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Abstract

On the basis of equilibrium geometries optimized by B3LYP/6-31G(d) method, the one-photon absorption properties of a series of substituted
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orphyrazines have been investigated theoretically using time-dependent density functional theory and the semiempirical ZIND
espectively. The comparisons with the available experimental data confirmed that the reliability of the ZINDO method in pred
lectronic absorption properties. According to the one-photon absorption properties obtained from the ZINDO method, two-photon
roperties of molecules have been studied, using ZINDO and sum-over-states methods. The results have showed that the m
ymmetrically substituted with electron donors exhibits the maximum two-photon absorption cross-section (up to 5276.8 GM)
tudied molecules. The molecular centrosymmetry has a positive effect on the enhancement of the two-photon absorption cross
he molecules with multi two-photon absorption peaks, the cross-section in the region from 750 to 860 nm is enhanced by on
agnitude compared with that in the region from 1050 to 1200 nm.
2004 Elsevier B.V. All rights reserved.

eywords:Porphyrazine; Two-photon absorption; ZINDO; Sum-over-states

. Introduction

Porphyrazine derivatives have attracted considerable ex-
erimental and theoretical interest initially because of their
asily controlled properties by varying the substituents and

he molecular design and their importance for the preserva-
ion of life [1], more recently because of their interesting
hemical and physical properties and potential technological
pplications[2–4]. Porphyrazines are molecules with highly
elocalized electronic structure in which the four pyrrole moi-
ties are linked each other by four aza bridges. Currently,

he linear and non-linear optical properties of porphyrazine
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analogs are widely investigated in terms of the design, sy
sis and characterization of molecular materials for molec
electronics, optoelectronics and photonics[5–7].

An attractive optical non-linearity under intensive
search is the two-photon absorption (TPA) process, in w
an atom or a molecule simultaneously absorbs two pho
which can have the same or different energies. Mate
with large TPA cross-sections have been found to be
ful for a variety of applications, such as three-dimensi
microfabrication[8–10], ultra-high-density optical data sto
age[11], biological imaging[12], and the controlled relea
of biologically relevant species[13]. TPA in tetrapyrrolic
molecules has potential applications for optical power
iting and for holographic data storage[14–16]. Moreover
because tetrapyrrolic dyes serve as active structural un
various natural processes, such as oxygen transport, p
synthesis and electron transfer in cytochromes, they uniq

010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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suitable for various biomedical applications, including can-
cer treatment by photodynamic therapy[17].

However, only a few experimental observations of
TPA properties in tetrapyrrolic molecules have been re-
ported in the literatures so far. Wen et al.[18] mea-
sured the TPA cross-sections of metal tetrakis-(3,4,5-
trimethoxyphenyl)porphyrin) including chlorogallium(III),
chloroindium(III), chlorothallium(III), tin(II) and lead(II)
as central metal ions with the linear polarized nanosec-
ond laser pulses at different wavelengths by Z-scan. The
TPA cross-sections are in the range from 25 to 114 GM
(where 1 GM = 1× 10−50 cm4 s/photon). Rebane and co-
workers[19] obtained the absolute TPA cross-sections for
a series of porphyrins and tetrazaporphyrins with 100 fs du-
ration pulses in two ranges of laser wavelengths, from 1000 to
1500 and from 700 to 800 nm. They found that the TPA cross-
section in the Soret transition region is larger than that in the Q
transition region by one order of magnitude. The tetrazapor-
phyrin symmetrically substituted with strong electron accep-
tors possesses the largest TPA cross-section—1600 GM. In
contrast to the experimental investigations, there is only one
theoretical report on the TPA properties of porphyrins. Birge
and co-workers[20] studied the TPA properties of free base
porphyrin, porphyrin dianion and the 2,4-substituted diformal
and divinyl analogs of these molecules using a semiempiri-
cal SCF–MO formalism. They showed that a number of the
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2. Theoretical methodology

The structures of all porphyrazines have been predicted
using the Kohn–Sham density functional theory (DFT) with
the 6-31G(d) basis set. DFT calculations have been carried
out using Becke’s three-parameter hybrid functional[22,23],
hereafter referred to as B3LYP. Time-dependent density func-
tional theory[24] has been implemented in several quantum
chemistry packages[24,25]. The vertical excitation energy
and oscillator strength calculations were carried out using
TDDFT with the same basis set and effective core poten-
tials as those used in the ground-state DFT calculations at
the B3LYP structures, as implemented in the GAUSSIAN 03
program.

