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Abstract We present a systematic density functional the-

ory (DFT) study of the isolated manganese-phthalocyanine,

MnPc, by using both localized gaussian-type orbital (GTO)

and plane-wave (PW) basis sets and the following exchange-

correlation functionals: B3LYP, PBE, PBE0, HSE, and

HSE06. We find a very good agreement between GTO and

PW results, which is a necessary condition in order to extend

the present methodology to MnPc molecules deposited on

metal surfaces. We conclude that the HSE06 functional is

the most suitable one for the study of MnPc/inorganic

interfaces with a basis of plane waves. We compare our

calculated electron energy spectra with two available

experiments [Kraus et al. in Chem Phys Lett 469:121, 2009;

Grobosch et al. in Organics Electron 11:1483, 2010;

Papageorgiou et al. in Prog Surf Sci 77:139, 2004] in which

the ultraviolet photoemission spectra (UPS) have been

measured. Our results suggest that spectra obtained from

MnPc molecules in the gas phase are closer to those obtained

from thin films of MnPc deposited on inert surfaces than to

those obtained from thick films. Finally, we report optical

absorption spectra by using a time-dependent DFT

approach. Our results are again compatible with measure-

ments performed on thin MnPc films.

Keywords Mn-phthalocyanine � DFT �
Hybrid and non-hybrid functionals

1 Introduction

Phthalocyanines (Pc’s) are a prototypical class of organic

porphyrin derivatives, which can combine with almost any

metal in the periodic table forming highly (thermically and

chemically) stable complexes, widely used, for example, as

pigments, dyes or photoelectronic devices [4, 5]. These

complexes have a planar structure where the central metal

atom is constrained by the p-conjugated macrocyclic

ligand, and the interaction between the central metal ion

and the organic macrocycle determines the spin configu-

ration of the complex.

Metal-phthalocyanines (MPc’s) were already studied in the

60’s and the 70’s (see, for instance, [6–10]). During the last

decade, they have been object of a renewed interest due to

their potential use in nanoscale technologies, such as field-

effect transistors, light-emitting diodes, photovoltaic and solar

cells, or gas sensors [11, 12]. Furthermore, MPc’s deposited

on metal substrates are considered prototypical models of

semiconductor/metal interfaces for molecular electronic

applications such as organic electronic devices [13, 14]. As

prototypical single-molecule magnets, MPc’s also have a

wide applicability in molecular spintronics [15–17].

The interest aroused by the MPc’s in the last few years is

unquestionable, as evidenced by the significant number of

both experimental and theoretical studies present in the

literature. From an experimental point of view, the first

studies of MPc’s adsorbed on surfaces using scanning

tunneling microscopy (STM) go back to the 80’s [18], but

it is nowadays that these kind of studies, as well as those

performed using scanning tunneling spectroscopy (STS),
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are experiencing a real boom [13, 19–32]. For example,

STM and STS measurements on Kondo effect, resonance

and temperature [22, 24, 28] have revealed a meaningful

number of magnetic properties of MPc’s adsorbed on metal

substrates. Between these magnetic MPc’s, MnPc, which is

the object of the present study, is considered the prototype

molecular magnet [33] (see Fig. 1).

