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ABSTRACT 

To shed light on the metal 3d electronic structure of manganese phthalocyanine, so 

far controversial, we performed photoelectron measurements both in the gas phase 

and as thin film. With the purpose of explaining the experimental results, three 

different electronic configurations close in energy to one another were studied by 

means of density functional theory. The comparison between the calculated valence 

band density of states and the measured spectra revealed that in the gas phase the 

molecules exhibit a mixed electronic configuration, while in the thin film, 

manganese phthalocyanine finds itself in the theoretically computed ground state, 

namely, the b1 e3a1 b0 electronic configuration. 
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INTRODUCTION 

Organic molecules with a 3d transition-metal center have become significant 

owing to the fact that they play a major role in a wide variety of emerging fields 

such as organic electronics1 and spintronics.2 In particular, manganese 

phthalocyanine (MnPc) is an organic semiconductor and molecular magnet able to 

act as a spin-filter.3 Moreover, its spin can be manipulated in a controlled 

manner,4−6,8 giving rise to its possible use in molecular spintronics7 and quantum 

computing applications.9−11 In fact, it has been recently shown that the spin 

polarization of a single MnPc molecule may be controlled either by the chemical 

coordination of ligands to the central metal4,8 or according to the interplay between 

Kondo screening and superconducting pair formation.6,12 In this context, not only 

would a precise knowledge of the exact metal 3d electronic configuration of MnPc 

shed light on the previously mentioned effect but it would also prove to be 

essential in view of spintronics applications by opening the possibility of 

controlling the orientation of the magnetic anisotropy of the molecule. In fact, it 

has been recently proven that the addition or removal of ligands could be used to 

modulate the direction of the spontaneous magnetization.13 Because the highest 

occupied 3d orbital and, respectively, the lowest unoccupied bring, in general, the 

largest contribution to the anisotropy, understanding the manner in which the 

metal states are populated may prove to be essential in both clarifying the origins 

of the molecular magnetic anisotropy as well as in reversibly controlling its 

orientation (from uniaxial to in plane and vice versa). 

As opposed to the majority of transition metal phthalocyanines (TMPCs), for 

MnPc, the high structural symmetry is broken in a Jahn−Teller (JT) manner.14 The 

molecule exhibits D2h symmetry because an odd number of electrons populates the 

doubly degenerate eg molecular state, making MnPc an interesting model for 

analyzing the correlation between electronic structure and molecular geometry in 

view of the JT effect.  



According to ligand-field theory, a transition metal placed into a D4h symmetric 

environment will exhibit a splitting of its 3d levels, as depicted in the inset of 

Figure 1. Controversy exists regarding the manner in which these states are 

populated to give rise to the intermediate spin (S = 3/2) of MnPc. There are three 

possibilities of metal 3d orbital occupation that have been discussed, which all 

leave the dx2−y2 level unoccupied: the b1 e3a1 b0 electronic configuration (denoted SA 

here), b2 e2a1 b0 (denoted SB ), and b1 e2a2 b0 (denoted SC ). Several experimental 

studies performed at different temperatures on either MnPc single crystal or MnPc 

deposited on noble-metal substrates report not only different electronic 

configurations of the metal but also different symmetries of the highest occupied 

molecular orbital (HOMO). More specifically, two studies, one using X-ray 

absorption spectroscopy (XAS)17 and the other using both magnetic circular 

dichroism (MCD) and absorption spectroscopy,18 report the S (b1 e3a1 b0 ) 

electronic configuration as the ground state, while a third one performed by XAS 

and X-ray MCD19 confirms this configuration but reveals a different HOMO, 

namely, the a1g. An L-edge XAS study23 reports two electronic configurations in 

competition (SA and SB), whereas a different magnetic experiment22 reveals only 

SB (b2 e2a1 b0 ) as the ground state. 

