applications in spintronics, magnetic
storage devices, catalysis and solar cells.1–5 Their electronic and magnetic properties are critically
dominated by the electronic configuration of the transition-metal ions and their local environments,
especially the ground state and the first-excited state. In planar MPc’s the metal center is surrounded
by the four pyrrolic nitrogen atoms of the macrocycle in an environment of D4h symmetry, resulting
in a splitting of the transition-metal 3d levels into four states and the physical relevant irreducible
representations of this group are a1g (d 3z 2−r 2), b1g (d x 2−y 2), eg(d xz, d yz) and b2g(d xy).6,7 The b1g orbit
is lifted up in a high energy position due to strong crystal-field interaction, whereas the other orbits
lie below and are very close in energy, which complicates the ground states of these complexes, as
shown in Figure 1.
The ground states of MnPc and FePc have been determined from experimental and theoretical
investigations, which show a 4Eg (1b2g3eg1a1gb1g) and a mixed 3B2g(1b2g4eg1a1gb1g)-3Eg(1b2g3eg2a1gb1g)
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FIG. 1. Schematic diagram of the cobalt phthalocyanines molecule and the split of 3d orbits of cobalt.

states respectively.8,9 For divalent Co(II) ions in CoPc, the magnetic susceptibility measurement
well defines a low spin (S=1/2) ground state,7,10,11 which is supported by the ESR g tensor data that
are very anisotropic.12 There are seven electrons (or one hole) in the four a1g(d 3z 2−r 2), eg(d xz, d yz)
and b2g(d xy) orbits. The b2g(d xy) hole has strong Coulomb repulsion with d x 2−y 2 hole and is not
relevant in CoPc system. However, two possible electronic occupations 2A1g(2b2g4eg1a1gb1g) and
2
Eg(2b2g3eg2a1gb1g) are still in debate, i.e., eg(d xz, d yz) hole or a1g(d 3z 2−r 2) hole. Theoretical calculations based on different frameworks produce incompatible predictions. Liao and Scheiner obtained
a 2Eg symmetry ground state by employing the density functional theory (DFT) calculation with
generalized gradient approximation (GGA),13 while Reynolds and Figgis got a 2A1g symmetry
state with significant covalent components based on the ab initio UHFS DV-Xα method14 which is
confirmed by some other theoretical calculations.15–17 The controversy also can be seen in experimental investigations. The soft X-ray absorption spectroscopy (XAS) at Co L 2,3-edge is a powerful
technique for determining the Co ions ground state and the first excited state, thus was usually
employed in previous studies.18–21 Numerous investigations have been performed, but controversial
conclusions were deduced due to the different simulation parameters used. The atomic multiplet of
a 3d7 configuration including d-d and p-d electron-electron Coulomb and exchange interactions plus
crystal-field effect calculations points out a 2A1g symmetry ground state.19 Furthermore, Sepanow
et al. found that the first-excited state with 2Eg symmetry lies about 80 meV above the ground state.
Spin-orbit coupling mixes these two states, partly depopulating the eg orbit, leading to 2A1g-2Eg
configurations (2b2g3.8eg1.2a1gb1g).20 However, the situation becomes very complicated when the
covalent effect is included. Kroll et al. simulated the spectrum taking into account an isotropic
covalency, i.e., reducing the Slater-Condon parameter F i , G i of their Hartree-Fock calculated values
to 65%, and found a 2Eg symmetry ground state with 2B2g(1b2g3.8eg2a1gb1g) as the first-excited state
lies about 28 meV above.21 It is well known that the orbital hybridization can significantly affect
the ground state. Due to the fact that the short Co-N bond length (1.92 Å) and coordination environment, i.e., the nitrogen ligands 2p orbits directly towards to the b1g(d x 2−y 2) orbit that with lobes
shape and the circle part of a1g(d 3z 2−r 2) orbit, we speculate a strong anisotropic covalent bond in
this system.22,23 Hence, the role of charge transfer in determining the ground state of CoPc system
should be considered.
In light of these considerations, we employed the density function theory to calculate the
electronic structure and found strong σ donor accompanied by weak π-back acceptor interaction
between central cobalt ion and nitrogen ligands in this system. Then we carefully reexamined the
Co L 2,3-edge XAS by a valence bond configuration interaction atomic multiplet model including
crystal field and ligand to metal charge transfer (LMCT). This model assumes a Co 3d 7 configuration with an additional electron in ligand orbit that can hop to Co ion, creating a 3d 8 L (L denotes
a ligand hole) configuration. The interaction between two configurations is treated by a T matrix
involving anisotropic transfer integral elements and charge transfer energy ∆. This treatment combined with the DFT calculation is an effective approach providing appropriate description for electron correlation and herein is successfully employed to investigate electronic structure of various
transition metal complexes.24–27 We show that the simulated spectra fit the experiments exactly
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and the ground state of CoPc is the best described by the coherent superposition of two-electron
configurations reflecting the charge fluctuating from ligand to metal. The 2A1g symmetry is stable as
the first excited-state with 2Eg symmetry lies about 158 meV higher in energy.

