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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 so that vibronic intensity borrowing must be invoked for that

. . . transition (MNDO/CI computations yield a very low electric
Free-base hemiporphyrazine (HpHthe phthalocyanine dipole transition moment, because of slight distortions of the

analogue where two opposite faced isoindoles are replaced by __: -
two pyridine ringst2 exhibits a peculiar photophysical behavior, minimum energy geometry from Ui, symmetry). Tautomer

. n al form he exci 1in , avery weak
significantly different from that of other macrocycles of por- C can also be formed at the excited state; indeed, a very wea|

hyri d ohthal ine famil HpHibsorbs at h band at 550 nm has been tentatively assigne@ tmission’
pnyrin and phthalocyanine tfamilies. Hprabsorbs at muc C could be a short living intermediate along the reaction path
shorter wavelengths than porphyrins, 350 nm, and shows a duaol|eading fromA to B, according to a stepwise mechanism, but

emission, peaked at 420 and 670 nm, which has been attribute . . .
to the formation at the excited state of different tautoniéis \}vﬁﬁuéd also be a photochemical product formed in competition

fact, because the four inner nitrogens of the macrocycle are not . . . .
X . - ; The photophysics of HpHs therefore very interesting, with
chemically equivalent, three tautomeric forms of Hpéfiffering L : . .
several radiationless decay paths involving three different

for the positions of the two central hydrogens, can formally be - . 7 .
o . - . tautomeric forms in competition between them. In this paper,
written; the inner hydrogens both can be linked to the isoindoles . L .
s 4 . with the purpose of providing a better assignment of the spectral
or to the pyridine rings, tautomers A and B respectively, or to _. L ; -
o S d signals and of guiding further experimental work aimed to
one isoindole and one pyridine ring, tautomer C, see Figure 1. ; .
In th d state i ted 1o be th lent f understand the dynamics of excited-state hydrogen atom transfer,
b nthe gtrour;'b'st %12 IS €Xpec et Ot € the Ereva en |Or[:n,|f we report a theoretical study of the lowest excited states of the
ecause It exnibits resonance structures, whereas only nalt y, o6 tautomers of Hphbased on ab initio multiconfigurational

of them can be drawn for bot® andC. Further support to this If- ; field (M = . .
conjecture is provided by the NMR and the infrared spectra of fslfnc’figzzllsttﬁgct)ryle('lc'jD(DFS')Sgorz’]paur;gtignmse dependent density

germanium and tin Hp complexe$.Furthermore, the X-ray
structures of Hp metal derivatives show a clear-cut alternation
of shorter and longer bond distances between all the meso
nitrogens and the pyridine and isoindatecarbons’® That is The minimum energy structures of the three tautomers have
peculiar of A (see the optimized structures below), for which been computed by full geometry optimization at the DFT level
the delocalization pathway of the electrons is not extended of computations using the split valence 6-31g basis set. All the
to the whole macrocycle, but mainly concerns the pyridine and optimization runs start from structures wiiy, symmetry for
the isoindole benzene rings. On the contrdyexhibits two tautomersA and B and Cs symmetry for tautome€; all the
resonance structures involvingh4r electrons f = 5) and computed minimum energy structures retain the above sym-
spanning the whole macrocycle, see Figure 1. Thus the metries. The hybrid B3LYP exchange correlation potential
electronic structure dB appears to be more similar to those of (Becke’s three parameter hybrid functfowith the nonlocal
related macrocycles such as porphyrins and phthalocyaninescorrelations of Lee Yang—Part% have been employed in all
and therefore it should absorb at longer wavelengths than DFT computations. Ground-state energies have been computed
andC. at the DFT level, using the 6-311g(d,p) basis set, and compared
On the basis of the above argumentations and with the aid with those previously obtained by RHF/MP2 calculatiéii$ie
of semiempirical MNDO/CI computations, the absorption at 350 G98 packag€ was employed for ab initio and DFT computa-
nm and the emission at 420 nm have been assigne#l,to  tions.
whereas the emission peak at 670 nm has been assigiied to ~ The vertical transition energies for the lowest excited singlet
which is formed, upor excitation, via a double hydrogen atom  states of the three tautomers have been computed by second-
transfer. However, the longer wavelength transition predicted order perturbation theory with a multiconfigurational reference
by MNDO/CI computations for B is forbidden iz, symmetry, state, the so-called CASPT2 meth8d}* using the MOLPRO
package®1®> The RHF/6-31g optimized geometries and the
* Corresponding author. E-mail apeluso@chem.unisa.it standard 6-31g(d) basis set have been adopted in the CASPT2

