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The photophysics of free-base hemiporphyrazine has been studied by theoretical computations based on time
dependent density functional theory and multiconfigurational complete active space methods. The results
confirm that the dual emission spectrum of hemiporphyrazine is due to the formation at the excited state of
different tautomers, but the emission at longer wavelength, originally attributed to a vibronically induced
radiative decay from the tautomer with both central hydrogens linked to pyridine rings, is now ascribed to a
dipole allowed transition, occuring either from that tautomer or from the tautomer with the two hydrogens
linked to one pyridine and one isoindole ring.

Introduction

Free-base hemiporphyrazine (HpH2), the phthalocyanine
analogue where two opposite faced isoindoles are replaced by
two pyridine rings,1,2 exhibits a peculiar photophysical behavior,
significantly different from that of other macrocycles of por-
phyrin and phthalocyanine families. HpH2 absorbs at much
shorter wavelengths than porphyrins, 350 nm, and shows a dual
emission, peaked at 420 and 670 nm, which has been attributed
to the formation at the excited state of different tautomers.3,4 In
fact, because the four inner nitrogens of the macrocycle are not
chemically equivalent, three tautomeric forms of HpH2, differing
for the positions of the two central hydrogens, can formally be
written; the inner hydrogens both can be linked to the isoindoles
or to the pyridine rings, tautomers A and B respectively, or to
one isoindole and one pyridine ring, tautomer C, see Figure 1.

In the ground stateA is expected to be the prevalent form,
because it exhibits 24 resonance structures, whereas only half
of them can be drawn for bothB andC. Further support to this
conjecture is provided by the NMR and the infrared spectra of
germanium and tin Hp complexes.5,6 Furthermore, the X-ray
structures of Hp metal derivatives show a clear-cut alternation
of shorter and longer bond distances between all the meso
nitrogens and the pyridine and isoindoleR carbons.7,8 That is
peculiar ofA (see the optimized structures below), for which
the delocalization pathway of theπ electrons is not extended
to the whole macrocycle, but mainly concerns the pyridine and
the isoindole benzene rings. On the contrary,B exhibits two
resonance structures involving 4n π electrons (n ) 5) and
spanning the whole macrocycle, see Figure 1. Thus the
electronic structure ofB appears to be more similar to those of
related macrocycles such as porphyrins and phthalocyanines,
and therefore it should absorb at longer wavelengths thanA
andC.

On the basis of the above argumentations and with the aid
of semiempirical MNDO/CI computations, the absorption at 350
nm and the emission at 420 nm have been assigned toA,
whereas the emission peak at 670 nm has been assigned toB,
which is formed, uponA excitation, via a double hydrogen atom
transfer. However, the longer wavelength transition predicted
by MNDO/CI computations for B is forbidden inD2h symmetry,

so that vibronic intensity borrowing must be invoked for that
transition (MNDO/CI computations yield a very low electric
dipole transition moment, because of slight distortions of the
minimum energy geometry from theD2h symmetry). Tautomer
C can also be formed at the excited state; indeed, a very weak
band at 550 nm has been tentatively assigned toC emission.4

C could be a short living intermediate along the reaction path
leading fromA to B, according to a stepwise mechanism, but
it could also be a photochemical product formed in competition
with B.

The photophysics of HpH2 is therefore very interesting, with
several radiationless decay paths involving three different
tautomeric forms in competition between them. In this paper,
with the purpose of providing a better assignment of the spectral
signals and of guiding further experimental work aimed to
understand the dynamics of excited-state hydrogen atom transfer,
we report a theoretical study of the lowest excited states of the
three tautomers of HpH2 based on ab initio multiconfigurational
self-consistent field (MCSCF) and time dependent density
functional theory (TDDFT) computations.

Computational Details

The minimum energy structures of the three tautomers have
been computed by full geometry optimization at the DFT level
of computations using the split valence 6-31g basis set. All the
optimization runs start from structures withD2h symmetry for
tautomersA and B and Cs symmetry for tautomerC; all the
computed minimum energy structures retain the above sym-
metries. The hybrid B3LYP exchange correlation potential
(Becke’s three parameter hybrid function9 with the nonlocal
correlations of Lee-Yang-Parr10) have been employed in all
DFT computations. Ground-state energies have been computed
at the DFT level, using the 6-311g(d,p) basis set, and compared
with those previously obtained by RHF/MP2 calculations.4 The
G98 package11 was employed for ab initio and DFT computa-
tions.