II. EXPERIMENTS AND CALCULATIONS

The CoPc was purchased from Sigma-Aldrich and used as received. The molecule in this study
was outgassed at the temperature of 150 ◦C for 4h in order to obtain high quality sample. Then, the
powder sample was pelleted. The Co L 2,3-edge XAS spectra were collected at room temperature
at beamline BL08B of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan,
with a photon energy resolution of about 0.3 eV. The pellet sample was fractured in situ in an
ultrahigh-vacuum chamber with a pressure in the 10−10 mbar range. The Co L 2,3-edge XAS spectra
were recorded in the total electron yield (TEY) mode by measuring the sample drain current.
All DFT calculations were performed with Gaussian 0328 using the unrestricted exchange functional of Becke with the nonlocal correlation of Perdew (BP86).29 The 6-311G* basis set was used
for geometry optimizations and the larger 6-311++G** basis set was used for other calculations.
Frequency calculations on the final optimized geometries contained no imaginary frequencies.
Orbital composition and population were analyzed using Multiwfn.30
The CoL 2,3-edge XAS spectra were simulated with configuration interaction cluster model that
includes the full atomic multiplet theory and the hybridization with the N 2p ligands.31 Ligand
field multiplet calculations were performed using the multiplet model implemented by Thole,32 the
atomic theory developed by Cowan33 and the crystal field (i.e., symmetry) interactions described by
Butler.34 This approach includes both electronic Coulomb interactions and spin-orbit coupling for
each sub-shell.25,35,36 Hartree-Fock estimates of the radial part of matrix elements of the Coulomb
interaction in terms of Slater integrals F k and G k and the spin-orbit coupling parameters ζ(3d) and
ζ(2p) for the core 2p and valence 3d shells. In the crystal field limit, the ground state is approximated by a single electronic configuration d7 split in energy by a crystal field potential in D4h
symmetry, defined by the parameters 10Dq, Ds, and Dt where the relationship between the orbital
energies and the crystal field parameters is36:
Eb1g = 6Dq + 2Ds − 1D t
Ea1g = 6Dq − 2Ds − 6Dt
Eb2g = −4Dq + 2D s − 1Dt
Ee g = −4Dq − 1D s + 4Dt
The spectrum is calculated from the sum of all possible transitions for an electron excited from the
2p level into a 3d level.
For a donor ligand system, hybridization between Co-3d orbit and N-2p orbit is treated using
a charge transfer model, in which a 3d 8 L configuration above the 3d 7 ground state is involved.
The energy difference of these two configurations is defined by the charge transfer energy ∆. The
interaction of these two states is described by the mixing term Ti =< 3d 7|H|3d 8 L>, where H is the
molecular Hamiltonian and can be described by a two by two determinant37:
H=

0
t

t
∆

The ground state is written as ϕ B = α i |3d 7 > + βi |3d 8 L >.

III. RESULTS AND DISSCUSSIONS
A. DFT calculations

The calculated orbital energy levels of CoPc are plotted in Figure 2 and we will focus on the
levels near the Fermi-level. The a1u and a1g of the CoPc are the HOMO and LUMO, respectively.
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FIG. 2. Calculated orbital energy levels of the CoPc. The numbers represent the percentage of the composition of the orbital
attributed to cobalt ion.

