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We have studied the UV–vis absorption spectra of metal-free phthalocyanine (H2Pc), metal-free pyrazinoporphyrazine
(H2PyzPz) and their complexes with Mg2þ and Zn2þ using semiempirical Zerners intermediate neglect of differential
overlap and time-dependent density functional theory methods. The predicted absorption spectra of H2Pc and their
complexes are in agreement with a previous experiment report. The calculated results show that the Q band absorption peaks
of H2PyzPz and their complexes are blue-shifted by 40 nm as compared with those of H2Pc and their complexes,
respectively. The frontier molecular orbitals (HOMO and LUMO) of H2Pc, H2PyzPz and their metal complexes were
investigated as well. The nitrogen atoms in the pyrazine rings stabilise the HOMO more than the LUMO, and the
deprotonation of the pyrrole rings induced by the metal coordination destabilises the LUMO more than the HOMO. Because
of the increased band gap, the absorption bands of H2PyzPz and the metal-coordinated compounds are blue-shifted.

Keywords: phthalocyanine; pyrazinoporphyrazine; metal complex; ZINDO; TDDFT; UV–vis absorption spectra

1. Introduction

As one of the most famous scaffolds for blue/green dye

and pigment, phthalocyanine (Pc) has been studied over

four decades for its photophysical characteristics. Since

the spectral assignments of metal-free phthalocyanine

(H2Pc) and its metal complexes in the vapour phase and

various solvents by Edwards and Goutermans [1], many

significant results for absorption spectra of Pc analogues

have been reported [2–7]. In order to predict the

absorption parameters precisely, several different theore-

tical methodologies have so far been proposed [8–14].

Yuan and Chen [15] used the Zerners intermediate neglect

of differential overlap (ZINDO)/S method with para-

meterised p–p overlap weighting factor and reported

excellent agreement between theory and experiment for

UV–vis absorption maximum of H2Pc, MgPc and ZnPc.

However, in all optimised structures used for their

parameterisation, two pyrrole rings have the asymmetric

structure, in which two carbon–nitrogen bonds are

different, whereas the other two pyrrole rings have the

symmetric structure. It can be assumed that they adopted

C2h symmetry for all compounds, although recent X-ray

measures have interpreted as D2h and D4h geometry for

H2Pc, MgPc and ZnPc, respectively [16–18]. From a

theoretical point of view, a complete study of ZnPc was

done by Nemykin et al. [19]. They used the ZINDO/S and

time-dependent density functional theory (TDDFT)

methods for the prediction of vertical excitation

energies and band deconvolution analysis for ZnPc.

Although they considered the influence of solvents as

well as the amounts of Hartree–Fock exchange involved in

the exchange-correlation functional on the calculated

vertical excitation energies, their study is limited to

only ZnPc.

In contrast to this continuous interest in Pc analogues,

pyrazinoporphyrazine (PyzPz), an aza-analogue in which

the benzo rings of Pc are substituted by pyrazines, has not

been fully explored as a colourant. Gal’pern et al. [20]

showed that the longest absorption wavelength of metal-

free PyzPz (H2PyzPz) is blue-shifted with respect to that of

H2Pc. This difference is explained by the electronic

structural change due to the aza substitution [21], but

detailed investigation on the electronic structure of PyzPz

has been rarely reported so far. Moreover, there has been

no theoretical study on the frontier molecular orbitals of

PyzPz, which are very closely related to the maximum

absorption wavelength of the compound.

In this work, we have investigated the electronic

structure of H2Pc, H2PyzPz and their Mg2þ and Zn2þ

complexes to explain the origin of the blue-shift of

H2PyzPz absorption and to gain an insight into the effects

of metals on the spectral properties. Prediction of UV–vis

absorption spectra was performed using the semiempirical

ZINDO and TDDFT methods. The comparative results of
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H2Pc, H2PyzPz and their metal complexes are presented on

optimised structures, predicted absorption spectra, elec-

tronic structures and frontier molecular orbitals.