10.1021/jp037736d CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/10/2004

Computational Details




Photophysics of Free-Base Hemiporphyrazine J. Phys. Chem. A, Vol. 108, No. 18, 2003927

DFET
(Ab-initio)

Tautomero A Tautomero B Taatomero C

E, (HE/MP2) = 0.68 eV E, (HE/MP2) = 0.68 eV
E.(DF1/6-311g"')=0.32 eV E.(DFT/6-311g’") = 0.48 eV

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

in CASPT2 computations have been chosen in such a way that o.c0
the first-order corrections to the wave functions yielded by the .. b2g
perturbative treatment are of the same order of magnitude for b2g a’
both the ground and the excited states. A level hift 0.4 au
has been used throughout computations.

A

computations, use of larger basis sets being ruled out by the Tautomero A Tautomero B Tautomero €
size of the molecules. Since for large size molecules such as

hemiporphyrazine the convergence of the CASPT2 results with blu bly —— o

respect to the size of the adopted basis set and active space 2 ——
cannot be properly addressed, the time-dependent DFT niéthod 10 T blu s b2 g —— 27—
with 6-31g(d,p) and 6-311g(d,p) basis sets was also employed blu

for comparison, using the minimum energy geometries obtained b3g au w— ar—
by DFT/B3LYP/6-31g optimizations. The active spaces used big o —

)t
LK (L)

au

a —

Results b :;: —
Ground States.The ground-state geometries and the relative b3g a”

energies of the three tautomers obtained at different level of -035 L b2g

computations are reported in Figure 1. Figure 2. Molecular orbitals of the ground electronic states of the
Both ab initio and DFT computations indicate thats the three tautomers as obtained by RHF/6-31g computations.

most stable form of Hpkiin the ground state, cf. Figure 1. The  population analysis confirms that conjecture; the protonated

computed energy differences are sufficiently high for ruling out pyridine ring inC carries a positive charge, 0.71 (0.99) a.u. at

the existence oB andC at room temperature. DFT (RHF) level of computation, which is significantly higher
Selected geometrical parameters are reported in Figure 1. Thethan its counterpart iA, 0.31 (0.49). Because of th&,exhibits

bond distances between the meso nitrogens and. terbons a slightly longer delocalization pattern of theelectrons than

of the pyridine and isoindole rings are suitable parameters for A, which includes the protonated pyridine ring and the unpro-

judging thesr delocalization in the three tautomers. Both ab tonated isoindole ring. FdB, the bond distances between the

initio and DFT computations predict a clear-cut alternation of meso nitrogen and the carbons of the two rings are much

shorter and longer €Npmesobond distances iA, which compare more similar each other, since two resonant structures spanning

very well with those obtained from X-ray diffraction data of the whole macrocycle can be written for this tautomer, as shown

the Ge Hp metal complex (1.274 and 1.380 A for the bond in Figure 1.

distances between the meso nitrogens and the isoindole and Excited States. The molecular orbital (MO) occupation

pyridine carbons, respectively). A very similar pattern is found scheme obtained from HF computations is shown in Figure 2.

for C, but for the region between the unprotonated isoindole The HOMO and the LUMO ofA and B are both of gerade

and the protonated pyridine rings, where both DFT and ab initio symmetry (by and kg, respectively), so that the HOMELUMO

predict very similar C-Nmesobond distances. That could be due transition gives rise to a “dark” f§ state. The LUMG-1 (a,)

to a significant weight of a charge separated resonance structureis also very low in energy so that a “light” B state, arising

with the positive and negative charges localized on the proto- from the promotion of an electron from the HOMO to the

nated pyridine and the unprotonated isoindole rings. Mulliken’s LUMO+1 could be among the lowest excited states of oth

”« »‘
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TABLE 1: Transition Energies (AE eV) and Electric Dipole
Transition Moments (d a.u.) for the Lowest Energy Excited
Singlets of A

Persico et al.

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

DFT CASPT2 DFT CASPT2
AE(6-31g(d,p)) d AE(6-311g(dp) d AE d AE(6-31g(d,p)) d AE(6-311g(dp) d AE d