Similar controversy exists in density functional theory (DFT) studies performed 

using different exchange and correlation functionals, basis sets, and atomic orbital 

types. A b1 e3a1 ground state is reported by Liao et al. as well as by Wang et al.21 

Marom and Kronik,14 by enforcing symmetry, reveal the different character of the 

Mn highest occupied d level. An eg HOMO is reported when the symmetry is 

broken, while by conserving symmetry they obtain either a b2g or an a1g HOMO, 

the two structures being close in energy and competing. In addition, a joint 

theoretical (DFT) and experimental (valence band photoemission at 21.2 eV 

photon energy) study15 reports an eg symmetry for the HOMO level. 

In the present study, the SA, SB, and SC electronic configurations were analyzed by 



means of DFT with the B3LYP hybrid functional to clarify the controversy. The 

computed valence band spectra were compared with photoelectron spectroscopy 

(PES) measurements performed at different photon energies in both gas phase and 

thin film. In this way, exploiting the variation of the atomic orbital cross sections 

for different photon energies, we could obtain a detailed knowledge of the 

elemental composition of the electronic states in the valence band. 

 
EXPERIMENTAL SECTION 

The PES measurements on the gas-phase sample were performed at the GAs-

PHase (GAPH) beamline of the Elettra synchrotron in Trieste,24 using a VG 

analyzer mounted at 54.7° with respect to the electric vector of the light.25 

Manganese(II) phthalocyanine (MnPc) (powder, purity 95%) was purchased from 

Sigma Aldrich. The molecules were further purified in situ before the experiment 

to reduce traces of contaminants.26 The sample was sublimated using a custom 

built resistively heated furnace. The MnPc molecules were evaporated at 314 ± 1 

°C, avoiding dissociation observed at higher temperatures. Calibration of the 

binding energy of the outer-valence spectra was done by He (vertical ionization 

energy, VIE = 24.59 eV) and by traces of vaporized water (VIE = 12.62 eV)27 

found in the system. During the whole experiment, the pressure at the   ionization 

region remained constant (ca. 8 × 10 mbar). PE spectra have been normalized to 

the photon flux and to the analyzer transmission function. The thin-film 

experimental measurements were performed for MnPc deposited on Au/ mica 

substrate purchased from George Albert Physikal Vapor Disposition. Before the 

MnPc deposition, the surface was cleaned by several cleaning cycles (Ar+ 

sputtering, followed by annealing at 450 °C), resulting in a reconstructed Au(111) 

surface. The MnPc molecules, the same used in gas-phase measurements, were 



degassed and thermally evaporated from a quartz crucible under ultrahigh vacuum 

conditions (base pressure approximately 10−10 mbar). The evaporation temperature 

used did not exceed 315 °C to avoid the molecule decomposition. A 

monochromatic X-ray source (Al Kα, 1486.7 eV), a He discharge lamp (21.2 eV), 

and a hemispherical analyzer were used to perform XPS and UPS measurements. 

The binding energy scale was calibrated with the Fermi level of the gold substrate. 

 
COMPUTATIONAL METHODS 

From the theoretical point of view, single-molecule DFT calculations were 

performed using the Gaussian 09 program.28 A full relaxation of all atoms was 

allowed. The hybrid B3LYP exchange-correlation functional29 was used along 

with the 6-31G(d,p) basis set (valence double-ζ plus polarization)30 for carbon, 

nitrogen, and hydrogen atoms, while for Mn, the cc-pVTZ (valence triple-ζ plus 

polarization)31 was employed. Starting from D4h symmetry, the system relaxes to 

D2h symmetry in the case of the SA electronic configuration. The other two 

electronic structures are obtained by first depopulating the highest occupied 

molecular orbital (HOMO) and then occupying a spin-down unoccupied level, 

followed by a structure optimization. Both of the resulting relaxed geometries are 

very close to the D4h point group (Figure 2c). The total and partial density of states 

