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An Insight into a Novel Class of Self-Assembled Porphyrins: Geometric
Structure, Electronic Structure, One- and Two-Photon Absorption Properties

Xin Zhou," Ai-Min Ren," and Ji-Kang Feng*"

Abstract: We have theoretically inves-
tigated a series of butadiyne-linked
porphyrin derivatives that exhibit large
two-photon absorption (TPA) cross
sections in the visible-IR range. The
electronic structure, one-photon ab-
sorption (OPA), and TPA properties

Q band and Soret band, respectively. A
most important role for the enhance-
ment of the TPA cross section is
played by introducing a butadiyne
bridge. The complementary coordina-
tion and the combination of the termi-
nal free base and the core zinc por-

phyrin are also two effective factors for
the enhancement of the TPA efficiency.
The dimer with two porphyrins linked
at meso-positions by a butadiyne link-
age results in a maximum TPA cross
section (79.35x10~* cm*s per photon).
Our theoretical findings are consistent

have been studied in detail. We found
that the introduction of a butadiyne
linkage and the increase of the molecu-
lar dimensionality from monomer to
dimer determine the OPA intensities of

Introduction

Materials with large third-order nonlinear optical (NLO)
polarizability have attracted much attention, because of po-
tential utilities for photonic applications. High values of the
real part result in nonlinear refraction, leading to scope for
ultrafast all-optical signal processing,!'! while the imaginary
part of the polarizability is responsible for two-photon ab-
sorption (TPA), which is useful for three-dimensional micro-
fabrication,?! ultra-high-density optical data storage,® bio-
logical imaging,” and the controlled release of biologically
relevant species.'l Various types of organic molecules have
been investigated to obtain materials with large third-order
nonlinearity y. In general, it has been accepted that materi-
als with m-conjugated systems terminated by donor and ac-
ceptor exhibit large y values.”™ Porphyrins, notably por-
phyrin oligomers and polymers, are promising candidates as
NLO materials in view not only of their large m-conjugated
system, but also of versatile modifications of the structures
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with the recent experimental observa-
tions. This series of porphyrin deriva-
tives as promising TPA materials are
the subject of further investigation.

and various possibilities of central metal ions as well to
create porphyrins with ideal properties.'?4

Our recent interest focuses on the TPA properties of vari-
ous materials. In order to enhance the TPA cross-section
value, researchers are trying their best to establish the struc-
ture—property relationship. Albota et al.™™ synthesized and
theoretically investigated a series of linear (dipolar and
quadrupolar) molecules with different D/A combinations at-
tached to a i center (D =donor, A =acceptor). They point-
ed out that conjugation length, D/A strength, and molecular
symmetry are important factors responsible for the increase
of TPA cross sections. Kim et al." found that the TPA cross
sections of chromophores with dithienothiophene as a =
center was nearly one order of magnitude larger than those
with fluorene as a = center, indicating that the m center
should play an important role in the TPA response of mate-
rials. Most recently, researchers have turned their attention
to design and synthesize multibranched (or octupolar) and
dendritic molecules to further increase TPA cross sec-
tion.'”?! In comparison with the dipolar molecules, the
major advantages of octupolar compounds are greater likeli-
hood of producing crystals with noncentrosymmetric pack-
ing (donor—acceptor molecules have a propensity to align in
an antiparallel fashion which oppose dipoles), and improved
nonlinearity—transparency trade-off (due to a decreased con-
jugation pathway).

However, only a limited number of reports of the TPA
cross sections for porphyrins are available. Wen et al.””!
measured the TPA cross sections of metal-tetrakis(3,4,5-tri-
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methoxyphenyl)porphyrin, including chlorogallium(i),
chloroindium(1), chlorothallium(m), tin(m), and lead(m) as
central metal ions, with the linear polarized nanosecond
laser pulses at different wavelengths by Z-scan. The ob-
served TPA cross sections are in the range of 25-114x
10’ cm*s per photon. Rebane and co-workers™™ obtained
the absolute TPA cross sections for a series of porphyrins
and tetrazaporphyrins with pulses of 100 fs duration 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. Screen et al.*! reported a
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in which y(—w;w,—w,w) is the orientational average of the third-order
molecular polarizability, iw the energy of the incoming photons, &, the
vacuum electric permittivity, n deotes the refractive index of the
medium, and L corresponds to the local-field factor. In the calculations
presented here, these last two quantities are set to 1 (isolated molecule in
vacuum).

