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The electronic structures, one-photon absorption (OPA) and two-photon absorption (TPA) properties of the

azulenylporphyrins and azulene-fused porphyrins have been comparatively studied by using DFT/B3LYP/6-31G(d)
and the ZINDO/SDCI method. With the number of azulenyl groups increasing, the OPA wavelengths of all molecules
are red-shifted in 400600 nm and the two-photon absorption cross section is gradually enlarged. The azulene-fused

structures facilitate an expanding conjugated area and increasing TPA cross section. The origin of TPA properties

of studied compounds is studied with a two-level model.

two-photon absorption.

In summary, the azulene-fused porphyrins exhibit strong
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1. Introduction

Recently, materials with a large two-photon ab-
sorption cross section have found numerous ap-
plications in nonlinear optics, such as two-photon
fluorescence excitation microscopy,!!! optical power
limiting,[? three-dimensional optical data storage,!®!
two-photon up-conversion lasing,*! photodynamic
cancer therapy,® and so on. On all the above ap-
plications, the characteristics of two-photon absorp-
tion (TPA) are the transparency at low input light
intensity, and the dependence of the absorption in-
tensity on the square of the input light intensity.®
Customary chromophores for nonlinear optics appli-
cations are based on design concepts that include
strength of the electron donor and electron accep-
tor, and conjugation extension.’~'% The architec-
tural classes of TPA molecules have conventional lin-
ear structures, crosslinked polymers, banched poly-
mers, helical oligomers, macrocycle molecular struc-

tures, and so on.[1]

Many recent studies focused on the TPA prop-

erties of porphyrins, which are suitable candidates
It is
well known that the monomeric metal-free porphyrins

for possible applications in nonlinear optics.

show a small TPA cross section d(w) value, typically
a ~10 GM (1 GM=10%" cm*s-photon~1).
researchers have designed and synthesized porphyrin

Hence,

derivatives with a large TPA cross section value. One
of the key design strategies to enhance the TPA
cross-section d(w) is to modify the porphyrin ring
by incorporating different metal ions into the cen-
ter of the porphyrin macrocycle or by linking dif-
ferent kinds of substituents to the peripheral posi-
tions of the porphyrin macrocycle.'>13] Azulene is a
resonance-stabilized nonalternant aromatic hydrocar-
bon. Its extraordinary photophysical property (the fa-
mous anomalous Sy — Sy fluorescence) is discovered
by Beer, Longuet and Higgins.['¥ Based on an azu-
lene unique w-system, a variety of functional dyes and
nonlinear optical materials have been investigated.!*®!
Besides, azulene serves as either an electron donor or
an electron acceptor, depending on the nature and
connectivity of substituent.'®) Kurotobi et al have ex-

*Project supported by the National Natural Science Foundation of China and the Open Project of State Key Laboratory of
Supramolecular Structure and Materials of Jilin University (Grant No SKLSSM200716).

fCorresponding author. E-mail: jikangf@yahoo.com

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



2272

Li Wen-Chao et al

Vol. 18

perimentally studied some properties of azulene-fused
porphyrins'617 In this paper, we mainly study the
micro-essence of one- and two-photon absorption of
azulenylporphyrin (PA series) and azulene-fused por-
phyrins (PFA series) comprehensively, and the rela-
tionship between the structure and the one- and two-
photon absorption properties.

2. Computational methods

The TPA process corresponds to simultaneous ab-
sorption of two photons. The TPA efficiency of an
organic molecule, at optical frequency w/2m, can be
characterized by the TPA cross section 0(w). §(w) re-
lates to the imaginary part of the second hyperpolar-
izability v(—w; w, w, —w) by the following equation!'®]

3hw?

_ 4 .
— 727128250L Im [y (—w; w, w, —w)], (1)

d(w)

in which hw is the energy of the incoming photons, ¢
is the speed of light, €¢ is the vacuum electric permit-
tivity, n denotes the refractive index of the medium
and L corresponds to the local-field factor. In the cal-
culations presented here, n, L are set to 1 (isolated
molecule in vacuum).