2. Theoretical methods

2.1 Geometry optimisation

The structures of H2Pc, H2PyzPz and their metal

complexes have been optimised by DMol3 program in

the Materials Studio 4.2w package [22], which is based on

the quantum mechanical code using DFT. The Perdew,

Burke and Ernzerhof exchange-correlation functional [23]

was used in the calculations with the double numeric

polarisation basis set [24] for all electrons without any

special core treatment.

2.2 Prediction of the absorption spectra

Using the fully optimised structures obtained by the

geometry optimisation, UV–vis absorption parameters of

H2Pc, H2PyzPz and their metal complexes were calculated

by two different methods, semiempirical ZINDO [25] and

TDDFT. These methods have been widely used as reliable

methods to predict UV–vis absorption parameters. The 10

highest occupied orbitals and 10 lowest unoccupied orbitals

are included in the configuration interaction single

calculations using the ZINDO method. This limitation is

set up by comparing the calculated peak positions of

absorption maxima with experimentally observed ones. All

ZINDO and TDDFT calculations were performed by

Cerius 2 and NWChem [26] programs, respectively.

3. Results and discussion

3.1 Optimised structures

The molecular structures of H2Pc, H2PyzPz and their

metal complexes are displayed in Figure 1. The initial

structures of the metal-free systems and the metal

complexes possess D2h and D4h symmetries, respectively,

and this molecular symmetry was employed during the

geometry optimisation. The structural parameters of the

calculated structures and X-ray crystal structures [16–18]

are presented in Table 1. All compounds have similar flat

and rigid structures, which agree well with the earlier DFT

[13,14] and the experimental results. Even the metal

coordination does not cause any significant structural

changes. The parameters of ZnPyzPz, which are reported

for the first time in this paper, are almost similar to those of

MgPyzPz. Absolute energies of all optimised structures

and calculated complexation energies of metal complexes

are listed in Table 2. The large complexation energies are

Figure 1. Molecular structures of H2Pc, H2PyzPz and their Mg2þ and Zn2þ complexes.
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due to the strong electrostatic interaction between M2þ

and Pc22 or PyzPz22.

3.2 Predicted absorption spectra

All the calculated absorption parameters are listed in

Table 3 with experimental results. In order to investigate

the spectral properties of the Pc series (H2Pc, MgPc and

ZnPc) in the vapour phase, we performed the calculations

under the vacuum condition. The PyzPz series were also

calculated in the same environment for the direct

comparison between Pc and PyzPz. In Table 3, the

predicted peak positions of the Pc series are compared to

experimental ones in the vapour phase, but, to the best of

our knowledge, there were no attempts to measure the

UV–vis absorption spectrum of the PyzPz series in the

vapour phase. The predicted peak positions of the Pc series

from the TDDFT calculation are more in agreement with

the experimental data for the B band, whereas the ZINDO

method is more dependable for predicting the position of

the Q band of all compounds except MgPyzPz.

According to Kobayashi and Konami [21], compounds

with D2h symmetry such as H2Pc and H2PyzPz show the

split Q band, whereas compounds with D4h symmetry

show no splitting, and this splitting is explained by the

symmetry-adapted perturbation method. Experimental

results for H2Pc and H2PyzPz in Table 3 show the splitting

of 63.5 and 57 nm in the Q band, respectively. The ZINDO

method predicts the splitting of 42.8 and 23.6 nm for H2Pc

Table 1. Structural parameters of the calculated structures.

H2Pc MgPc ZnPc

DFT Exp. [16] DFT Exp. [17] DFT Exp. [18]

Bond length (Å)
NPZH(M) 1.022 0.923 2.009 2.059 2.008 1.980
NPZC1 1.382 1.377 1.378 1.372 1.377 1.366
C1ZNm 1.321 1.326 1.337 1.332 1.335 1.333
NmZC5 1.339 1.330
C5ZNa 1.370 1.376

Bond angle (8)
NPZC1ZC2 106.118 108.265 108.445 110.067 108.331 108.808
C2ZC3ZC4 117.657 117.660 117.779 117.394 117.794 117.561
C1ZNmZC5 123.683 121.875 124.662 123.349 124.605 123.034
NaZC5ZC6 110.857 109.641
C6ZC7ZC8 117.475 117.617

H2PyzPza, DFT MgPyzPza, DFT ZnPyzPza, DFT

Bond length (Å)
NPZH(M) 1.022 2.018 2.016
NPZC1 1.384 1.380 1.379
C1ZNm 1.317 1.331 1.329
NmZC5 1.333
C5ZNa 1.372

Bond angle (8)
NPZC1ZC2 105.310 107.708 107.610
C2ZNbZC4 113.296 113.250 113.199
C1ZNmZC5 123.990 124.820 124.755
NaZC5ZC6 110.053
C6ZNgZC8 112.933

a No experimental data are available.