(DOS) for the three different electronic configurations was determined using the c2 

population analysis (SCPA) method,32 as performed in a previous study.33 The 

partial density of states (PDOS) was used to simulate the photoelectron valence 

band spectra at different photon energies. For this purpose, the PDOS for each 

atomic orbital was multiplied by its corresponding photoionization cross section at 

the specific photon energy34−37 and a total DOS (TDOS) for this specific energy 

was determined. To facilitate the comparison with experiments, the theoretical bar 



graphs were broadened using Gaussian functions. For Figure 3, the calculated 

DOS were broadened using a 0.5 eV initial full width at half-maximum (fwhm), 

which was linearly increased to 2.0 eV in the range −5.0 to −15.0 eV and then kept 

constant. The 21.2 eV photon energy simulated spectra were shifted by 3.33 eV 

and the 1486.7 eV results were shifted by 3.8 eV toward lower binding energies to 

align the calculated spectra to the experimental first peak. In Figure 4, a Gaussian 

broadening was performed starting with a 0.3 eV initial fwhm, which was linearly 

increased to 2.0 eV in the range of −6.5 to −10.0 eV and then kept constant. The 

spectra were normalized to a C 2p peak centered at −12.1 ev. The mixed spectra 

were shifted with 1.37 eV to higher binding energies. Similarly, SA was shifted by 

1.37 eV, SB by 1.31 eV, and SC by 1.6 eV, all of them toward higher binding 

energies to match the first experimental peak. 

 
RESULTS AND DISCUSSION 

According to the computed total energy, the SA electronic configuration 

corresponds to the ground state of the intermediate spin MnPc. SB and SC are 

slightly higher in energy, the first one by 0.11 eV and the second by 0.23 eV. 

Structurally, the main differences between the three structures concern the Mn−N 

as well as the C−N bond lengths. The relevant bonds are shown in Figure 1, where 

the different types of N atoms are labeled as Ni and Nm, and the different C atoms 

are labeled Cα and Cβ. The largest change in bond length for the different 

electronic configurations is the Mn−Ni bond length (denoted “a” in Figure 1), 

which varies between 1.957 Å for SA, to 1.971 Å for SB, and 1.967 Å for SC. Other 

differences, not as remarkable, involve the pyrrole Cα atom (“b”, “c”, and “d” 

bond lengths in Figure 1). More precisely, the Cα−Ni bond length is 1.384 Å in the 

case of SA decreasing to 1.378 Å for the other two electronic configurations. The 



Cα−Nm bond has a length of 1.324 Å in the ground state, changing to 1.328 Å for 

SB and to 1.326 Å for SC. Finally, the Cα−Cβ bond length varies between 1.453 Å 

(SA), 1.457 Å (SB), and 1.456 Å (SC). 

A comparison between the Mn 3d PDOS of the three structures in the 

HOMO−LUMO region shows that the dx2−y2 orbital is high in energy and remains 

unoccupied for both spin channels (Figure 2a). Differences between SA, SB, and SC 

are related to the character of the HOMO, to its position, and to the 

HOMO−LUMO gap (defined as the energy difference between the lowest 

unoccupied level in the spin down channel and the highest occupied level of the 

same spin) (Table 1). The SA HOMO is a partially filled doubly degenerate eg 

orbital (dxz, dyz) with an eigenvalue of −4.46 eV. The calculated HOMO− LUMO 

gap is 1.35 eV. For the SB electronic configuration, the HOMO, exhibiting b2g 

character, is centered at −4.59 eV and the HOMO−LUMO gap becomes 1.65 eV. 

Finally, the SC HOMO has a1g symmetry and is higher in energy than the other two 

(−4.31 eV) with the smallest HOMO−LUMO gap (1.32 eV). 