The sum-over-states (SOS) expression to evalu-
ate the components of the second hyperpolarizabil-
ity 7a8ys can be induced out using the perturbation
theory and density matrix method. By considering
a Taylor expansion of energy with respect to the ap-
plied field, the v,gy5 Cartesian components are given
by Refs.[19] and [20]. In the present work, all damping
factors I' are set to 0.14 eV, this choice of damping
factor is found to be reasonable on the basis of the
comparison between the theoretically calculated and
experimental TPA spectra. To compare the calculated
0 value with the experimental value measured in solu-
tion, the orientationally averaged (isotropic) value of
v is evaluated, which is defined as

(= 1% Z (Viigs + Yigis + Vijga) » 60 = 2,9, 2, (2)
0]
substituting the imaginary part of (y) value into the
expression (1), § (w), that can be comparable with the
experimental value, is obtained.
In principle, any kind of self-consistent field
molecular orbital procedure combined with configu-

ration interaction can be used to calculate the phys-
ical values in the above expression. In this paper,
the DFT/B3LYP/6-31G(d) method was first used to
calculate molecular equilibrium geometries using the
GAUSSIAN 03 program package.l?!] Then, the prop-
erty of electronic excited states was obtained by single
and double electronic excitation configuration interac-
tion (SDCI) using the ZINDO program.?? It is well
known that the original ZINDO algorithm by Zerner
has been adapted only to single-CI, but one has to
consider a double excitation configuration for correct
determination of the third-order polarizability v and
two-photon absorption spectra; therefore, we added
the double excitation configuration in ZINDO and re-
stricted the Cl-active spaces to the two highest occu-
pied and two lowest unoccupied m-orbitals.[23] Then,
a program (FTRNLQO) compiled by our group is used
to calculate the second hyperpolarizability v and the
TPA cross section according to formulas (1) and (2)
and SOS formulas.
one-photon absorption spectra which are needed to

Furthermore, the ground-state

predict the TPA properties of the molecule are pro-
vided.

3. Calculation results and discus-

sion

3.1. Geometrical optimization and elec-
tronic structure

The investigated molecules (PA and PFA series)
are shown in Fig.1. The molecules in the PA series
are azulenlyporphyrins in which the 4-azulenyl group
is directly linked to the porphyrin rings. Both PA2
and PA3 have atropisomers. PA2 includes PA2-1 and
PA2-2, and PA3 includes PA3-1, PA3-2 and PA3-3
(shown in Fig.2). PFA series are azulene-fused por-
phyrins which are the product of a ring-closing reac-
tion of the PA series. PFA2, which is the major prod-
uct of PA2, is anti-isomer. When the terminal group
is a 2, 4, 6-tert-butyl-phenyl group, PFA3 is the ma-
jor product of PA3.'7] In order to save the calculating
time and compare with other studied molecules con-
veniently, the 2, 4, 6-tert-butylphenyl is replaced by
methyl groups. At the same time, the peripherally un-
substituted porphyrin nickel (II) (NiP) is chosen for
reference and comparison.
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Fig.1. The investigated molecules and corresponding names and labels (Ar=phenyl).

All molecular geometries are optimized with a 6-31G(d) basis set at a density function theory B3LYP level.
As shown in Table 1, each Ni-N bond length of NiP is 1.958 A (1 A=0.1 nm) which is only 0.001 A bigger than
that of Ref.[24] (1.957 A). The relative error is 0.051%. For PA1, the C-C bond length which connects the
4-azulenyl group and porphyrin ring is 1.508 A. Tt is similar to X-ray diffraction analysis (1.505 A).[m The
relative error is 0.199%. Each Ni-N bond length of the optimal structure of PFA3 is 1.884 A. The maximum
error is 0.53% compared with the experimental data. A little deviation in value is due to the structure in
vacuum which is more incompact than the crystal structure. Therefore, the DFT/B3LYP/6-31G(d) method in
the GAUSSTAN 03 program package is suitable for our studied molecules. Adding azulenyl group(s) to NiP,
the distance of Ni-N and N-N decreases in the PA and PFA series. However, with the increasing number
of azulenyl groups, the average Ni-N lengths and the average N—N lengths are increased in PA series: PA1l
(1.922 A, 3.844 A) < PA2-2 (1.923 A, 3.846 A) < PA2-1(1.925 A, 3.850 A) <PA3-2 (1.927 A, 3.853 A) <PA3-3
(1.928 A, 3.855 A) < PA3-1 (1.956 A, 3.912 A), and decreased in the PFA series: PFA1 (1.909 A, 3.817 A) >
PFA2 (1.895 A, 3.799 A) > PFA3 (1.884 A, 3.769 A). It means the central porphyrin rings of molecules in the
PA series are larger than the same part of relative molecules in the PFA series. For the PA series, the azulenyl
groups are almost perpendicular to the porphyrin plane. For the PFA series, the central porphyrin is distored
by fusing azulene moieties, and the azulene moieties and the porphyrin ring are approximately coplanar (shown
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in Fig.2). The result shows that the PA series show the steric hindrance effect more obviously than the PFA
series. As for atropisomers, cis-isomers have the largest central porphyrin ring. For example, cis form PA2-1

has a larger porphyrin ring than trans form PA2-2.