The TPA process corresponds to simultaneous absorption
of two photons. The TPA efficiency of an organic molecule,
at optical frequencyω/2π, can be characterized by the TPA
cross-sectionδ(ω). It can be directly related to the imaginary
part of the second hyperpolarizabilityγ(−ω; ω, ω, −ω) by
[26,27]:

δ(ω) = 3h̄ω2

2n2c2ε0
L4Im[γ(−ω; ω, −ω, ω)] (1)

whereh̄ω is the energy of the incoming photons andε0 the
vacuum electric permittivity. Here,n denotes the refractive
i ld
f tities
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〉
iΓM

0〉
+ iΓM
wo-photon allowed states in the Soret region are pred
o have TPA exceeding 100 GM.

In this paper, we theoretically investigated the one-ph
bsorption (OPA) properties of a series of porphyraz
ith annulated electron-deficient 1,2,5-thiadiazole and
lectron-donating 1,4-dimethyloxybenzene moieties, w
ere quite recently synthesized by Stuzhin and co-wo

21], by means of time-dependent density functional th
TDDFT) and ZINDO, and then compared the results
ained from two methods with the experimental values. T
INDO and sum-over-states (SOS) were employed to c

ate the second hyperpolarizability and TPA properties o
olecules on the basis of geometries optimized by B3LY
1G(d) and the OPA properties obtained from the ZIN
ethod.

γαβγδ(−ωσ ; ω1, ω2,ω3)

= h̄−3
∑

P1,2,3

(∑
K

′
∑
L

′
∑
M

′
( 〈0|µα|

(ωK − iΓK/2 − ωσ)

+ 〈0|µβ|K〉〈K|µα|L〉〈L|µγ |M〉〈M|µδ|0
(ωK + iΓK/2 + ω1)(ωL − iΓL/2 − ω2 − ω3)(ωM −

+ 〈0|µβ|K〉〈K|µγ |L〉〈L|µα|M〉〈M|µδ|0
(ωK + iΓK/2 + ω1)(ωL + iΓL/2 + ω1 + ω2)(ωM −

+ 〈0|µβ|K〉〈K|µγ |L〉〈L|µδ|M〉〈M|µα|
(ωK + iΓK/2 + ω1)(ωL + iΓL/2 + ω1 + ω2)(ωM
ndex of the medium andL corresponds to the local-fie
actor. In the calculations presented here, these two quan
re set to 1 (isolated molecule in vacuum).

To compare the calculated TPA cross-section value
he experimental value measured in solution, the orienta
lly averaged (isotropic) value ofγ is evaluated, which
efined as:

γ〉 = 1

15

∑
i,j

(γiijj + γijij + γijji), i, j = x, y, z (2)

hereafter〈γ〉 is shortened toγ and taken into the Eq.(1),
nd then the TPA cross-section is obtained.

The SOS expression to evaluate the components o
econd hyperpolarizabilityγαβγδ can be induced out usin
erturbation theory and density–matrix method. By con
ring a power expansion of the energy with respect to
pplied field, theγαβγδ Cartesian components are given

28,29]:

|µβ|L〉〈L|µγM〉〈M|µδ|0〉
iΓL/2 − ω2 − ω3)(ωM − iΓM/2 − ω3)

/2 − ω3)

/2 − ω3)

/2 + ωσ)

)
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−
∑
K

′
∑
L

′
( 〈0|µα|K〉〈K|µβ|0〉〈0|µγ |L〉〈L|µδ|0〉

(ωK − iΓK/2 − ωσ)(ωK − iΓK/2 − ω1)(ωL − iΓL/2 − ω3)

+ 〈0|µα|K〉〈K|µβ|0〉〈0|µγ |L〉〈L|µδ|0〉
(ωK − iΓK/2 − ω1)(ωL + iΓL/2 + ω2)(ωL − iΓL/2 − ω3)