Figure 2b shows a comparison between the computed TDOS of the three 

electronic structures. The origin of the peaks is analyzed by comparing the TDOS 

to the Mn 3d and C 2p partial densities of states. The N 2p PDOS is presented in 

the Supporting Information. The main features of the spectra are denoted A−G,38 

while the peaks in each region are designated with numbers. It is very important to 

note that SA, SB, and SC differ strongly in the Mn 3d states, a fact that generates 

DOS curves with different profiles for the three electronic structures. The main 

differences between them arise in the low binding energy range of the spectra 

(features A−C). More specifically, feature A, situated in the HOMO region and 

consisting of two peaks (A1, of Mn 3d character, and A2, C 2p related), exhibits 

different A1−A2 splitting for each electronic structure. SC displays the largest 

splitting (0.65 eV), as the HOMO is shifted to lower binding energies, while the A 

peaks of SB are very close together (0.3 eV) because the HOMO is slightly shifted 



to higher binding energies. The ground-state electronic structure (SA) presents an 

intermediate splitting of 0.47 eV. Equally important differences arise in the B 

region. First of all, the B1 peak, exhibiting Mn 3d character in all three cases, is 

hardly visible in the TDOS of the ground-state structure. Instead, in the SB 

spectrum, it is easily distinguishable and it becomes a relatively intense double 

peak in the SC electronic configuration. Second, in the upper binding energy region 

of feature B, the Mn 3d bands are present at different positions for each of the 

three electronic configurations. More precisely, in the SA case, the metal states 

contribute to peaks B4 and B5, while in SB case, the slightly less intense Mn bands 

are shifted to lower binding energies and contribute to peaks B2 and B3. In the SC 

TDOS, B3 has Mn 3d character, similarly to peak B5, which is shifted toward 

region C. Finally, another important distinction between the three electronic 

configurations is the fact that the ground-state structure exhibits large Mn 3d 

character in the C feature, while SB and SC lack metal 3d states in the same region. 

The previously mentioned differences are strongly relevant when comparing the 

computed spectra with PES measurements performed at different photon energies. 

Figure 3 displays a comparison between the calculated results and the thin-film 

experiments performed at 21.2 eV (UPS) and 1486.7 eV (XPS), respectively. At 

21.2 eV photon energy, all three calculated spectra compare well with the 

experiment, and they highly resemble one another. In fact, S , S , and S have very 

similar C 2p PDOS, and at this photon energy the excitations from the C 2p levels 

are much more probable than those from metal states. 

 

An interesting conclusion comes when comparing the theory with the XPS (1486.7 

eV) experiment. In this case, the Mn 3d states become dominant, and it is precisely 

in this feature that the three structures differ, as previously discussed. The shape 

and intensity ratios of the TDOS peaks of the SA structure compare well with the 

experiment, while the other two calculated spectra are noticeably different. Both 



SB and SC configurations overestimate peaks B1 and A1. Moreover, feature C is 

strongly underestimated in both. This shows that in the thin films investigated here 

the MnPc displays the b1 e3a1 b0 (SA) electronic configuration, in agreement with 

previous experimental studies.17,18 On the contrary, in the gas phase, a mixed 

electronic structure manifest itself, as will be discussed in the following. 

The gas-phase PES results at different photon energies are compared with 

calculated spectra obtained by summing the density of states of two electronic 

configurations (SA and SB, Figure 4). The DOS of SA and SB configurations enter 

with equal weight in the total theoretical spectrum. The reason for considering the 

possible copresence of more than one electronic configuration in the same 

measurement is the fact that the features of the experimental results are not present 

in any of the individual calculated spectra of all configurations, SA, SB, or SC. This 

is revealed in Figure 4c, displaying a comparison of the 100 eV photon energy 

computed results to the gas-phase experiment performed at the same excitation 

energy. The SA spectrum lacks structure in the B2 region, and peaks B2 and B1 do 

not match the position of the corresponding experimental bands. The SB 

reproduces well the B2 region, but the B1 peak is much too intense and A2 

completely vanishes. As for the SC structure, it displays a largely overestimated A1 

band and a double B1 peak higher in intensity than the rest of the B region. 