Big 2.27 0.0 2.49 00 222 00 Big 1.56 0.0 1.57 00 070 00
Bau 3.12 2.17 3.31 223 343 366 By, 2.78 1.37 2.78 1.48 2.41 3.00
Bag 3.40 0.0 3.50 00 288 0.0 = 2.98 0.0 2.98 00 283 176
Bau 3.48 2.17 3.68 214 371 3.04 By 2.97 1.43 3.00 1.39 224 00
B 3.65 0.18 3.73 0.15 3.24 046 By, 3.03 0.0 3.04 234 292 00
Bau 3.09 0.08 3.07 0.08 3.02 0.50

andB. As concerns the other electronic state®\adndB with
nonzero electric dipole transition moments with the ground state,
states B, and B, the latter can be obtained by the HOMO-
1— LUMO transition, being also expected to fall at compara-
tively low energy, whereas the former is obtained by promoting
an electron from the lower lyingxhand by 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 &pe, see Figure 2, so that the lowest
excited singlet states are expected to bestates, with electric
dipole transition moments polarized in the molecular plane.
In the CASPT2 treatment we have focused attention mainly

of CASPT2 computations better match the experimental data.
In fact the absorption spectrum of Hplexhibits a pronounced
shoulder at longer wavelengths, which could be assigned to the
weak A;—B1y transition. Both CAS and TDDFT computations
yield for the By, state a weak transition moment, polarized along
the axis perpendicular to the molecular plane. As concerns the
“dark” Bog there is experimental evidence from two-photon
absorption spectroscopy that a gerade state must fall in the
region between 2.9 and 3.2 é¥thus in line with the transition
energy obtained by CASPT2 computation for the firsly B
singlet.

on those electronic states which characterize the absorption and The two most important states for assigning spectroscopic
emission spectra of Hpflas concerns other states, which could signals are the B and the B, states. For those states there is

be important in discussing radiationless transition and excited- very good agreement between TDDFT and CASPT2, the
state tautomerization processes, we have limited CASPT2computed transition energies are in fact 3.31 and 3.68 eV

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 singlete\abgether
with the electric dipole transition moments are reported in Table

(TDDFT) and 3.43 and 3.71 (CASPT2) for thg,&and the B,
states, respectively. Both methods yield that thg ®ate is
mainly given by the promotion of an electron from the HOMO
to the LUMO+1 (76% in TDDFT, 87% in CASPT2), with the

1. In the CASPT2 computations we have used two active spacesfemaining contribution given by the promotion of an electron

one involving 16 electrons and 13 MOs, the other involving 12

from the HOMO-2 (l,) to the LUMO (ksg). The By, state is

electrons and 12 MOs, hereafter denoted as (16,13) and (12,£essentially given by the HOMO-3LUMO transition. Thus, at

12). The (16,13) active space includes threghk, and & MOs,

two occupied and one empty, and foug MOs, two occupied
and two unoccupied. That space is well suited for electronic
states of By, By, Bsy, and Ay symmetry. For the B, state, the

least as concerns the last two states, the most important for the
absorption spectrum of HpiHa four-level model similar to
Gouterman’s one for porphyrfican also be applied to HpH

in its most stable fornA.

(12,12) active space includes the highest occupied and lowest The electric dipole transition momentd) (of the two lowest

unoccupied B, bay, byg, and ag MOs, one occupied MO ofga
and kg symmetry and one empty MO ofipand & symmetry.
The same active space was also used for thestte, with the
only difference of replacing the occupiedytMO with the g
one and the emptyspwith the g one.

As expected from the above analysis, the lowest excited
singlets ofA at both levels of calculation is the;Bstate. The
transition energies predicted by TDDFT and CASPT2(16,13)

states of ungerade symmetry have different polarization (
symmetry): for the B, state the electric transition moment is
directed along the axis passing through the two pyridine
nitrogens, whereas for thesBstate 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 Bfare reported in Table 2.
In the CASPT2 computations we have used the same active

methods are 2.49 and 2.22 eV, respectively. Both methodsspaces used fak. Inspection of the transition energies reported

predict that only the HOME&-LUMO transition significantly
contribute & 96%) to that state.

The next singlet states at the CASPT2 level are thgaldd
the By, 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 occupigg\hO to
the LUMO (50%) and from the highest occupieg, MO to
the LUMOA1 (30%). The wave function of the first excited
By, state is characterized by two one-electron transitions, from
the highest f, MO to the LUMO (50%) and from the highest
big to the LUMO+1 (50%). For both states, TDDFT predict
higher transition energies; the lowest,Btate is predicted to
fall at 3.65 eV, at higher energy than both thg, Bnd B, states,
whereas the transition energy of thg,Btate is predicted to be
3.40 eV, so that it falls midway in energy between thg &d
By states. Although the energy ordering predicted by TDDFT
is in line with that expected from the MO analysis, the results

in Table 2 shows that the excited singlets Bf are all
significantly lower in energy than those Af as expected from
the longer delocalization pathway which characterizessthe
electrons ofB with respect to that ofA. Similarly to A, the
lowest excited singlet d is the “dark” By state, arising from
the HOMO—LUMO 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 B is a dark state, we have not further
investigated this case.