PA3-3 (a) (b)

Fig.2. The equilibrium geometries of PA and PFA series. (a) Oblique view, (b) top view, and (c) side
view. The hydrogen atoms have been omitted for clarity.



No. 6 Theoretical studies on the one- and two-photon absorption properties ... 2275

Table 1. Selected optimized bond length (A) and dihedral angle (°) for the molecules.

PA1 PA21 PA22 PA3-1 PA3-2 PA3-3 PFAl PFA2 PFA3 (Exp.2) NiP(Ds) (Exp.?)
Ni-N(1) 1.920 1.923 1.921 1956 1.927 1.927 1.916 1.908 1.884 (1.894) 1.958 (1.957)
Ni-N(2) 1924 1.927 1925 1956 1.927 1.928 1.902 1.892 1.884 (1.863) 1.958 (1.957)
Ni-N(3) 1921 1.923 1.921 1.956 1.927 1.927 1.909 1.908 1.884 (1.893) 1.958 (1.957)
Ni-N(4) 1921 1.927 1.925 1.956 1.927 1.928 1.907 1.892 1.884 (1.877) 1.958 (1.957)
Ni(1)-Ni(3) 3.842 3.845 3.842 3.912 3.853 3.855 3.824 3.815 3.769 3.915
Ni(3)-Ni(4) 3.845 3.854 3.850 3.912 3.853 3.855 3.809 3.783 3.769 3.915
C(1)-C(2) 1.508 1.508 1.508 1.509 1.507 1.508 1.477 1477 1.477
C(3)-C(4) N 1.508 1.507 1509 1.508 1.508 N 1477 1.477
C(5)-C(6) N N N 1.509 1.508 1.508 N N 1.477
C(7)-C(8) N N N 1.509 1.508 1.508 N N 1.476
®(C(9)C(1)C(2)C(10)) | 91.31 88.66 88.92 89.75 93.07 —88.47 17.25 16.64 14.05
B(C(11)C(3)C(4)C(12)) | N —87.60 97.61 —91.40 88.18 8822 N 16.63 14.05
®(C(13)C(5)C(6)C(14)) | N N N 89.74 89.58 8857 N N ~13.89
®(C(15)C(7)C(8)C(16)) | N N N -91.41 -89.59 -88.20 N N ~14.07

Note: Exp.? denotes Ref.[17]. Exp." denotes Ref.[24]. N denotes no data.

The calculated frontier orbital energy data (4 occupied orbitals and 5 unoccupied orbitals) are listed in Table
2. The energy of HOMO (highest occupied molecular orbitals) increases when azulenylporphyrin is inverted
to the ring-closing azulene-fused porphyrin, and at the same time the energy of LUMO (lowest unoccupied
molecular orbitals) decreases. Meanwhile, the increasing numbers of the azulenyl groups do not affect the energy
of HOMO and LUMO much. Compared with PA2-1 and PA2-2, the energy difference of HOMO (LUMO) is only
0.01 eV. For PA3-1, PA3-2 and PA3-3, the energy of HOMO and LUMO is the same (only the energy of LUMO
of PA3-1 adds 0.01 eV). In other words, the electronic structures for atropisomers of PA2 (PA3) are almost
the same. The HOMO-LUMO energy gaps (AFEy_1,) sequence is as follows: PA1 2.91 (eV) > PA2-1 (2.90 eV)
> PA2-2 (2.88 ¢V) > PA3-1 (2.82 eV) > PA3-2 (2.81 ¢V)=PA3-3 (2.81 eV), and PFA1 (2.10 ¢V) > PFA2
(1.70 eV) > PFA (1.46 eV). Herein, with identical numbers of azulenyl groups, PA series molecules have higher
AFEy_1, than PFA series molecules. And increasing azulenyl groups is helpful to reduce AFEy_1,. The reduction
of the energy gap AFEy_1, normally brings on a bathochromic shift in the one-photon absorption spectra. Only
considering the energy gap, we have presumed PFA3 the longest one-photon absorption wavelength and the
most outstanding photophysical properties in all studied molecules.

Table 2. The B3LYP/6-31G(d) predicted molecular orbital energies of the studied compounds (unit: eV).