This large amount of experimental studies on MPc/

surface systems requires a parallel development of theo-

retical methods allowing an appropriate analysis of the

experimental observations, as well as a further under-

standing of the physical phenomena behind them. The

major challenge for the theoretical methods in this field is

to describe the properties of these molecules when depos-

ited on metallic surfaces. This implies to get simulta-

neously an accurate description of both the organic

molecule and the metal surface. The use of DFT (density

functional theory) [34] in this context is unavoidable due to

the dimensions of the systems involved. Within DFT, dif-

ferent formalisms can be adopted to describe the electronic

exchange-correlation (XC) and the performance of a

functional greatly depends on the characteristics of the

molecules. For instance, the semiempirical hybrid func-

tional B3LYP (Becke 3-parameter Lee-Yang-Parr) [35,

36], which has almost become a standard when dealing

with organic molecules, is not suitable to describe metals

as discussed in detail by Paier et al. [37]. In the case of

MPc, Marom et al. [38–40] have performed an extensive

theoretical study focused on the performance of a number

of XC functionals. Among the standard GGA functionals

tested, the PBE (Perdew-Burke-Hernerzhof) [41], which is

the most commonly used in describing organic-metal sys-

tems [24, 42–44], has been shown to yield very good

optimized geometries for MPc’s, but a remarkably altered

orbital ordering [38], as well as underbound localized

orbitals, due to self-interaction errors [45]. Such problems

are alleviated by its parameter-free hybrid variant, PBEh

[46–48]. Marom et al. [38] have proposed the HSE (Heyd-

Scuseria-Ernzernhof) screened hybrid functional [49] as

the best choice to study CuPc/metal surfaces, because of

the reasonable description of the electronic structure on

both sides of the CuPc/inorganic interface. A simpler

though less accurate solution has been proposed from an

extension of the local density approximation (LDA) [50].

For gas phase isolated NiPc and CoPc molecules [39], the

molecular geometry has been found to be well described by

the PBE functional, but reasonable electronic structures are

only obtained by employing hybrid functionals (B3LYP,

PBEh and M06 [51]). On the other hand, electronic structure

studies of isolated MnPc and FePc in gas phase [40] have not

driven, hitherto, to any conclusive result. In particular, for

the isolated MnPc molecule considered in this work, results

in the literature are contradictory: a very recent theoretical

study [17] suggests, in disagreement with previous results

mentioned above [38, 42], that the PBE functional is the

appropriate choice. To complicate the situation, comparison

with experimental results is rather indirect, since no data for

gas phase MnPc are available. Calculated electronic spectra

are usually compared with Ultraviolet Photoemission

Spectra (UPS) obtained from films of MnPc deposited on

‘‘inert’’ inorganic surfaces, although it should be noticed that

photoemission data do not represent the electronic density of

states (DOS), but the DOS multiplied by a cross-section,

which has a particular photon energy dependence that is

different for states of different atoms. Very recent spectra

obtained from thin MnPc films [1, 2] exhibit a dominant

peak at *7 eV and a much smaller peak at *4 eV, while

the opposite has been found from thick MnPc films [3].

Kraus et al. [1] and Grobosch et al. [2] have also measured

optical absorption spectra and electron energy-loss spectra

(EELS) from thin MnPc films and have found that they are

very similar. The results in Ref. [2] also show the funda-

mental role played by the central metal ion in the electronic

structure of MnPc: by a combined spectrocopic investiga-

tion using energy-loss spectroscopy and photoemission

spectroscopy over a whole set of MPc, it is evidenced how

the subtle interaction between the metal and the ligand

results in profound differences between their electronic

structure, making every single MPc a case study on the

theoretical point of view. However, so far no theoretical

attempt has been reported to compare with these

measurements.

In this work, we try to shed more light on the MnPc

problem by considering the following aspects. Firstly, we

Fig. 1 Schematics of the geometry of MnPc. Mn, N, C and H atoms

are represented in violet, blue, gray and white, respectively
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will revisit the problem of the appropriate choice of the XC

functional by considering a few more functionals than in

[38] and by comparing results obtained from localized

(Gaussian-Type Orbitals, GTO) and plane-wave (PW)

basis sets. The latter comparison is a basic step in order to

extend the present methodology to MnPc molecules

deposited on metal surfaces. Secondly, we will compare

our calculated electron spectra with two existing UPS

experiments [1–3] and thus analyze their appropriateness to

extract information that is also meaningful for MnPC in the

gas phase. Finally, we will also evaluate optical absorption

spectra in order to compare with the available experimental

data. To achieve these goals, we have carried out system-

atic DFT calculations for isolated MnPC by using both

GTO and PW basis and the following XC functionals:

B3LYP [35], PBE [41], PBE0 [46], HSE [49], and HSE06

[52], to describe the electronic structure of the MnPc.