As concerns states which can give rise to allowed transitions,
computations yield two B, 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 HOMGLUMO+1 (50% in 1By, 25% in 2B)
and the HOMO-2-LUMO (30% for 1By, 50% for 2B). For
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TABLE 3: Transition Energies (AE eV) and Electric Dipole (a)
Transition Moments (d a.u.) for the Lowest Energy Excited
Singlets of C

A
A

DFT CASPT2 B3u B3u
AE(6-31g(d,p)) d AE(6-311g(d,p)) d AE d B2u — B2u

A’ 1.85 0.27 1.85 0.26 1.98 0.48 Blu —
A’ 2.88 1.66 2.88 174 334 3.63 B2g —
A" 2.88 0.02 2.90 0.02 3.46
A’ 3.04 1.01 3.03 1.06

aNo level shift has been used in CASPT2 computations.

Blg

B2u
B2g

w
1
T

Blg ——ouo

~
1
L]

Energy (eV)

b))
«

both states the transition moments are polarized along the axis
passing through the protonated pyridine nitrogens. Slightly above
the two By, states, there is the firstsBsinglet, arising by the 1 4
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 o 1 aAg L
perpendicular to the polarization axis of the,Btates. A c
The energies of the lowest lying excited singlets and the
electric dipole transition moments &f are reported in Table (b)s + B2u -
3. The fact thatC possesses only a plane of symmetry v Te~o
significantly limits the size of the active space to be used in 0\ = »—1— B2u
computations. The largest active space we were able to use for Blu 5\
A' states includes eight electrons and ten MOs, all '6f a B2g —— "-'.,_\
symmetry, whereas for the firstAstate, the (8,10) active space =\
includes one occupied and one unoccupiei®. 5\
The lowest two excited states 6f 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 A
HOMO—LUMO transition (95%), whereas several electronic E
transitions contribute to the wave function of the 2 skate, Blg ——7
i.e., the HOMG-LUMO+1 (70%), the HOMO-2-LUMO
(10%), and the HOMO-4-LUMO (10%). Both methods predict L ¥
that the lowest excited singlet has a weak electric dipole
transition moment, lying in the molecular plane and oriented A’ Y __ ag
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 0 1 aAg Y
HOMO-3—LUMO transition, and a pair of light Astates, A c B

falling at 3.0 and 3.1 eV and arising by transitions from the g re 3. Sketch of the possible radiative and nonradiative decay paths

inner occupied ‘aMOs to the LUMO and LUMG-1. of free-base hemiporphyrazine according to the computed CASPT2
The Absorption and Emission Spectra.The absorption energies of the lowest excited singlets of the three tautomers (experi-

spectrum of HpHlis characterized by a strong transition peaked mental values in parentheses): (a) ground-state optimized geometries;

at 350 nm (3.5 eV) with a shoulder around 420 nm (3.0 eV), (P) excited-state optimized geometries.

followed by a strong increase in absorption at wavelengths | ] ) )

shorter than 330; no signal is detected at wavelengths longerincréase in the absortion starting from 330 nm to'thg—~ B3,

than 456-500 nm2021 one. Both transitions have large electric dipole transition

The computed relative energies rule out the possibility that MOmMents, polarized along perpendicular axes lying in the
at the ground state botB and C are present, so that the Molecular plane. Furthermore, CASPT2 predicts a weak
absorption spectrum has to be entirely assigned to transitions"A¢~ ‘Buutransition at 3.24 eV, to which the shoulder observed
of A. Furthermore, both TDDFT and CASPT2 yield #Brand at 420 nm can be assigned.
for C allowed transitions in the region of longer wavelengths, = The emission spectrum of Hplis characterized by two well-
500—-700 nm, which is another evidence thiaandC can be separated weak bands, a broad one peaked at 420 nm and a
formed only upon excitation of the most stable form, since no much narrower one peaked at 675 nm. The energy ordering of
signal is observed in that region. the excited states plays a crucial role in the assignment of

The results of all the computations referring to the absorption emission spectra, because of the involvement of radiationless
spectrum of Hpk are summarized in Figure 3a. According to decays. Thus it is important to keep in mind that the computed
the computed transition energies, the intense peak at 350 nmtransition energies are certainly affected by errors, both for the
can be assigned to thB\g— 1By, transition and the strong  smallness of the adopted basis set and for the large level shift

Blg

343 ¢V
(3.54 ¢V)

~N
1
L}
o, T
o, I‘A.*
1.85¢eV
(2.03eV)

Energy (eV)