The component of a1u is purely associated with Pc ring while a1g is mainly attributed to cobalt 3d
orbits. For the 3d orbits of cobalt ion, four sets of orbits can be observed under the D4h symmetry.
The empty b1g orbit, which is largely composed of Co d x 2−y 2, is much higher than the other sets of
orbits above the Fermi-level. The b2g and eg are both occupied and the former is lower in energy
about 0.2 eV. In particular, a1g is unit electron occupied as the result that it locates higher than the
Fermi-level acting as LUMO for spin minority, while locates at the lowest energy among 3d orbits
for spin majority. On average, the energies of a1g, b1g and eg are close to each other. Therefore,
the ground state is 2A1g(2b2g4eg1a1gb1g) symmetry. It is in consistent with the conclusion obtained
by Reynolds and Figgis, but differs from the previous calculation results given by Liao et al., the
ground state with 2Eg(2b2g3eg2a1gb1g) symmetry, in which eg level is closer to the Fermi-level than
a1g. This discrepancy is due to the close energies of eg and a1g orbits and thus their order is strongly
dependent on the chosen calculation methods. Our result is largely in the line with the experimental
observations, for instance, magnetic susceptibility measurement and X-ray spectroscopy data.20
Note that the HOMO-LUMO separation in our work is smaller than some previous researches17,38,39
due to the underestimates of the correlation effects. When the correlation effects is included, for
example including a Hubbard U of 6 eV, the spin-down a1g orbital is pushed up higher than the eg
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TABLE I. Mulliken populations and atomic charges (Q) of CoPc.
Charge
CoPc
3d

7.35

Q Co

0.48

Charge
b 1g (d x 2−y 2)
a 1g (d 3z 2−r 2)
e g (d xzd yz)
b 2g (d xy)

0.62
1.02
3.77
1.93

orbital mainly associated with Pc ring and the eg orbital becomes to be the LUMO. At this time,
the HOMO-LUMO gap is about 2 eV and the ground state remains 2A1g state.17 The stability of
2
A1g symmetry is also an important issue and we calculated excited states indicating that the energy
of 2Eg symmetry is about 350 meV higher than 2A1g, which is close to the result from a constraint
DFT approach15 but extensively larger than some other reported value.20,21 We supposed that this
discrepancy is possibly originated from the effect of covalency and to this end an investigation of
charge distribution is essential.
The calculated populations of the various atomic orbitals and Mulliken atomic charges are
collected in Table I. Two important observations can be seen. 1). although the metal atom has a
formal charge of +2 in the neutrals, the effective atomic charge is calculated to be ∼0.48. This
value suggests that a charge transfer from Pc ring to cobalt ion occurs and that the bonding between
cobalt ion and Pc is not purely ionic, but significantly covalent. 2). More importantly, the covalency
exhibits the anisotropy. For instance, the b1g(d x 2−y 2) orbit is populated by 0.62 electron rather than
empty in the picture of ionic model. The a1g (d 3z 2−r 2) orbit is also influenced slightly that 1.02 electron occupation is revealed. This result shows a remarkable N σ donor ligand that directly towards
to the lobes shape orbit of b1g. In addition, circle part of a1g orbit is also influenced by the planner
N ligand but giving minor contribution due to the small orbital overlap. This strong covalency is
also ascribed to the large spatial overlap under the situation of the short Co-N bond length (1.92 Å).
The population of b2g orbit retains close to 2, while 0.23 electrons are removed from eg orbits. This
finding can be assigned to the weak π-accepter interaction between the dπ(d xz, d yz) and π∗ (2eg) orbit
of Pc ring which small amount of eg electron flows to the Pc ring.
On the basis of the DFT calculation, we have revealed a significant anisotropy covalent bond
between cobalt cation and nitrogen anion of Pc ring. The σ bond is dominant accompanied by
a weak π-back bond. As well known, the crystal-field splits the degenerate levels and covalency
further shifts this levels by hybridization interaction. Due to the anisotropy and bonding character,
covalency effect on the different d level is opposite. For instance, the σ donor interaction will shift
up the b1g and a1g orbits, in contrary the π-accepter interaction will push down the eg orbits. As
a consequence, the purely ionic picture or an isotropic covalency model may underestimate the
energy difference between the ground state and the first-excited state. An anisotropy covalency
model is mandatory to understand the experimental data and calculate the ground configuration.
B. Experimental and theoretical Co-L2,3 XAS spectrum