The paper is organized as follows. In the next section,

we present the computational methods used in this work.

We present and discuss the results in Sect. 3 Finally, we

end with some conclusions in Sect. 4.

2 Computational details

We have compared DFT calculations performed within

both GTO and PW formalisms. The former is the method

of choice to study isolated molecular species, whereas the

latter allows one to study periodic systems with consider-

able band dispersion, such as metallic surfaces.

Unrestricted-DFT (UDFT) GTO calculations were per-

formed, for the gas phase isolated MnPc molecule, using

GAUSSIAN 09 [53]. It must be pointed out that in addition to

the above mentioned problems, related to the correct choice

of the exchange-correlation functional, it has been also

shown that the overall electronic structure of MnPc exhibits

a high dependence on the quality of the basis set employed

[39]. Thus, all UDFT calculations were performed using a

high quality correlation-consistent cc-pVTZ basis on Mn.

This basis set includes 4d2f1g shells on Mn. The rest of the

atoms were treated with two different basis sets: a double-

zeta (6–31G(d,p)) or a triple-zeta (cc-pVTZ). The use of

these two basis sets has allowed us to test the influence of the

ligand basis set on the electronic structure.

Spin-Polarized PW calculations were performed by

means of the VASP code [54]. In this case, the molecule was

placed parallel to the xy-plane, with the Mn atom at the

center of the plane. A supercell of 24� 24� 10 Å
3

was used

in order to minimize the interaction between molecules lying

in neighboring cells. The ionic cores were described by the

Projector Augmented Wave (PAW) method [55], and the

kinetic energy cutoff for the plane waves expansion was set

to 415 eV. For a sufficiently large energy cutoff, PW basis

sets are effectively complete. However, when PAW poten-

tials are employed, substantially larger values of the energy

cutoff must be used to properly generate the PAW projec-

tors. Since the supercell is very large, it was enough to

sample the Brillouin zone at the C-point. A gaussian

smearing of r ¼ 0:05 eV was applied.

The MnPc geometry was optimized at the PBE level of

theory for the GTO and the PW basis sets; the subsequent

comparison between results obtained with different func-

tionals was conducted on these structures. This approach is

supported by previous calculations in closely related sys-

tems, showing that the difference between optimized

geometries with hybrid and non-hybrid functionals is

almost negligible [38, 56]. Although a few functionals may

predict slightly distorted geometries showing non-physical

symmetry breaking, the influence of this problem in the

simulated UPS spectra is also negligible [40].

Vertical excitation energies and oscillator strengths that

are necessary to obtain the optical absorption spectrum

were evaluated within the time-dependent DFT (TDDFT)

formalism [57, 58] by using GAUSSIAN 09 [53].

3 Results and discussion

Figure 2 shows the calculated eigenvalue spectra obtained

using UDFT/GTO, for different functionals and basis sets,

together with the UPS data for MnPc thin films [1, 2] and for

thick MnPc films [3]. The spectra on thin and thick films

differ in the relative intensity of the bands. Previous theo-

retical calculations [40] have only compared with thick film

results [3], which were the only ones available in those days.

In order to simulate the experimental resolution, the theo-

retical spectra have been convoluted with gaussian functions.

It should be noticed that the comparison between Khon-

Sham eigenvalues and UPS data is rather reasonable because

Kohn-Sham eigenvalues are good approximations to electron

removal energies, as it has been already proved for similar

cases involving metal-Phthalocyanines and related carbon-

based molecules [38, 39, 45, 59]. From Fig. 2, it can be seen

that PBE (Fig. 2b) is not a suitable exchange-correlation

functional, since it fails, even qualitatively, in describing

the main features of either UPS spectrum, e.g., the position

of the peaks located around E � EHOMO ¼ �2:5 eV and

E � EHOMO ¼ �5:5 eV. In particular, the PBE calculated

spectrum is clearly compressed by about 20% with respect to

the experiment, as already noticed by Marom et al. [39].