+ 〈0|µβ|K〉〈K|µα|0〉〈0|µγ |L〉〈L|µδ|0〉
(ωK + iΓK/2 + ω1)(ωK + iΓK/2 + ωσ)(ωL + iΓL/2 + ω2)

+ 〈0|µβ|K〉〈K|µα|0〉〈0|µγ |L〉〈L|µδ|0〉
(ωK + iΓK/2 + ω1)(ωL + iΓL/2 + ω2)(ωL − iΓL/2 − ω3)

))
(3)

In this formula,α, β, γ and δ refer to the molecular axes,
ω1, ω2 andω3 the optical frequencies andωσ =ω1 +ω2 +ω3
the polarization response frequency,

∑
P1,2,3 a sum over

the terms obtained by the six permutations of the pairs
(ω1/µβ), (ω2/µγ ) and (ω3/µδ), |K〉 an electronic wavefunc-
tion with energyh̄ωK relative to the ground electronic state,
µs = µs − 〈0|µs|0〉 the fluctuation dipole moment opera-
tor andµs is the dipole moment operator in theξ Carte-
sian direction; the primes on the summation over the elec-
tronic states indicate exclusion of the ground state. In the
present work, all damping factorsΓ s are set to 0.14 eV;
this choice of damping factor is consistent with the width
of the TPA spectra in a number of conjugated molecules
and provides TPA cross-sections in good agreement with
e ules
[

3. Results and discussions

3.1. Molecular geometries and electronic structures

The molecular structures are chosen according toFig. 1.
They are a series of porphyrazines that bear peripheral annu-
lated 1,2,5-thiadiazole and 1,4-dimethyloxy benzene rings,
namedS4, S3A, S2A2, SASA, SA3 and A4, respectively
(A symbolizes the annulated 1,4-dimethyloxybenzene ring
and S is the 1,2,5-thiadiazole group in the pertinent frag-
ments of porphyrazine macrocycle). The initial symmetry
constraints are D2h for S4, SASA and A4, C2v for S3A
and SA3, and there is no symmetric constraint onS2A2.
Optimized results show thatA4 only has C2h symmetry,
in which C2 axis goes through two HN bonds. The sym-
metries of other molecules maintain. These six molecules
xperimental data for a number of conjugated molec
30].
Fig. 1. Molecular structures and la
bels for the compounds studied.



X. Zhou et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 126–134 129

Fig. 2. Bond lengths and distance between the opposite atoms in the center in angstrom and bond angles in degree.
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have perfect planarity except the peripheral methyloxy
substituents.

Since the accuracy of the computed spectra is dependent
upon the structural parameters used in the calculations, it is
important to establish the quality of the calculated structures
by comparing them with available experimental data. The cal-
culated and observed geometrical parameters for the ground
state of the some porphyrazines are displayed inFig. 2. For
S2A2 andSA3, the X-ray data[21] are given in parenthe-
ses. It is seen that the predicted bond distances are slightly
longer than those obtained from the crystal structure. The
C C and C N distances are well within 0.02̊A of the ob-
served values. The calculated bond angles are with 2.5◦ in
experiment. These errors come from three reasons: (1) the
structures in vacuum are more incompact than the crystal
structures; (2) diamyloxybenzene rings in the experimen-
tal molecules are replaced by dimethyloxybenzene groups
in the calculation; (3) the choice of the calculation method
and the basis set is not perfect. InspectingFig. 2, we note
that as dimethyloxy-subtituted benzene rings continuously
replace thiadiazole rings (fromS4to A4), the size of the cen-
tral holes gradually processing from 4.122× 3.989Å2 (for
S4), to 4.111× 3.967Å2 (for S3A), to 4.093× 3.953Å2 (for
S2A2) ≈ 4.101× 3.945Å2 (for SASA), to 4.084× 3.931Å2