The vertical transition energies for the lowest excited singlet
states of the three tautomers have been computed by second-
order perturbation theory with a multiconfigurational reference
state, the so-called CASPT2 method,12-14 using the MOLPRO
package.14,15 The RHF/6-31g optimized geometries and the
standard 6-31g(d) basis set have been adopted in the CASPT2* Corresponding author. E-mail apeluso@chem.unisa.it
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computations, use of larger basis sets being ruled out by the
size of the molecules. Since for large size molecules such as
hemiporphyrazine the convergence of the CASPT2 results with
respect to the size of the adopted basis set and active space
cannot be properly addressed, the time-dependent DFT method16

with 6-31g(d,p) and 6-311g(d,p) basis sets was also employed
for comparison, using the minimum energy geometries obtained
by DFT/B3LYP/6-31g optimizations. The active spaces used
in CASPT2 computations have been chosen in such a way that
the first-order corrections to the wave functions yielded by the
perturbative treatment are of the same order of magnitude for
both the ground and the excited states. A level shift17 of 0.4 au
has been used throughout computations.

Results

Ground States.The ground-state geometries and the relative
energies of the three tautomers obtained at different level of
computations are reported in Figure 1.

Both ab initio and DFT computations indicate thatA is the
most stable form of HpH2 in the ground state, cf. Figure 1. The
computed energy differences are sufficiently high for ruling out
the existence ofB andC at room temperature.

Selected geometrical parameters are reported in Figure 1. The
bond distances between the meso nitrogens and theR carbons
of the pyridine and isoindole rings are suitable parameters for
judging theπ delocalization in the three tautomers. Both ab
initio and DFT computations predict a clear-cut alternation of
shorter and longer C-Nmesobond distances inA, which compare
very well with those obtained from X-ray diffraction data of
the Ge Hp metal complex (1.274 and 1.380 Å for the bond
distances between the meso nitrogens and the isoindole and
pyridine carbons, respectively). A very similar pattern is found
for C, but for the region between the unprotonated isoindole
and the protonated pyridine rings, where both DFT and ab initio
predict very similar C-Nmesobond distances. That could be due
to a significant weight of a charge separated resonance structure,
with the positive and negative charges localized on the proto-
nated pyridine and the unprotonated isoindole rings. Mulliken’s

population analysis confirms that conjecture; the protonated
pyridine ring inC carries a positive charge, 0.71 (0.99) a.u. at
DFT (RHF) level of computation, which is significantly higher
than its counterpart inA, 0.31 (0.49). Because of that,C exhibits
a slightly longer delocalization pattern of theπ electrons than
A, which includes the protonated pyridine ring and the unpro-
tonated isoindole ring. ForB, the bond distances between the
meso nitrogen and theR carbons of the two rings are much
more similar each other, since two resonant structures spanning
the whole macrocycle can be written for this tautomer, as shown
in Figure 1.

Excited States. The molecular orbital (MO) occupation
scheme obtained from HF computations is shown in Figure 2.
The HOMO and the LUMO ofA and B are both of gerade
symmetry (b2g and b3g, respectively), so that the HOMOfLUMO
transition gives rise to a “dark” B1g state. The LUMO+1 (au)
is also very low in energy so that a “light” B2u state, arising
from the promotion of an electron from the HOMO to the
LUMO+1 could be among the lowest excited states of bothA

Figure 1. Selected geometrical parameters and relative energies of the ground states of the three tautomers of HpH2 obtained by DFT and ab initio
(in parentheses) computations. Bond distances are in Å, angles in degrees, relative energies in eV.