In Figure 3, experimental XAS data at room temperature at the Co L 2,3-edge of CoPc is
shown. The XAS spectra are divided into two main regions, the Co L 3 - and L 2 -edges, which
are separated by ∼ 15 eV, due to the spin-orbit coupling of the 2p core hole in the final state.
Three remarkable features appear in the L 3-edge region, as denoted A-C. According to the previous
polarization-dependent measurements,8 the energy lowest peak A occurs at the incidence angle θ=0
(E⊥z) and the intensity gradually becomes weak when the θ value increases, whereas the situation
for the peak B and C is reverse that the strongest intensity presents at θ = 90 (E∥z). This result
indicates that the peaks arise from the electron transition from 2p to 3d orbits out of plane and in
plane respectively.
We first use a ligand-field multiplet theory to simulate the Co-L 2,3 XAS spectrum. Theory includes fully intra-atomic interaction, spin-orbit coupling and crystal field. Hartree-Fock
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FIG. 3. The experimental and simulated x-ray absorption spectra at Co L 2,3-edge of CoPc at room temperature.

atomic parameters for the Co2+ ion are shown in Table II, and we apply 60% reduction to the
Slater integrals in the calculation of the spectra, not only to account for the over-estimation of
electron-electron repulsion found in calculations of the free ion, but also importantly to consider
the isotropic covalency. The adjustable parameters are the D4h crystal field value, 10Dq, Ds and Dt.
The best simulation (red line in Figure 3) to the experimentally measured spectrum corresponds to
the crystal field parameters 10Dq=2.3eV, Ds=0.55eV and Dt=0.2eV. We obtain a ground state of
2
A1g(2b2g4eg1a1gb1g) symmetry as well as the first-excited state is 2Eg(2b2g3eg2a1gb1g) symmetry lies
above 80 meV, which are in good agreement with the result in previous researches.20 Due to the
small energy difference, the interaction of these two states by spin-orbit coupling results in a mixed
ground state of 2A1g-2Eg configurations (2b2g3.8eg1.2a1gb1g) that the partly depopulating eg electron
filled into a1g orbit.
Then, we perform ligand-metal charge transfer calculation to anisotropic covalency. In CoPc
molecule, since that the anisotropic covalent effect is dominated by the σ donor interaction as
revealed by DFT calculation, only LMCT model was introduced for simplifying the calculations. It
assumes a Co 3d 7 configuration with an additional electron in N-2p orbit that can hop to Co ion,
creating a 3d 8 L (L denotes a ligand hole) configuration. The diagram of interaction of these two
states is given in Figure 4. These two configurations are separated by charge transfer energy ∆,
and can be mixed using the transfer integral parameter t, which quantitates orbital overlap. In the
simulation, charge transfer was allowed via the d x 2−y 2, d 3z 2−r 2 state of the Co ion, since this orbit
can overlap with occupied states of the N p band. The t eg value was calculated under the condition
that the Co-N bond length is 1.92 Å according to Harrison’s prescription. The ∆ is set to be 4.0eV

TABLE II. Hartree-Fock atomic parameters for the Co2+ ion in the 3d7 and 3d8L atomic configurations and corresponding
excited configurations (in units of eV).
Parameters

3d7

2p53d8

3d8

2p53d9

F 2(3d)
F 4(3d)
ζ(3d)
F 2(2p, 3d)
G 1(2p, 3d)
G 3(2p, 3d)
ζ(2p)

11.604
7.209
0.066

12.395
7.707
0.083
7.259
5.394
3.068
9.748

10.430
6.413
0.059

11.261
6.954
0.075
6.624
4.865
2.766
9.750
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FIG. 4. The diagram of interaction of Co 3d 7 and 3d 8 L configurations.