Switching to the PBE0 functional, while maintaining the

same basis set (6–31G(d,p) on the ligand), results in an

overall stretching of the eigenvalue spectrum and improves

the agreement with the experimental results. When the

quality of the basis set is improved by using for the ligand the

same basis set as for the metal (cc-pVTZ), the agreement

Theor Chem Acc (2011) 128:497–503 499
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with experiment also improves, especially with the UPS

spectrum reported for thin films [1, 2]. In this case, the two

main features of the experimental UPS spectrum are cor-

rectly reproduced, both their position and relative intensity.

Screening the exact exchange by using the HSE functional

results in an even better agreement with the experimental

results of [1, 2], since minor characteristics of the spectrum,

such as the shoulder appearing at around E � EHOMO ¼
�4 eV, and the small difference between the peaks at about

E � EHOMO ¼ �0:5 eV and about E � EHOMO ¼ 0:0 eV are

better reproduced than in the spectrum obtained with stan-

dard PBE0. These results suggest that thin films of MnPc

preserve most of the features observed in the UPS spectrum

of gas phase MnPc.

The B3LYP-based calculated spectrum is also in very

good agreement with the experimental spectra of [1, 2]. For

this latter functional, results not shown here reveal that the

influence of a lower quality basis set for the ligand on the

electronic structure of MnPc is much less pronounced than

for the other functionals, but, as already stressed, the poor

performance of B3LYP for metals should prevent one to

use it to study MnPc/metal surface systems. These results

point out the subtle interplay between different factors that

can influence the electronic structure of MnPc, and likely

of other metal-phthalocyanines. The HOMO-LUMO gaps

calculated with the different exchange-correlation func-

tionals are, respectively, 0.21 eV (PBE), 1.48 eV (PBE0),

1.33 eV (B3LYP), and 0.82 eV (HSE). These calculated

gap energies follow nicely the trend in HOMO-LUMO gap

energy obtained by Marom et al. for CuPc [38].

We now turn our attention to the analysis of the spectra

obtained with PW basis sets. The comparison PW and GTO

calculations must be done with some caution, since, apart

from the obvious differences in the basis characteristics,

PW calculations require some additional approximations.

Paier et al. [60] have observed that, with PBE and PBE0

functionals, PAW-PW and GTO calculations yield similar

results only when a large aug-cc-pVQZ basis set is used for

the latter. More important is the fact that PAW-PW cal-

culations rely on the frozen-core approximation (the ionic

cores are described by using the PAW method), contrary to

the all-electrons GTO-type calculations. We have tested

the ability of PAW-PW calculations to reproduce GTO

results by performing a systematic analysis similar to that

already discussed for the GTO calculations. The results of

this analysis are shown in Fig. 3.

Figure 3 shows that, as for GTO basis sets, PW results

obtained with the PBE functional disagree with the

experimental data. We observe that the entire eigenvalue

spectrum is shifted to higher energies with respect to the

experiments, pointing out the clear deficiency of the stan-

dard semilocal functionals such as PBE in the description

of the electronic structure of MnPc, irrespectively of the

basis set employed. In Fig. 3, we also show an explicit

comparison between the results obtained with GTO and

PW basis sets by using the same PBE0 functional.

Although small differences can be observed all along the

electronic spectrum, the convoluted spectrum calculated at

the PAW-PW-PBE0 level is also in good agreement with

the experiment of Kraus et al. [1] and Grobosch et al. [2]

(although the relative intensity of the dominant peaks

seems to be better reproduced by the GTO-PBE0 calcula-

tions). The calculated HOMO-LUMO gap energies, for

PAW-PW calculations, are 0.19 eV (PBE) and 1.49 eV

(PBE0), in agreement with the GTO calculations. In view

of the effective completeness of the cc-pVTZ and PW basis

sets, the origin of these small differences are likely due to

the use of the PAW method to describe the ionic cores in

the PW calculations.