2.95eV
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used in the perturbative treatment, and therefore they have toTABLE 4: Optimized Bond Distances (A) between the meso
be used with great caution. Nitrogens and thea Isoindole and Pyridine Rings (CASSCF
. . . computations) and Transition Energies (eV) (CASPT2, level
There are a few pieces of evidence which suggest that thegpif = 0.4) for Some Lowest Lying Excited States of Hphl
broad emission at 420 nm has to be assigned.t&irst, the
emission band appears as the mirror image of the absorption

spectrum, with its maximum located almost at the same tautomer  state  NCs N—G,  vertical 0-0

transition energy

wavelength of the shoulder in the absorption peak. Second, the A Big 1.31 1.33 1.23 1.62
ground-state energies computed at HF/MP2 level rule out the A Bog 1.28 1.38 2.45 2.69
possibility that it is originated by a radiative decay from any of ﬁ glu 1-%3 igg g-gg g-ég
the excited states of bo andC. The ground state of the last B Bz“ 132 132 503 504
two tautomers are in fact about 0.7 eV higher in energy than A 138 1.33 1.23 1.72

the A one, so that the electronic state responsible for that
emission should be located about-33%7 eV above the ground

state ofA, but the emission at 420 nm (2.95 eV) is observed et .
also by exciting the sample at 380 nm (3.26 é\ijhe above  duénched by the “dark” § state, located just below theiB
possibility is also hardly compatible with DFT computations, state. The possibility that the energy of this state is underesti-
which predict that the ground state Bfis 0.32 eV above that ~ Mated by CASPT2 computations, as suggested by TDDFT
of A. Thus, the computed transition energies summarized in COmputations, cf. Table 1, seems to be ruled out by preliminary

Figure 3a suggest that the band peaked at 420 nm could betwo-p_hoton-in_duced fluorescence, which_confirms the energy
assigned either to thiB;,— A4 or to the strongBa— Ag ordering predicted by CASPT2 computatidiis hus, the fact

u

radiative transitions oA, or, because of its broadness, to both, that @ broad emission peaked at 420 nm is indeed observed is

As concerns the emission at longer wavelengths, there aredue certainly to the strength of the,B-A, transition and
several possible assignments: a good candidate would be thémssIbly o the fact that the,gand the By states are nearly

. - degenerate.
symmetry allowed transition 2A— 1A' of C. That transition . .
is not only predicted in the right energy range, at 2.0 eV, but As concerns the emission at longer wavelength (675 nm), its

the 2 A state ofC is also the lowest excited state ©f thus assignment to the F—~A, transition of appears to be. '.[he most
satisfying Kasha's rule. Moreover, the hypothesis that this plausible one, both for thg computed vertical transition energy
transition is vibronically induced r’1ecessary in the previous (2.03 eV) and for the predicted strength of that transition. Both

. o the By state of A and the 2A state ofC are significantly
assignment of that band to emissionB)f would be no longer stabilized by geometry optimization, the vertical emission ener
needed. There are, however, two other transitions to which the v y op ' gy

o : ; .~ being predicted at about 1.2 eV for both states. However, the
longer wavelength emission could be assigned: the electric bility that the | | h emission is oridi db
dipole forbidden'B;4—~ A4 of A and the allowedB,;— A, of possibility that the longer wavelength emission is originated by
B g g u g the radiative decay between the ground vibrational states of the

. . - . lowest two A states ofC is left open by computations, since
The transition energies reported in Figure 3a refer to vertical {ho 0-0 transitions is significantly higher in energy (1.73 eV)
transition from the optimized geometry of the ground states and 4 the vertical transition. The-®@ Bi—A, transition of A
as .su.ch they can give only reason.abk.a [ndications on the (1.62 eV) is forbidden, but, since theiBof A is predicted to
emission spectrum of HpHTo better discriminate among the e the lowest energy excited state among all three tautomers of
above hypotheses, the low lying excited states of Hpblve 1y “the possibility that efficient radiationless decays lead to
been optimized at the CASSCF level and the optimized 3 |5rge population of that state, followed by a weak, vibronically

geometries have then been used to evaluate vertical emission,qced, radiative decay, cannot be discarded. Thus, although
energies at the CASPT2 levé,, symmetry constraints have  ompytational techniques have proved beyond doubt to be a

been imposed in the optimization of the lowest excited states \gyaple interpretative tool, further experimental studies, in
of A andB, andCs symmetry constraints for those @ that particular time-resolved spectroscopy and two-photon-induced

choice has been dictated by the size of the system under studyforescence, are necessary for a conclusive assignment of that
but it is worth mentioning that there is no experimental evidence signal; work is in progress along this line.
supporting it.
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