Figure 2. Molecular orbitals of the ground electronic states of the
three tautomers as obtained by RHF/6-31g computations.
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andB. As concerns the other electronic states ofA andB with
nonzero electric dipole transition moments with the ground state,
states B1u and B3u, the latter can be obtained by the HOMO-
1f LUMO transition, being also expected to fall at compara-
tively low energy, whereas the former is obtained by promoting
an electron from the lower lying b2u and b1g MOs to the LUMO
and LUMO+1, respectively, so that it should fall at higher
energy. ForC, both the highest occupied MO and the lowest
unoccupied ones are of a′′ type, see Figure 2, so that the lowest
excited singlet states are expected to be A′ states, with electric
dipole transition moments polarized in the molecular plane.

In the CASPT2 treatment we have focused attention mainly
on those electronic states which characterize the absorption and
emission spectra of HpH2; as concerns other states, which could
be important in discussing radiationless transition and excited-
state tautomerization processes, we have limited CASPT2
computations to those which, from the MO analysis and TDDFT
results, are expected to be lower in energy.

The energies of the lowest lying excited singlets ofA together
with the electric dipole transition moments are reported in Table
1. In the CASPT2 computations we have used two active spaces,
one involving 16 electrons and 13 MOs, the other involving 12
electrons and 12 MOs, hereafter denoted as (16,13) and (12,-
12). The (16,13) active space includes three b1u,b2g and au MOs,
two occupied and one empty, and four b3g MOs, two occupied
and two unoccupied. That space is well suited for electronic
states of B1g, B2u, B3u, and Ag symmetry. For the B1u state, the
(12,12) active space includes the highest occupied and lowest
unoccupied b2u, b3u, b2g, and b3g MOs, one occupied MO of ag

and b1g symmetry and one empty MO of b1u and au symmetry.
The same active space was also used for the B2g state, with the
only difference of replacing the occupied b3g MO with the au
one and the empty b3u with the ag one.

As expected from the above analysis, the lowest excited
singlets ofA at both levels of calculation is the B1g state. The
transition energies predicted by TDDFT and CASPT2(16,13)
methods are 2.49 and 2.22 eV, respectively. Both methods
predict that only the HOMOfLUMO transition significantly
contribute (> 96%) to that state.

The next singlet states at the CASPT2 level are the B2g and
the B1u, with transition energy 2.88 and 3.24 eV. The main
contributions to the wave function of the former state is given
by one electron transition from the highest occupied b1g MO to
the LUMO (50%) and from the highest occupied b2u MO to
the LUMO+1 (30%). The wave function of the first excited
B1u state is characterized by two one-electron transitions, from
the highest b3u MO to the LUMO (50%) and from the highest
b1g to the LUMO+1 (50%). For both states, TDDFT predict
higher transition energies; the lowest B1u state is predicted to
fall at 3.65 eV, at higher energy than both the B2u and B3u states,
whereas the transition energy of the B2g state is predicted to be
3.40 eV, so that it falls midway in energy between the B2u and
B3u states. Although the energy ordering predicted by TDDFT
is in line with that expected from the MO analysis, the results

of CASPT2 computations better match the experimental data.
In fact the absorption spectrum of HpH2 exhibits a pronounced
shoulder at longer wavelengths, which could be assigned to the
weak AgfB1u transition. Both CAS and TDDFT computations
yield for the B1u state a weak transition moment, polarized along
the axis perpendicular to the molecular plane. As concerns the
“dark” B2g there is experimental evidence from two-photon
absorption spectroscopy that a gerade state must fall in the
region between 2.9 and 3.2 eV,18 thus in line with the transition
energy obtained by CASPT2 computation for the first B2g

singlet.
The two most important states for assigning spectroscopic

signals are the B2u and the B3u states. For those states there is
very good agreement between TDDFT and CASPT2, the
computed transition energies are in fact 3.31 and 3.68 eV
(TDDFT) and 3.43 and 3.71 (CASPT2) for the B2u and the B3u

states, respectively. Both methods yield that the B2u state is
mainly given by the promotion of an electron from the HOMO
to the LUMO+1 (76% in TDDFT, 87% in CASPT2), with the
remaining contribution given by the promotion of an electron
from the HOMO-2 (b1u) to the LUMO (b3g). The B3u state is
essentially given by the HOMO-1fLUMO transition. Thus, at
least as concerns the last two states, the most important for the
absorption spectrum of HpH2, a four-level model similar to
Gouterman’s one for porphyrin19 can also be applied to HpH2
in its most stable formA.