In Fig. 3, we can also see the comparison between the

occupied eigenvalue spectra obtained with the PBE0 and

HSE functionals. Two spectra computed with HSE are

shown: one obtained with standard HSE-06 and the other

one obtained by using a slightly increased screening
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Fig. 2 MnPc eigenvalue spectra (black: spin a, green: spin b),

calculated with UDFT/GTO using different exchange-correlation

functionals and basis sets, and convoluted results with a gaussian

function of width 0.25 eV to be compared with the UPS data of Refs.

[1–3], which are also shown in the figure

500 Theor Chem Acc (2011) 128:497–503

123



parameter x ¼ 0:3 Å
�1

. In general, similarly to that

observed in the case of GTO calculations, screening the

exact exchange does not introduces significant changes

in the occupied eigenvalue spectrum calculated with PBE0.

The agreement with experiment is slightly improved, although

the comparison is still slightly worse than for GTO-HSE

calculations (see Fig. 2). As for PBE0, the PAW-PW-

HSE06 calculations make a slightly poorer job than GTO-

HSE-06 calculations in reproducing the relative intensity of

the two low-lying peaks. However, this can be improved by

increasing the value of the screening parameter: as Fig. 3

shows the relative intensity of the two major peaks around

E � EHOMO ¼ �2:75 eV and E � EHOMO ¼ �5:5 eV, as

well as that of the HOMO peak and the small peak around

E � EHOMO ¼ 0:75 eV, appear to be reproduced satisfacto-

rily. Consistently with the GTO results, screening non-local

exchange reduces significantly the HOMO-LUMO gap,

which is calculated to be 0.77 and 0.7 eV for HSE06 and

HSE06 (x ¼ 3 Å
�1

) functional, respectively.

The DOS obtained with the different functionals in the

PW calculations (see Fig. 4) exhibits features similar to

those of the simulated UPS spectra. Consistently with the

eigenvalues spectra and the HOMO-LUMO gap values

discussed above, the DOS evaluated at the PBE level of

theory appears to be compressed in a smaller energy window

compared to the DOS calculated employing hybrid func-

tionals. On the other hand, the DOS calculated with PBE0

and HSE are very similar, the only appreciable difference

between them being the HOMO-LUMO energy gap width.

Substantial differences are observed between the DOS

evaluated with PBE and with hybrid functionals. In fact, the

I 
(A

rb
. U

ni
ts

)

-7 -6 -5 -4 -3 -2 -1 0

E-E
HOMO

(eV)

UPBE0
Mn, N, C, H: cc-pVTZ

PW - PBE

PW - PBE0

Expt. UPS

PW - HSE06

PW - HSE06 (ω = 3)

Expt. UPS

(Kraus et al.)

(Papageorgiou et al.)

Fig. 3 Calculated eigenvalues spectra (black: spin a; green: spin b)

for GTO-PBE0 (Mn, N, C, H: cc-TVZ), PAW-PW-PBE, PAW-PW-

PBE0, and PAW-PW-HSE06, and convoluted results with a gaussian

function of width 0.25 eV to be compared with the UPS data of Refs.

[1–3], which are also shown in the figure

Fig. 4 Projected Density Of States of MnPC, for PBE, PBE0, and

HSE06 (x = 3 Å-1) functionals. Energy is scaled with respect to the

Fermi level EF . Upper part of the figures corresponds to beta spins,

lower part to alpha spins
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only electronic levels that seem to be reproduced consis-

tently by both approaches are the HOMO and the a1u orbitals

localized at E � EHOMO ¼ �1 eV. The LUMO has also the

same character in all cases, but the relative contribution of

the dxz orbital of the central manganese atom to this orbital is

much lower in the PBE case than in the hybrid cases.

Interestingly, qualitative differences can be observed in the

unoccupied DOS between the hybrid and non-hybrid cases.

In particular, for PBE0-DOS, the first group of unoccupied

orbitals splits in two distinct subgroups, one located roughly

2.2 eV above the Fermi level, which can be identified with

levels showing significant contribution from the p-directed

orbitals of the organic ligand and the Mn dxz and dyz orbitals.