(for SA3), to 4.068× 3.917Å2 (for S4). The reduction in the
central hole can be attributed to the fact that the dimethyloxy-
b rocy-
c the
c pact
a

ation
a rd in-
t onic
a level
m O

and HOMO-1 are almost degenerate in energy and well sep-
arated from the other levels and a similar assumption is made
for the LUMO and LUMO + 1. The symmetries and ener-
gies of the frontier orbitals for prophyrazines are listed in
Table 1. FromTable 1, one can find the assumption for LU-
MOs are basically presented in the studied porphyrazines.
However, a large separation between the two highest occu-
pied levels results in the fact that the four-level model no
longer holds for these molecules.Fig. 3displays the HOMO,
LUMO and LUMO + 1 for every porphyrazine calculated by
DFT method. The HOMOs are largely localized on C� and
phenyl rings. With the increase in the benzene rings, the delo-
cation range of the whole molecule is enhanced. The LUMO
and LUMO + 1 for porphyrazines receive a major contribu-
tion from themeso-N, C�, C� and pyrrole nitrogen atoms.
Annulations of the methyloxy-substituted benzene rings in
place of the 1,2,5-thidiazole rings lead to the destabilization
of the HOMO and LUMO. The energy gap between HOMO
and LUMO is gradually reduced as thiadiazole rings are re-
placed by methyloxybenzene rings one by one.

3.2. One-photon absorption

On the basis of the geometries optimized by B3LYP/6-
31G(d), we have studied the OPA properties for all molecules.
F bsti-
t ver-
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d
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b2
enzene ring annulated to the central tetrapyrrolic mac
le is in favor of the charge transfer from the periphery to
enter so that the whole molecule becomes more com
nd the central hole becomes smaller.

Electronic structures are fundamental to the interpret
nd understanding of the absorption spectra. The standa

erpretation of the origin of the Q and B bands in the electr
bsorption spectra of porphyrins, is based on the four-
odel of Goutermans[31], which assumes that the HOM

able 1
alculated orbital energies (eV) and symmetries by DFT method

4 S3A S2A2

ymmetry Energy Symmetry Energy Symmetry En

irtual orbitals
b3g −0.64 b2 −0.29 a1 0.04
au −1.48 b1 −0.54 a1 −0.05
b1g −2.23 a2 −1.24 a1 −0.31
b3u −2.39 a2 −1.91 a1 −1.01
b2g −2.44 b1 −2.05 a1 −1.65
b3u −2.87 b1 −2.29 a1 −1.97
b1g −3.73 a2 −3.32 a1 −2.87
b2g −3.97 b1 −3.41 a1 −3.04

ccupied orbitals
au −6.10 a2 −5.44 a1 −4.94
b3u −7.60 a2 −6.38 a1 −5.75
b1g −7.66 a1 −7.16 a1 −6.20
b3u −7.91 a2 −7.32 a1 −6.65
b3g −8.02 a2 −7.43 a1 −6.86
b2u −8.16 a1 −7.47 a1 −6.93
b2g −8.24 a1 −7.62 a1 −7.08
b3u −8.29 a2 −7.71 a1 −7.27
irst, we will discuss the calculated OPA spectra of su
uted porphyrazines by the TDDFT method. Computed
ical excitation energies and oscillator strengths of molec
re summarized inTable 2with the experimental data ava
ble[21]. As shown inTable 2, TDDFT calculations do no
eproduce completely the experimentally red-shift trend.
eviation originates from defects of TDDFT method[32]. We
an find the Q band peaks obtained by TDDFT method
maller than the experimental values by about 50–100
he TDDFT calculations significantly underestimate th

ASA SA3 A4

Symmetry Energy Symmetry Energy Symmetry

g 0.10 b2 0.35 au 1.10

g −0.03 b1 0.29 au 0.59

u −0.36 a2 0.14 bg 0.49
−1.03 b1 −0.15 bg 0.31

g −1.63 a2 −0.84 au 0.04

u −1.80 b1 −1.43 au −0.67

g −2.83 a2 −2.53 bg −2.19

g −2.96 b1 −2.57 bg −2.24

−4.93 a2 −4.54 au −4.18

g −5.81 a2 −5.48 bg −5.23
−6.23 b1 −5.58 au −5.26

u −6.72 a2 −6.07 bg −5.37

g −6.96 b1 −6.30 au −5.93

g −7.01 b2 −6.53 au −5.94

u −7.14 b1 −6.54 bg −6.15

g −7.21 b1 −6.79 bg −.615



X. Zhou et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 126–134 131

Fig. 3. HOMO and LUMOs orbitals for the porphyraines.