The electric dipole transition moments (dB) of the two lowest
states of ungerade symmetry have different polarization (D2h

symmetry): for the B2u state the electric transition moment is
directed along the axis passing through the two pyridine
nitrogens, whereas for the B3u state it is directed along the
perpendicular axis, passing through the two central protons.

The energies of the lowest lying excited singlets and the
electric dipole transition moments ofB are reported in Table 2.
In the CASPT2 computations we have used the same active
spaces used forA. Inspection of the transition energies reported
in Table 2 shows that the excited singlets ofB are all
significantly lower in energy than those ofA, as expected from
the longer delocalization pathway which characterizes theπ
electrons ofB with respect to that ofA. Similarly to A, the
lowest excited singlet ofB is the “dark” B1g state, arising from
the HOMOfLUMO transition. That state is predicted by
TDDFT at 1.56 eV above the ground state, whereas CASPT2
yields a transition energy of only 0.7 eV. This is the largest
discrepancy between TDDFT and CASPT2 results found in this
paper. Since the B1g is a dark state, we have not further
investigated this case.

As concerns states which can give rise to allowed transitions,
computations yield two B2u states falling at 2.78 and 2.98 eV,
according to TDDFT, and at 2.41 and 2.83 eV, according to
CASPT2. Two transitions contribute to the wave functions of
both states, the HOMOfLUMO+1 (50% in 1B2u, 25% in 2B2u)
and the HOMO-2fLUMO (30% for 1B2u, 50% for 2B2u). For

TABLE 1: Transition Energies (∆E eV) and Electric Dipole
Transition Moments (dB a.u.) for the Lowest Energy Excited
Singlets of A

DFT CASPT2

∆E(6-31g(d,p)) dB ∆E(6-311g(d,p)) dB ∆E dB

B1g 2.27 0.0 2.49 0.0 2.22 0.0
B2u 3.12 2.17 3.31 2.23 3.43 3.66
B2g 3.40 0.0 3.50 0.0 2.88 0.0
B3u 3.48 2.17 3.68 2.14 3.71 3.04
B1u 3.65 0.18 3.73 0.15 3.24 0.46

TABLE 2: Transition Energies (∆E eV) and Electric Dipole
Transition Moments (dB a.u.) for the Lowest Energy Excited
Singlets of B

DFT CASPT2

∆E(6-31g(d,p)) dB ∆E(6-311g(d,p)) dB ∆E dB

B1g 1.56 0.0 1.57 0.0 0.70 0.0
B2u 2.78 1.37 2.78 1.48 2.41 3.00
B2u 2.98 0.0 2.98 0.0 2.83 1.76
B2g 2.97 1.43 3.00 1.39 2.24 0.0
B1g 3.03 0.0 3.04 2.34 2.92 0.0
B3u 3.09 0.08 3.07 0.08 3.02 0.50
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both states the transition moments are polarized along the axis
passing through the protonated pyridine nitrogens. Slightly above
the two B2u states, there is the first B3u singlet, arising by the
promotion of an electron from the HOMO-1 to the LUMO. Both
TDDFT and CASPT2 predict that this state is ca.3.0 eV above
the ground state, with the electric dipole transition moment
polarized along the axis lying in the molecular plane and
perpendicular to the polarization axis of the B2u states.

The energies of the lowest lying excited singlets and the
electric dipole transition moments ofC are reported in Table
3. The fact thatC possesses only a plane of symmetry
significantly limits the size of the active space to be used in
computations. The largest active space we were able to use for
A′ states includes eight electrons and ten MOs, all of a′′
symmetry, whereas for the first A′′ state, the (8,10) active space
includes one occupied and one unoccupied a′ MO.