Table 2. Absolute energies (in Hartree) of all optimised structures and complexation energies (in eV) of metal complexes.
Complexation energies (CE) ¼ Ecomplex 2 EPc(PyzPz)

22 2 Emetal
2þ .

H2Pc
21666.905825

Pc22 in MPc
21665.694633

H2PyzPz
21795.152556

PyzPz22 in MPyzPz
21793.989444

Ecomplex CE Ecomplex CE

Mg2þ 21865.833478 227.95 21994.075909 226.52
2199.111798
Zn2þ 23444.990997 230.84 23573.232168 229.38
21778.163128
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and H2PyzPz, respectively, but the TDDFT method

predicts a smaller splitting of 8.4 nm for only H2Pc. For

clarity, predicted absorption spectra derived from our

ZINDO and TDDFT calculation data are displayed in

Figure 2. The peak heights were normalised by adjusting

the largest peak in each spectrum to the same value. In

Figure 2, TDDFT results show no splitting in the Q band

for H2PyzPz clearly.

In order to compare the calculated results, we used the

central position between two split peaks in the Q band for

H2Pc and H2PyzPz. It can be observed that the transition

energy values calculated by the ZINDO method are lower

than those calculated by TDDFT in the Q band, but, in the B

band, both methods show similar results. In the ZINDO

results for the Q band, the predicted absorption maxima of

H2Pc, MgPc and ZnPc are located at 703, 680.6 and

678.9 nm, respectively, and those for H2PyzPz, MgPyzPz

and ZnPyzPz are located at 669.5, 643.8 and 642.1 nm,

respectively. Experimentally observed peak positions of

absorption maxima in the Q band of H2Pc, MgPc and ZnPc

are more similar to the previous results, obtained by

parameterisation of p–p overlap weighting factor, than

our results [15,19]. However, our purpose in this study is

to investigate the role of pyrazine nitrogen atoms in PyzPz

which induce the spectral shift in UV–vis absorption

spectra. The ZINDO results confirm the earlier findings on

the relative positions of the Q band absorption [13,20]; the

Q band of H2PyzPz and its metal complexes is blue-shifted

by about 40 nm compared to that of the corresponding

Pc series, and metal complexation causes a blue-shift of

the absorption band by about 20 nm. The spectral shift due

to the variation of the central metal from Mg2þ to Zn2þ is

very small in both the Pc and PyzPz series. This result is in

line with the experimental data as well.

3.3 Electronic structures and frontier molecular
orbitals

The electronic transitions corresponding to the two

absorption peaks with the largest oscillator strength in

the Q band were predicted to be from HOMO to LUMO

and LUMOþ1 for all calculated systems. In order to

explain the spectral differences between the metal and

metal-free compounds and between the Pc and PyzPz

derivatives, energy levels of these systems were calculated

(Table 4). As expected, the metal complexes and the

PyzPz series have a larger HOMO–LUMO gap than the

metal-free compounds and the Pc series, respectively.

Especially for the PyzPz series, the larger HOMO–LUMO

gaps are due to the fact that the stabilisation of the HOMO

is larger than that of the LUMO. It seems that the nitrogen

atoms in the pyrazine rings play an important role in the

stabilisation of HOMO.

In order to understand this ‘nitrogen effect’, frontier

molecular orbitals of the Pc and PyzPz derivatives were

further examined. All orbitals in Figure 3 are drawn at a

default contour level of 0.03 au. As shown in Figure 3, the

HOMOs of the PyzPz series are more localised than those

Figure 2. Predicted spectra of H2Pc, H2PyzPz and their Mg2þ and Zn2þ complexes: ZINDO results, dashed lines; TDDFT results, solid
lines; experimental results, short dashed lines.
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of the corresponding Pc series around the central region

consisting of the pyrrole rings and the nitrogen bridges.