Table 2
Calculated one-photon absorption parameters by TDDFT and ZINDO and
the corresponding experimental values

TDDFT λ (nm) ZINDOλ (nm) Experimental
[21] λ

(nm)

S4
605.2 (0.28) 717.3 (0.21) 649
569.7 (0.23) 671.8 (0.33)
328.3 (1.10) 319.1 (1.59) 332
305.4 (0.97)

S2A2
682.3 (0.58) 745.1 (0.31) 735
633.3 (0.25)
325.9 (0.49) 329.8 (0.29) 336
302.3 (0.64)

S3A
677.5 (0.16) 699.1 (0.41) 715
626.4 (0.43)
334.3 (0.58) 311.2 (0.66) 335
309.8 (0.61)

SA3
677.6 (0.45) 752.6 (0.52) 766
657.2 (0.33)
319.6 (0.82) 329.8 (0.54) 329

SASA
668.0 (0.58) 738.3 (0.52) 724
654.5 (0.18)
321.2 (0.70) 304.5 (1.01) 333
318.7 (0.87)

A4
674.5 (0.42) 755.1 (0.62) 769
670.3 (0.50) 704.9 (0.69)
319.9 (0.99) 343.6 (0.52) 330
318.4 (0.83) 329.8 (0.34)

311.4 (0.53)

Note:Oscillator strength is given in parentheses.

band absorptions with the average error equal to 8.8%. The
TDDFT Soret peaks are in good agreement with the experi-
mental data with the errors being 2%. Second, we analyze the
calculated OPA properties obtained by the ZINDO method.
The ZINDO calculations employed here includes single ex-
citations between 14 occupied orbitals and 14 unoccupied
orbitals, and double excitations among the 3 highest occu-
pied and 4 lowest unoccupied molecular orbitals, in all the
summation is performed over 293 excited states including
the ground state. As shown inTable 2, the Q band absorp-
tion peaks of all six compounds predicted by the ZINDO
method are in better agreement with the experimental obser-
vations than that of TDDFT calculations, with the average
deviations in 3% from the experimental data. For example,
for SASA, the ZINDO result is 738.3 nm, which is longer
than the TDDFT result (668.0 nm) and close to the exper-
imental value (724 nm) taken from the literature[32]. As
the case of the B band absorption obtained by the ZINDO
method, the average error in the calculations is 4%. It is no-
table that the ZINDO calculations successfully reproduce the
red-shift of Q bands in the experiment observation. In gen-
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eral, from the view of the reproduction of the experimen-
tal trend and the simulation of the whole spectrum of ev-
ery compound, the semi-empirical ZINDO method exhibits
more reliable results than TDDFT for this series of porphy-
razines.

3.3. Two-photon absorption

According to Eqs.(1)–(3), we compiled a program to cal-
culate the orientational average second hyperpolarizability
〈γ〉 and TPA cross-sectionδ(ω). The TPA spectra calculated
Fig. 4. Two-photon absorption s
pectra of studied molecules.
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Table 3
Two-photon absorption properties for porphyrazines

Molecule (λmax)2 (nm) δmax (GM)