The lowest two excited states ofC, both of A′ symmmetry,
are predicted by TDDFT computations to fall at 1.85 and 2.88
eV above the ground state, in reasonable agreement with
CASPT2 computations, yielding transition energies of 1.98 and
3.34. The lowest excited singlet mainly corresponds to the pure
HOMOfLUMO transition (95%), whereas several electronic
transitions contribute to the wave function of the 2 A′ state,
i.e., the HOMOfLUMO+1 (70%), the HOMO-2fLUMO
(10%), and the HOMO-4fLUMO (10%). Both methods predict
that the lowest excited singlet has a weak electric dipole
transition moment, lying in the molecular plane and oriented
midway between the protonated isoindole and the unprotonated
pyridine rings, whereas the second one exhibits a strong
transition moment oriented along the axis passing through the
two pyridine nitrogens. The other low lying excited singlets of
C yielded by TDDFT are a A′′ state, mainly given by the
HOMO-3fLUMO transition, and a pair of light A′ states,
falling at 3.0 and 3.1 eV and arising by transitions from the
inner occupied a′′ MOs to the LUMO and LUMO+1.

The Absorption and Emission Spectra.The absorption
spectrum of HpH2 is characterized by a strong transition peaked
at 350 nm (3.5 eV) with a shoulder around 420 nm (3.0 eV),
followed by a strong increase in absorption at wavelengths
shorter than 330; no signal is detected at wavelengths longer
than 450-500 nm.20,21

The computed relative energies rule out the possibility that
at the ground state bothB and C are present, so that the
absorption spectrum has to be entirely assigned to transitions
of A. Furthermore, both TDDFT and CASPT2 yield forB and
for C allowed transitions in the region of longer wavelengths,
500-700 nm, which is another evidence thatB andC can be
formed only upon excitation of the most stable form, since no
signal is observed in that region.

The results of all the computations referring to the absorption
spectrum of HpH2 are summarized in Figure 3a. According to
the computed transition energies, the intense peak at 350 nm
can be assigned to the1Agf 1B2u transition and the strong

increase in the absortion starting from 330 nm to the1Agf 1B3u

one. Both transitions have large electric dipole transition
moments, polarized along perpendicular axes lying in the
molecular plane. Furthermore, CASPT2 predicts a weak
1Agf 1B1u transition at 3.24 eV, to which the shoulder observed
at 420 nm can be assigned.

The emission spectrum of HpH2 is characterized by two well-
separated weak bands, a broad one peaked at 420 nm and a
much narrower one peaked at 675 nm. The energy ordering of
the excited states plays a crucial role in the assignment of
emission spectra, because of the involvement of radiationless
decays. Thus it is important to keep in mind that the computed
transition energies are certainly affected by errors, both for the
smallness of the adopted basis set and for the large level shift

TABLE 3: Transition Energies (∆E eV) and Electric Dipole
Transition Moments (dB a.u.) for the Lowest Energy Excited
Singlets of C

DFT CASPT2a

∆E(6-31g(d,p)) dB ∆E(6-311g(d,p)) dB ∆E dB

A′ 1.85 0.27 1.85 0.26 1.98 0.48
A′ 2.88 1.66 2.88 1.74 3.34 3.63
A′′ 2.88 0.02 2.90 0.02 3.46
A′ 3.04 1.01 3.03 1.06

a No level shift has been used in CASPT2 computations.

Figure 3. Sketch of the possible radiative and nonradiative decay paths
of free-base hemiporphyrazine according to the computed CASPT2
energies of the lowest excited singlets of the three tautomers (experi-
mental values in parentheses): (a) ground-state optimized geometries;
(b) excited-state optimized geometries.
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used in the perturbative treatment, and therefore they have to
be used with great caution.

There are a few pieces of evidence which suggest that the
broad emission at 420 nm has to be assigned toA. First, the
emission band appears as the mirror image of the absorption
spectrum, with its maximum located almost at the same
wavelength of the shoulder in the absorption peak. Second, the
ground-state energies computed at HF/MP2 level rule out the
possibility that it is originated by a radiative decay from any of
the excited states of bothB andC. The ground state of the last
two tautomers are in fact about 0.7 eV higher in energy than
the A one, so that the electronic state responsible for that
emission should be located about 3.6-3.7 eV above the ground
state ofA, but the emission at 420 nm (2.95 eV) is observed
also by exciting the sample at 380 nm (3.26 eV).4 The above
possibility is also hardly compatible with DFT computations,
which predict that the ground state ofB is 0.32 eV above that
of A. Thus, the computed transition energies summarized in
Figure 3a suggest that the band peaked at 420 nm could be
assigned either to the1B1uf 1Ag or to the strong1B2uf 1Ag