HOMO-3 HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3 LUMO-+4

PA1 -5.79 -5.55 -5.17 -5.12 -2.21 -2.15 -2.03 -1.54 -0.92
PA2-1 —5.66 -5.55 -5.27 -5.19 -2.31 -2.25 -2.15 —2.06 -1.60
PA2-2 -5.65 -5.54 -5.27 -5.20 -2.30 -2.26 -2.13 -2.08 -1.60
PA3-1 —5.62 -5.61 -5.55 -5.28 -2.46 —2.46 -2.25 -2.20 -2.18
PA3-2 -5.63 -5.61 -5.51 -5.28 —2.47 —2.46 -2.24 -2.23 -2.18
PA3-3 -5.64 -5.62 -5.51 -5.28 -2.47 -2.47 -2.26 -2.23 -2.18
PFA1 -5.80 —5.48 -5.14 —4.82 -2.72 -2.15 —-1.87 —-1.40 -0.80
PFA2 -5.77 -5.25 -5.18 —4.74 -3.04 -2.30 -2.21 -1.92 -1.77
PFA3 -5.38 -5.30 -5.30 —4.61 -3.15 -3.15 -2.78 -2.16 -2.03

The origin of the Q and B bands in the electronic spectra of porphyrin derivatives is usually interpreted
using the four-orbital model of M. Goutermann, which assumes that the HOMO and HOMO-1 are almost
degenerate in energy and well separated from the other levels; a similar assumption is applicable to LUMO
and LUMO+1.[13:25:26] From Table 2 and Fig.3, the four-orbital model approximately describes PA1 and PA2,
because the other frontier orbitals are separated by a comparatively large energy gap between the two highest
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HOMOs and lowest LUMOs. However, for other molecules studied here the four-orbital model is not applicable.
So we anticipate that OPA spectra of PA1 will be blue-shifted compared with PA2.
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Fig.3. B3LYP/6-31G(d) predicted molecular orbital energy diagram of the studied compounds.

3.2. One-photon absorption

One-photon absorption properties of studied molecules calculated by using the ZINDO/SDCI method are
summarized in Table 3, including the OPA wavelength (A9, ), the corresponding oscillator strength (f), and

max
transition nature. The calculated TDDFT \©

max values of PFA1 and PFA2, and several experimental data are

also given. As shown in Table 3, the calculated ZINDO/SDCI \Q, . values are in good agreement with the
experimental data. The differences between TDDFT and the experimental data are bigger than those between
ZINDO and the experimental data. Therefore, a semiempirical ZINDO/SDCI method is appropriate for studied
molecules in this work, and sometimes the results by the ZINDO/SDCI method are closer to the experimental
data. To calculate the TPA properties, the first step is to accurately predict the OPA properties of the studied

molecules. As seen in Table 3,

Table 3. The OPA properties for studied compounds.

mol. AQ i /nm f transition nature exp. data mol. AQ o /nm f transition nature exp. data
PA1 444.1 0.08024 So — Se 422 PFA1 526.6 0.03478 Sp — S3 526(577.76%)
3224 1.46661 Sp — Sis 447.8 0.11611 So — Sg 467
375.3 0.88396 Sp — S12
PA2-1 444.3 0.18212 Sg — Sy 423 PFA2 747.2 0.45156  Sp — S1 763(781.53%)
326.7 1.42223 So — S13 530.2 0.07260 Sp — S5 545
PA2-2 444.0 0.16470 So — Sy 423 465.8 0.27644 So — Sy 487
326.8 1.56370 So — Si2 334.0 1.26136  So — S22
PA3-1 445.4 0.15395 So — Sy 437 PFA3 580.9 0.04022 So — S7 574
(So — Ss) 368.3 0.56634 Sp — Sa2r
320.2 0.97140 So — S20
PA3-2 445.4 0.17133 So — Sy 437 NiP 628.9 0.03846 Sp — S1 628.9P
318.2 0.98991 So — S22 (623.7)°
PA3-3 444.3 0.17231 So — Sy 437 355.5 1.14596 So — S12 352.1
318.2 0.94421 Sg — S21 (336.9)°

Note: exp. data denotes Ref.[17] and the supporting information of Ref.[17].
a denotes the TDDFT/6-31G(d) results. b and ¢ denote Refs.[25] and [29], respectively.
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O
)‘max

with the largest oscillator strength of PFA series
exhibit a bathochromic shift compared with that of
the PA series, when the two series have equal num-
In 400-600 nm, the OPA
wavelength of the PFA series molecules is red-shifted

bers of azulenyl groups.

with the increasing number of azulenyl groups. The
PA series present the same tendency. In this pa-
per, electron structures cannot predict OPA prop-
erties well. Because the transition from HOMO to
LUMO is not an important part for the OPA final
state, the HOMO-LUMO energy gap cannot predict

one-photon absorption wavelength. In addition, for all
(6]

studied molecules, the calculated A;

with the largest
oscillator strength are all in the UV region, therefore,
azulenylporphyrins and azulene-fused porphyrins pos-
sess good transparency which is important for optical

power limiting (OPL) applications.