And the other one located in the energy range [2.2–2.8 eV]

above the Fermi level, which is formed by electronic levels

having significant contribution from the r-directed orbitals

of the organic ligand and the Mn dx2�y2 , dz2 and dxy orbitals.

This order is completely lost in the case of PBE calculations.

The same differences are also observed between the unoc-

cupied eigenvalue spectra of non-hybrid PBE/cc-pTVZ and

hybrid PBE0/cc-pVTZ and HSE06/cc-pVTZ calculations.

In order to confirm the accuracy of the electronic structure

obtained with hybrid PBE0 and HSE06 functionals, we have

computed the vertical excitation energies and oscillator

strengths by using TDDFT [57, 58] with a cc-pVTZ basis set

starting from the converged PBE0/cc-pVTZ and HSE06/

cc-pVTZ structures. In Fig. 5, we compare the results with

the experimental spectra measured by Kraus et al. in Ref.

[1]. From this figure, it can be seen that the excitation

energies relative to the adsorption peaks located around 1.75

and 2.15 eV and the shoulder located around 1.45 eV, are

well reproduced, albeit with a small tendency to overesti-

mate them. At energies below 1 eV, the agreement is less

satisfactory since the transitions within the [0.5–1.0 eV]

energy range appear to be forbidden, contrary to experiment

where small peaks associated with intramolecular excita-

tions are observed. This discrepancy with the experiment

can be attributed either to the molecule’s interaction in the

solid films, either to the shortcomings of the TDDFT

method, which is known to generally underestimate the

oscillator strengths, or both.

4 Conclusions

We have performed a systematic study on the electronic

structure of MnPc, benchmarking our results against recent

experimental UPS data available in literature [1–3]. Since

the ultimate goal is to describe the molecule adsorbed on a

metallic surface, we have compared the performance of

Gaussian-Type Orbitals (GTO) calculations, the standard

method when dealing with isolated gas phase species, and

Plane Waves (PW), which are commonly used for metal

surfaces. Since the main difficulty is to achieve an accurate

description of both sides of the organic/metal interface, we

have checked the performance, on the electronic structure

of MnPc, of exchange-correlation functionals which are

known to perform well for metals. In particular, we have

compared the results obtained with the non-hybrid GGA

(generalized gradient approximation) PBE functional and

the hybrid functionals PBE0 and HSE06. Generally

speaking, PW calculations agree reasonably well with GTO

calculations. In agreement with results obtained previously

for similar phthalocyanines using the same functionals [38,

56], we have found that the screened hybrid HSE06 func-

tional gives the overall best results. Reasonably good

results are also obtained in the case of the hybrid PBE0. On

the other hand, the standard GGA-PBE functional, which

was suggested as the more suitable exchange-correlation

functional [17] to deal with MnPc’s, fails in describing the

electronic structure, giving a general upshift toward higher

energies of the overall electronic spectrum. The compari-

son with available UPS measurements [1–3] suggests that

spectra obtained from MnPc molecules in the gas phase are

closer to those obtained from thin films of MnPc molecules

deposited on inert surfaces than to those obtained from

thick films.

In order to further confirm the validity of the results

obtained for the occupied part of the electronic spectrum of the

molecule, we have also performed TDDFT (time-dependent
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Fig. 5 Excitation energies and relative oscillator strengths obtained

from PBE0/cc-pVTZ and HSE06/cc-pVTZ calculations, compared

with optical absorption spectra of Ref. [1]. The inset shows the PBE0

numerical data for the oscillator strengths
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density functional theory) calculations at the PBE0/cc-pVTZ

and HSE06/cc-pVTZ levels. The computed excitation ener-

gies and oscillator strengths agree reasonably well with the

experimental ones obtained from thin MnPc films, despite

the fact that the low-lying weak transitions observed in the

experiment are theoretically predicted as forbidden, probably

due to shortcomings of the TDDFT method. Finally, based on

our calculations, we point to the HSE06 functional as the most

appropriate one to study MnPc’s/inorganic interfaces with a

basis of plane waves.
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