radiative transitions ofA, or, because of its broadness, to both.
As concerns the emission at longer wavelengths, there are

several possible assignments: a good candidate would be the
symmetry allowed transition 2A′ f 1A′ of C. That transition
is not only predicted in the right energy range, at 2.0 eV, but
the 2 A′ state ofC is also the lowest excited state ofC, thus
satisfying Kasha’s rule. Moreover, the hypothesis that this
transition is vibronically induced, necessary in the previous
assignment of that band to emission ofB,4 would be no longer
needed. There are, however, two other transitions to which the
longer wavelength emission could be assigned: the electric
dipole forbidden1B1gf 1Ag of A and the allowed1B2uf 1Ag of
B.

The transition energies reported in Figure 3a refer to vertical
transition from the optimized geometry of the ground states and
as such they can give only reasonable indications on the
emission spectrum of HpH2. To better discriminate among the
above hypotheses, the low lying excited states of HpH2 have
been optimized at the CASSCF level and the optimized
geometries have then been used to evaluate vertical emission
energies at the CASPT2 level.D2h symmetry constraints have
been imposed in the optimization of the lowest excited states
of A andB, andCs symmetry constraints for those ofC; that
choice has been dictated by the size of the system under study,
but it is worth mentioning that there is no experimental evidence
supporting it.

To better clarify also the origin of the shorter wavelength
emission, the lowest four excited states ofA have been
optimized, whereas forB andC it is sufficient to optimize only
the lowest “light” excited state. The most interesting geometrical
parameters of the optimized geometries of these excited states
are reported in Table 4, together with the vertical transition
energies and the energy differences with respect to the optimized
ground-state energies, which, neglecting changes in the zero
point energies, give transition energies between ground vibra-
tional states.

The energy orderings of the optimized electronic states are
summarized in Figure 3b, together with the possible radiationless
decay paths. As concerns the broad band peaked at 420 nm,
the vertical transition from the B2u singlet ofA is predicted at
2.95 eV, in good agreement with the experimental result. Also
the B1u state can contribute to the broad emission, since its
radiative emission is predicted in the range 2.63-3.10 eV (470-
400 nm). It is remarkable that this radiative emission is not

quenched by the “dark” B2g state, located just below the B1u

state. The possibility that the energy of this state is underesti-
mated by CASPT2 computations, as suggested by TDDFT
computations, cf. Table 1, seems to be ruled out by preliminary
two-photon-induced fluorescence, which confirms the energy
ordering predicted by CASPT2 computations.18 Thus, the fact
that a broad emission peaked at 420 nm is indeed observed is
due certainly to the strength of the B2ufAg transition and
possibly to the fact that the B1u and the B2g states are nearly
degenerate.

As concerns the emission at longer wavelength (675 nm), its
assignment to the B2ufAg transition ofB appears to be the most
plausible one, both for the computed vertical transition energy
(2.03 eV) and for the predicted strength of that transition. Both
the B1g state ofA and the 2A′ state ofC are significantly
stabilized by geometry optimization, the vertical emission energy
being predicted at about 1.2 eV for both states. However, the
possibility that the longer wavelength emission is originated by
the radiative decay between the ground vibrational states of the
lowest two A′ states ofC is left open by computations, since
the 0-0 transitions is significantly higher in energy (1.73 eV)
than the vertical transition. The 0-0 B1gfAg transition ofA
(1.62 eV) is forbidden, but, since the B1g of A is predicted to
be the lowest energy excited state among all three tautomers of
HpH2, the possibility that efficient radiationless decays lead to
a large population of that state, followed by a weak, vibronically
induced, radiative decay, cannot be discarded. Thus, although
computational techniques have proved beyond doubt to be a
valuable interpretative tool, further experimental studies, in
particular time-resolved spectroscopy and two-photon-induced
fluorescence, are necessary for a conclusive assignment of that
signal; work is in progress along this line.
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