3.3. Two-photon absorption

According to expressions (1) and (2), we com-
piled a program to calculate the third-order polariz-
ability vagys and the TPA cross section dmax. Figure 4

|

shows two-photon absorption spectra in the incident
light wavelength range from 600 nm to 800 nm, in
order to provide a more obvious comparison for stud-

ied molecules in this work. Table 4 summarizes the
T

TPA maximum absorption wavelength A, .., transi-
tion nature, maximum TPA cross section 61, , and
main configuration coefficient and weights. A good

TPA material means it is made up of the molecule
- For the PA and PFA se-
values increase with the increasing azu-
lenyl groups. Herein, as shown in Fig.4 the &L
values of PA2 molecules are 56.97 GM (PA2-1) and
47.79 GM (PA2-2), respectively. The &L value of
PA3-1 (68.91 GM) is the largest in PA3 molecules.
The phenomenon shows that the cis-form structures
of PA2 and PA3 show good TPA cross-section values.

The maximum TPA cross section of molecules of the

with a large § value.

ries, the 6

max

PFA series is much bigger than that of the correspond-
ing molecules of the PA series, at the same time, the
/\T

max

values are a bathochromic shift. The azulene-
fused structures facilitate the expanding conjugated

area and increasing TPA cross section.

Table 4. The TPA properties for studied molecules. H, H-n L. and L+n denote HOMO, HOMO-n,

LUMO and LUMO+n, respectively.

mol. AR ax/nm transition nature ST i /GM main configuration coefficient and weights
PA1 605.2 So — Sa6 35.75 -0.67(H-2,H-1-L+1,L+2)-0.39(H-2,H-1—L+1,L+2(1))
PA2-1 613.0 So — Sos 56.97 ~0.82(H-3—L)-0.35(H-3—L+1)
PA2-2 617.4 So — Sau 47.79 0.33(H-1,H—L,L)-0.49(H-1,H—L,L+1)+0.37(H,H—L,L)-0.41
(H,H—L+1,L+1)
PA3-1 613.4 So — S31 68.91 0.93(H-1—L+3)
PA3-2 613.8 So — Saa 68.82 0.59(H-1—L+2)-0.57(H-1—L+5)+0.37(H-1—L+11)
PA3-3 611.4 So — S35 63.39 -0.33(H-1—-L+12)+0.53(H-1,H—L,L+1)-0.36(H,H—L,L+1)
PFA1 684.4 So — S15 1053.76 -0.44(H-2—L+1)40.33(H-1,H—L,L+1)
PFA2 633.4 So — Sag 1136.64 ~0.34(H-1—L+7)+0.36(H-1,H-1—L,L)
PFA3 668.6 So — Sa0 1184.47 -0.76(H-1—L+4)
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Fig.4. Two-photon absorption spectra.

In order to explain the origin of TPA properties of
the investigated molecules, we used a two-level model,

[27,28]

5= 472 adaw? M02n2Au%n7 3)
15¢q Eg. I

where ag is the Bohr radius, ¢ is the speed of the light,

in which the TPA cross section can be defined as

« is the fine structure constant, w is the photon en-
ergy, My, is the transition dipoles between the ground
state |0) and a TPA final state |n). Auoy, is the dipole
moment difference between ground and excited states,
FEy,, is the transition energy between the ground states
|0) and a TPA final state |n). The formula (3) can be
simplified to the following formula
M§, Ay,

5
*TET

(4)
|

In this paper, the two-photon absorption cross
sections of PA2-1 and PA3-1 are larger than other cor-
responding atropisomers. Therefore, we focus on the
cis-isomers in the following discussion. Table 5 lists
data and parameters of formula (4). In the PA series
and PFA series molecules, the results of formula (4)
show the same increasing trend with the 0%,
In the PA (PFA) series, PA2-1 (PFA2) has the largest
Moy, value; PA3-1 (PFA3) has the highest Apug,, value,
at the same time, PA3-1 (PFA3) also has the largest

calculated value of formula (4). In a word, Apg, plays

values.

an important role in increasing the maximum TPA

cross section.