The atomic contributions of the pyrazine nitrogen atoms

are calculated from the sum of the square of the molecular

orbital coefficients of eight pyrazine nitrogen atoms

divided by those of all atoms. The contributions to the

HOMOs of H2PyzPz, MgPyzPz and ZnPyzPz are 10.27,

9.99 and 10.19%, respectively (Table 5), and the

corresponding contributions to the LUMOs are 8.25,

5.88 and 5.65%. The contributions to the LUMOþ1s are

almost similar to those of the LUMOs. These findings

indicate that the pyrazine nitrogen atoms contribute more

to the HOMO than to the LUMO or the LUMOþ1. As a

result, the nitrogen atoms stabilise the HOMO more than

the LUMO or the LUMOþ1, and the HOMO–LUMO gap

of the PyzPz series becomes larger than that of the

corresponding Pc series.

The metal coordination also induces an increase in

the HOMO–LUMO gap and the absorption band shows a

blue-shift (Table 3). In this case, however, the metal

coordination destabilises the LUMO more largely than the

HOMO (Table 4). In order for a porphyrin ring to

coordinate a metal atom, it has to lose two protons and

carry a negative formal charge through the conjugated

system. Thus, the energy levels of the HOMO and LUMO

are higher for the metal complex than the corresponding

metal-free compound. Since the deprotonated nitrogen

atoms of pyrrole rings are more intensively involved in the

LUMO than in the HOMO (Figure 3), the HOMO–LUMO

energy gap is increased by the metal coordination.

Figure 3. HOMO and LUMO of H2Pc, H2PyzPz and their Mg2þ and Zn2þ complexes. LUMOþ1s are not displayed because they have
very similar shapes to the corresponding LUMOs.

Table 4. Energy levels (in eV) of occupied and unoccupied molecular orbitals.

H2Pc H2PyzPz MgPc MgPyzPz ZnPc ZnPyzPz

LUMOþ3 20.925 22.052 20.809 22.013 20.823 22.039
LUMOþ2 21.117 22.280 21.091 22.138 21.095 22.158
LUMOþ1 22.805 23.524 22.769 23.502 22.771 23.505
LUMO 22.839 23.611 22.770 23.504 22.773 23.506
DEa 2.139 2.314 2.148 2.348 2.164 2.368
HOMO 24.978 25.925 24.917 25.851 24.937 25.873
HOMO21 26.501 26.909 26.672 26.948 26.697 26.930
HOMO22 26.543 26.920 26.727 27.035 26.748 27.053
HOMO23 26.806 27.213 26.750 27.036 26.749 27.055

aDE means the energy difference between HOMO and LUMO.

Table 5. Quantitative contribution of nitrogen atoms in the
pyrazine rings to HOMO, LUMO and LUMOþ1.

HOMO
contribution

(%)

LUMO
contribution

(%)

LUMOþ1
contribution

(%)

H2PyzPz 10.27 8.25 4.08
MgPyzPz 9.99 5.88 5.12
ZnPyzPz 10.19 5.65 5.67
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4. Conclusion

We have studied the absorption spectra of H2Pc, H2PyzPz

and their Mg2þ and Zn2þ complexes. In comparison with

the results of the TDDFT method, the ZINDO results in

this study are in better agreement with the experimental

data for the prediction of the Q band position. The

calculated results show that because of the larger HOMO–

LUMO gap, the Q band of the PyzPz series is blue-shifted

by about 40 nm when compared to that of the Pc series.

The nitrogen atoms in the pyrazine rings contribute to the

stabilisation of the HOMO more than to the stabilisation

of the LUMO or the LUMOþ1, which results in the

increased HOMO–LUMO gap. The metal coordination

induces a blue-shift of the absorption by about 20 nm,

which results from the increased HOMO–LUMO gap due

to the deprotonation of the pyrrole NH protons.
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