for the effective CT energies between the two configurations. The crystal-field parameters were used
as 10Dq=2.5eV, Ds=0.42eV and Dt=0.25eV. We obtain excellent agreement with experimental
spectrum (blue line in Figure 3).
The effect of covalent strength on the shape of simulated spectra was also calculated, as shown
in Figure 5. As mentioned above, the numerical values of t and ∆ determine the covalency. In the
calculation, we fixed transfer integral parameters and varied the charge transfer energy ∆. When
covalency is not considered, pure 3d7 ground state can be seen. The proportion of 3d 8 L rises
with decreasing ∆ and a nearly pure 3d 8 L ground state is obtained when ∆ is a large negative
value due to that 3d 8 L state is much lower than 3d 7 in energy. It is noticed that the spectrum of
3d 8 L state exhibits two distinct features that is different from that of well-known 3d 8 state such
as NiO, which shows only a single peak. This result can be ascribed to the large energy splitting
of d x 2−y 2 and d 3z 2−r 2 orbits and the charge transfer mainly occurs from the ligand to d x 2−y 2 orbit.
As ∆ is in a reasonable region, 3d 7 and 3d 8 L states are allowed to mix by 3d spin-orbit coupling. Our calculations have found a good agreement with experiment when ∆=4.0 eV (blue line
in Figure 3). The ground state is 2A1g symmetry as the first excited-state with 2Eg symmetry lies
about 158 meV(∼1580 K) higher in energy. Furthermore, these parameters also give good simulations for reported X-ray magnetic circular dichroism (XMCD) spectra as shown in Figure 6,20
indicating these parameters yield to a suitable estimation of magnetic moment. The calculated
ground state wave function is a coherent superposition of 73% 3d 7 and 27% 3d 8 L, yielding to a
2
b2g3.87eg1.15a1g0.26b1g configuration. This result substantially differs from the single configuration
calculation that the orbital population change is not only arising from the spin-orbit coupling effect
but also the covalent bond.
C. Covalency effect on the ground state

We have revealed that the LMCT via σ bond plays a significant role in yielding to a robust
A1g symmetry ground state in CoPc system. This conclusion is different from that obtained by pure
ionic model and isotropic covalency model simulation by reducing the Slater-Condon parameters
from their atomic values with a factor κ. To further illustrate the different effect of isotropic and
anisotropic covalency on the ground state, the total energy level diagrams of the cobalt ions without
considering spin-orbit coupling as a function of κ and ∆ were calculated, as shown in Figure 7.
2
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FIG. 5. The calculated spectra as a function of the charge transfer energy ∆.

FIG. 6. Circularly polarized experimental (black circles) and simulated (red lines) XMCD spectra of CoPc. The experimental
data are taken from Ref. 20.
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FIG. 7. Energy level diagram of the cobalt ions as a function of (a) the reduction factor of Slater Integral κ in the Isotropic
Covalencey Model and (b) charge transfer energy ∆ in LMCT Model. The energy of 2A1g was set to be zero.

In the isotropic covalency model, the ground state retains 2A1g symmetry in the large κ value
region, which corresponds to a weak covalent bond. As the κ value gradually decreases (covalency increases), we found clearly that the energy of 2Eg symmetry falls quickly and a crossover
between 2Eg and 2A1g symmetry appears when κ =0.4. As the κ value is further reduced, d xy orbit
is singly occupied and 2B2g symmetry presents. In contrast, in LMCT model, the ground state and
the first-excited state are always 2A1g and 2Eg symmetry in the large value range of ∆, respectively.
It indicates that for CoPc system an isotropic covalence considered by reduction of Slater-Integrals
might not be a good approach. The reason is the anisotropic covalent effect on the different 3d
orbits in square-planar local symmetry. Considering the σ-donor LMCT in this system, the N-2p
only hybridizes with the Co d x 2−y 2 and d 3z 2−r 2 states not only resulting in an electron transfer but
also more importantly pushing up these two levels in energy. Thus, the a1g is higher than eg orbit,
producing a stable 2A1g symmetry ground state. It also indicate the key difference of the simulations
we performed is not just a result from varying the fitting parameters.

IV. CONCLUSIONS

In summary, we studied influence of anisotropic covalent bond on the ground state of CoPc
using density functional theory (DFT) calculation and compared the difference of effects on the soft
X-ray absorption spectroscopy (XAS) at Co L 2,3 edge between isotropic covalence and anisotropic
covalent. We found a robust ground state of 2A1g symmetry with relative higher lying the first
excited-state with 2Eg symmetry in the large range of parameter of the charge transfer energy for
an anisotropic covalence, while the energy level of 2A1g and 2Eg configurations are very sensitive
to the degree of isotropic covalence. The calculation yields to a ground state that is built from 73%
3d 7 character and 27% 3d 8 L component, as the first excited-state with 2Eg symmetry lies about
158 meV in energy. This finding is very useful to understand the specific behavior of this system,
for instance, large g tensor anisotropy in ESR spectrum, excellent catalytic performance for oxygen
evolution reaction etc. Here, we highlight the crucial role of isotropic covalency effect played in
determining the ground state of CoPc system and suggest that it should be taken into account
in analogous cobalt complexes. In addition, we propose that DFT calculation is complementary
to transition metal XAS L-edge data reduction, with the advantage of providing an appropriate
description of electron correlation.
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