Table 5. Data and parameters of two-level model for studied molecules.

PA1 PFA1 PA2-1 PFA2 PA3-1 PFA3
M2, /Debye 2.412 2.407 21.663 10.189 0.0161 8.196
Aug,, /Debye 0.006 14.234 0.001 4.339 2.267 36.222
Eon /eV 4.007 3.623 4.045 3.937 4.043 3.709
X 0.006 18.638 0.009 20.377 0.061 154.142
Smax/GM 35.75 1053.76 56.97 1136.64 68.91 1184.47
Mg, Aug,,

X =
2
kg T
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By comparing the PFA series molecules with the corresponding PA series molecules, we draw several
conclusions as follows: (i) A visible increase of Apug, takes the main responsibility for increasing the dpmax
value; (ii) The transition energy Fy, becomes smaller; (iii) For PA3-1 and PFA3, the difference of My, is also
the main reason for the increasing two-photon absorption cross section. Charge transfer could interpret the
increase of the TPA cross section. Here, we analyzed the charge transfer in the TPA processes of PA3-1 and
PFA3. In Table 4, as to molecule PA3-1, the TPA transition nature is Sy — Ssg and the main configuration
is HOMO-1—-LUMO+3. In the case of PFA3, the TPA is produced by Sy — Sy9, to which the configuration
HOMO-1—-LUMO+4 makes the main contributions.

0

PA1 LUMO+1 LUMO+2

2% e

\ =
{
PA2-1 LUMO+1
h)
PA3-1 HOMO-1 LUMO+3

PFA1 HOMO-2

HOMO-1

PFA2

PFA3 HOMO-1 LUMO-+4

Fig.5. Contour surfaces of the frontier orbitals concerning the maximum two-photon absorptions for
PA1, PA2-1, PA3-1, PFA1l, PFA2 and PFA3. The hydrogen atoms have been omitted for clarity.
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Contour surfaces of the frontier orbitals related to the
TPA properties of studied molecules are plotted in
Fig.5. For PA3-1, the molecular orbital of HOMO-
1 mostly concentrates on the central porphyrin ring
while the molecular orbital of LUMO+43 mostly lo-
cates in four azulene moieties. Therefore, intermolec-
ular charge transfer goes from the central porphyrin
ring to four azulene moieties. PA3-1 has obvious in-
termolecular charge transfer among the PA series. For
PFA3, the molecular orbital of HOMO-1 distributes
the whole molecule, the molecular orbital of LUMO+4
is mainly located in the periphery of the molecular
structure, so intermolecular charge transfers from the
whole molecule to the periphery of the molecule. As
to the molecule orbital of HOMO-1, PFA3 has bet-
ter m conjugation than PA3-1. Even for the TPA fi-
nal state of PFA3 and PA3-1, PFA 3 exhibits a small
conjugate phenomenon. As seen in Table 2, for PA3,
the energy gap between HOMO-1 and LUMO+3 is
3.08 eV; for PFA3, the energy gap between HOMO-1
and LUMO+4 is 2.58 eV. Intermolecular charge trans-
fer of PFA3 occurs more easily compared with PA3-1
in the TPA processes.

4. Conclusion

In this paper, the molecular geometries, electronic
structures, and one- and two-photon absorption prop-
erties of the PA series and PFA series have been the-
oretically investigated with DF/B3LYP/6-31G(d) as-
sociated with the ZINDO/SDCI method. Our calcu-
lations show that the structure of azulene-fused and
the number of azulenyl groups influence one- and two-
With the number of
azulenyl groups increasing, the TPA cross-section val-
ues are increased in the PA series (35.75 GM (PA1) <
47.79 GM (PA2-2) < 56.97 GM (PA2-1) < 63.39 GM
(PA3-3) < 68.82 GM (PA3-2) < 68.91 GM (PA3-1))
and in PFA series (1053.76 GM (PFA1) < 1136.64 GM
(PFA2) < 1184.47 GM (PFA3)). Building a molecu-
lar frame like the PFA series possesses a large value
of TPA cross section. The calculated A\Q,  with the
largest oscillator strength of studied molecules are all

photon absorption properties.

in the UV region. PFA series molecules in this work
are promising candidates for TPA materials exhibiting
strong two-photon absorption.
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