S4 861.0 1017.7
1169.6 179.8

S3A 756.0 997.2
925.3 472.1

1148.0 107.6

S2A2 799.9 1103.4
1068.8 186.4

SASA 789.7 4446.7
SA3 837.7 4327.4

A4 855.1 5276.8
1158.7 330.9

by the method above are shown inFig. 4. The calculated
TPA properties of six molecules are listed inTable 3. In
many applications of two-photon features, molecules with
very large TPA cross-sections are required in a range of funda-
mental excitation wavelengths in the range of 600–1200 nm.
From Table 3andFig. 4, one can see the TPA peak wave-
lengths range from 700–1200 nm, all sitting in infrared, and
the magnitude of TPA cross-sections is 100–5000 GM. This
indicates they satisfy the requirements of application using
two-photon properties. For molecules with different struc-
tures, the TPA spectra are distinct. ForS4, there are two TPA
peaks in the spectrum ofFig. 4. The first weaker peak ap-
pears at 1169.8 nm and the TPA cross-section is 179.8 GM.
The second maximum TPA cross-section is 1017.7 GM at
861.0 nm. Processing fromS4 to S3A, the third peak is ob-
served at 925.3 nm and the corresponding TPA cross-section
is equal to 472.1 GM. Other two peaks are blue-shifted com-
pared with that ofS4 (from 861.0 to 756.0 nm and from
1169.6 to 1148.0 nm) and the relative TPA cross-section
maxima are decreased from 1017.7 to 997.2 GM and from
179.8 to 107.6 GM. These differences partly come from the
reduction in molecular point symmetry from D2h for S4
to C2v for S3A. From S3A with C2v symmetry toS2A2
with C1 symmetry, the peak at∼900 nm has disappeared
and other two peaks maintain. Two absorption maxima of
S2A2 are observed at 1068.8 nm and 799.9 nm, which are
r
T at
o
T at
7 r
t po-
s por-
p
i -
l each
o e-
t
m

smaller than that ofSASA (4446.7 GM). This result partly
roots in the reduction of molecular point symmetry from
D2h (SASA) to C2v (SA3). In the six studied porphyrazines,
A4 with symmetrically substituted electron donors exhibits
the maximum TPA cross-section values as 5276.8 GM at
855.1 nm. The position of the weaker peak is at 1158.7 nm
and the corresponding TPA cross-section maxima is equal to
330.9 GM.

Analyzing the results above, we obtained the following
conclusions:

(i) The opposite appearance of electron-donors (D–�–D
structure) in the whole molecule has an overriding in-
fluence on the increase of the TPA cross-section values.
The TPA cross-sections ofSASA,SA3andA4 are about
four times as that ofS4, S3AandS2A2.

(ii) The molecules with centrosymmetry, such as C2h
and D2h exhibit larger TPA cross-sections than those
without central symmetryδS4(D2h) > δS3A(C2v), δA4(C2h)
δSASA(D2h) > δSA3(C2v). As far as porphyrazines present-
ing multi peaks are concerned, the TPA cross-sections
in the region from 750 to 860 nm are enhanced by
one order of magnitude on the basis of that in the re-
gion from 1050 to 1200 nm. The similar results are ob-
served by Drobizhev and co-workers[19]. They mea-
sured the absolute TPA cross-section in two ranges of

rom
that
rger
tely
lcu-
nfor-
rties

( or-
1,4-
ss-

s are
ail-
teri-
the

4

oton
a and
u are
i ions.
T the
m the
e n of
T pos-
s TPA
m

ed-shifted on the basis of that forS3A. The maximum
PA cross-section values ofS3A are slight larger than th
f S2A2. As the case ofSASA (the isomer ofS2A2), the
PA cross-section is found to be around 4446.7 GM
89.7 nm, which is larger than that ofS2A2 by about fou

imes. This obvious difference results from the different
itions of dimethyloxybenzene rings. In this series of
hyrazines, the central porphyrazine ring with 18�-electrons

s regarded as the electron acceptor. ForSASA, the dimethy
oxybenzene rings as electron donors are opposite to
ther and the D–�–D structure is more favor to the charg

ransfer from peripheral to the center than that forS2A2. The
aximum TPA cross-section ofSA3 (4327.4 GM) is little
laser wavelengths, from 1100 to 1500 nm and f
700 to 800 nm. The experimental results showed
the cross-section in the Soret transition region is la
than that in the Q transition region by approxima
one order of magnitude. It is obvious that our ca
lations are reasonable and can give some useful i
mation of understanding molecular structure-prope
relationships.

iii) This series of symmetrical and unsymmetrical p
phyrazines with annulated 1,2,5-thiadiazole and
dimethyloxybenzene moieties exhibit large TPA cro
sections as high as 1000–5000 GM. These value
orders of magnitude higher than commercially av
able organic dyes. So, they are promising TPA ma
als and worthy being investigated experimentally in
future.

. Summary

We have studied theoretically the one- and two-ph
bsorption properties of a series of symmetrical
nsymmetrical porphyrazines. The calculated results

n good agreement with the experimental observat
he symmetrical substitution of electron-donors and
olecular centrosymmetry play the important roles in
nhancement of TPA cross-sections. The predictio
PA cross-section shows this kind of porphyrazines
esses good TPA properties and may be promising
aterials.
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