As opposed to the pure electronic configurations, the spectra obtained by summing 

the TDOS of two electronic configurations compare well with the experiment and 

reproduce the observed trends, namely, the intensity growth of the A1 and B1 

peaks. A presence of a small percentage of the SC electronic configuration as well 

as of the metal-free phthalocyanine cannot be excluded, but for the current study, 

this percentage was not quantifiable; therefore, the SC structure and H2Pc were left 

out. This shows that in the gas-phase experiments the MnPc molecules find 

themselves in either SA or SB electronic configuration. During the gas-phase 

measurements, the molecules are heated to 300 °C, having a thermal energy 



approaching our calculated energy difference between the SA and SB 

configurations. Hence Maxwell−Boltzmann statistics at this temperature would 

provide a mixture of molecules in configuration SA and SB. It is not unlikely that 

the calculations overestimate by a small amount the energy difference between 

these two configurations, and, in this case, the thermal energy could provide a 

rather equal distribution of the two configurations. 

CONCLUSIONS 
To summarize, DFT calculations of three Mn 3d electronic configurations were 

performed, and the calculated valence band spectra were compared with PES 

measurements of the MnPc thin film and gas phase at different photon energies. 

The main result of the present study is that in the thin film, MnPc finds itself in the 

calculated electronic ground state b1 e3a1 b0 , while in the gas phase it exhibits a 

mixed electronic configuration (SA and SB). We demonstrate that the ground state 

of different kinds of samples is determined by factors that one can affect such as 

temperature, preparation method, or intermolecular interactions. In this sense, 

knowledge of the exact electronic configuration of MnPc and of the fact that it can 

be modified opens up the possibility for manipulating the direction of the 

molecular magnetic anisotropy in molecular spintronics applications. ��� 

 

ASSOCIATED CONTENT 

���Comparison between the DOS of SA, SB, and SC. The total densities of states are 

represented alongside all components (Mn 3d, C 2p, and N 2p). The gas-phase 100 

eV photon energy experimental results in comparison with the calculated spectra 

of SA, SB, and metal-free phthalocyanine multiplied with the corresponding cross-

section.  
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FIGURES  

 

 
Figure 1. Schematic representation of the MnPc molecular geometry alongside a 

simplified and general view of the metal 3d electronic levels according to ligand field 

theory (top left corner). The molecule is planar, and the z axis is perpendicular to the 

molecular plane. 

	
  

 
Figure 2. (a) Calculated PDOS for the Mn 3d levels of SA, SB, and SC, respectively. The 

spectra were broadened using Gaussian functions of 0.3 eV constant full width at half-

maximum (fwhm). The dashed lines represent the HOMO position. (b) Comparison 

between the TDOS, Mn 3d, and C 2p PDOS of SA, SB, and SC, respectively. Both bar 



graphs and broadened spectra (0.3 eV constant fwhm) are shown. The Mn 3d intensities 

were multiplied by a factor of four for clarity. (c) Segment of MnPc with the relevant 

bond lengths for each structure. 

	
  

	
  
Figure 3. Comparison between the thin-film experimental results (UPS and XPS) and the 

computed spectra at (a) 21.2 and (b) 1486.7 eV photon energies. The calculated DOS 

were broadened and shifted as described in the Computational Methods section. 

 

	
  
Figure 4. Comparison between (a) the gas-phase experimental results and (b) the 

simulated mixed electronic configuration spectra for seven different photon energies 

(30−100 eV). The dashed lines mark the positions of the calculated bands. (c) 

Comparison between the 100 eV calculated results and the gas-phase experiment 

performed at the same photon energy. The dashed lines mark the positions of the 

experimental peaks. All calculated spectra were broadened, normalized, and shifted as 



described in the Computational Methods section. 

	
  

	
   	
  



TABLES 
 

Table 1. Calculated Electronic Properties and Electronic Configurations of the S , 

S and S 
a)

 

structure occupation HOMO symm orbital type 
HOMO-LUMO 

gap 

SA b2g
1 eg

3 a1g
1b2g

0 eg dxz, dyz 1.35 eV 

SB b2g
2 eg

2 a1g
1 b2g

0 b2g dxy 1.65 eV 

SC b2g
1 eg

2 a1g
2 b2g

0 a1g dz
-2 1.32 eV 

a)To describe the occupancy of the different configuration, we have listed the molecular 

orbitals in the same order. The actual energy ordering is represented in Figure 2a. 

	
  

	
  