The sum-over-states (SOS) expression to evaluate the components of the
second hyperpolarizability y,s, can be deduced by using perturbation
theory and density matrix method. By considering a power expansion of
the energy with respect to the applied field, the y,4,, Cartesian compo-
nents are given by Equation (2):3%
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double-strand conjugated porphyrin polymer linked by buta-
diyne bonds exhibiting large TPA cross-section values of 5 x
107* cm*s per photon), which were measured by a degener-
ate four-wave mixing method with a picosecond pulse laser.
Most recently, Rebane and co-workers® observed a 400-
fold enhancement of TPA in a conjugated porphyrin dimer,
relative to its related monomer at 780 nm. In contrast to the
experimental investigations, there are few theoretical re-
ports on the TPA properties of porphyrins. Birge et al.*®]
studied the TPA properties of free-base porphyrin, free-base
porphyrin dianion, and the 2.4-substituted diformal and di-
vinyl analogues of these molecules using a semiempirical
SCF-MO formalism. They showed that a number of the
two-photon allowed states in the Soret region are predicted
to have TPA exceeding 100x 107 cm*s per photon. Quite
recently, our group® studied a class of porphyrin-derived
monomers and dimers. The TPA cross-section values of
dimer porphyrins were found to be 25-100 times larger than
those of monomers.

In this work, we have theoretically investigated the equili-
brium geometries, electronic structures, one-photon absorp-
tion (OPA), and TPA properties of self-assembled porphyrin
monomers and dimers, which were recently synthesized by
Ogawa and co-workers.”*"!

Computational Methods

The TPA process corresponds to simultaneous absorption of two photons.
The TPA efficiency of an organic molecule, at optical frequency, can be
characterized by the TPA cross section. It can be directly related to the
imaginary part of the second hyperpolarizability by Equation (1):?**!
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In this formula a, f3, y, and 0 refer to the molecular axes; w;, @,, and w;
are optical frequencies and w,=w; 4+ +,w; is the polarization response
frequency; XP;,; indicates a sum over the terms obtained by the six per-
mutations of the pairs (w/ug),(w,/u,), and (ws/us); |K) is an electronic
wavefunction with energy fwy relative to the ground electronic state; u,
is the ath (=x, y, z) component of the dipole operator, (K|u,|L)=(K]|
1| L)—(0|u,|0); the primes on the summation over the electronic states
indicate exclusion of the ground state. Ik is the damping factor of excited
state K, in the present work, all damping factors Iy are set to 0.16 eV;
this choice of damping factor is found to be reasonable on the basis of
the comparison between the theoretically calculated TPA spectra and Z-
scan TPA spectra.

Results and Discussion

Geometry optimization and electronic structure: The molec-
ular structures are shown below. The meso-(N-methyl)imida-
zolylporphyrinatozinc compound 1M quantitatively affords
a dimer of a slipped cofacial orientation 1D by the comple-
mentary coordination of an imidazolyl group to the zinc(ir)
center. In compound 2M, imidazolylporphyrinatozinc and
free-base porphyrin are directly linked at meso-positions.
The dimer of 2M is the self-assembly product 2D. To
expand the m-conjugation between two porphyrin units, two
imidazolylporphyrins are connected by a butadiyne unit to
allow a coplanar orientation in chromophore 3M and the
dimer of 3M (i.e., 3D). In order to study the effects of the
complementary coordination of the metal zinc(11) atom and
the introduction of acceptor groups on the OPA and TPA
properties, analogues of 3M, that is, 4, 5§ and 6 were investi-
gated. The geometric structures are optimized using the
Gaussian 98 program with 6-31G basis set at the hybrid
three-parameter Becke exchange functional and Lee-Yang-
Parr correlation functional (B3LYP) level. The optimized
results show that the compounds 1D, 2D, 3D, 4, and 6 pos-
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sess C; symmetry and there are no symmetric constraints on
other molecules. In the case of monomers 1M, 2M, 3M,
and molecule 4, the porphyrin macrocycles are practically
planar. The Zn—N bond lengths in 1M, 2M, and 3M are on
average 2.046 A. In compounds 2M and 2D, the dihedral
angles between two porphyrins are 87.5°and 81.8°, respec-
tively, which is consistent with the experimentally almost or-
thogonal structure .”*! For compounds with the complemen-
tary coordination of the imidazolyl to zinc(i) such as 1D,
2D, 3D, 5, and 6, the imidazolyl group is almost perpendicu-
lar to the porphyrin plane (85.7°). As for dimers 1D, 2D,
and 3D, the average Zn—N bond length in porphyrin rings is
2.103 A, which is longer than that in monomers (2.046 A).
The above results are due to the fact that the coordination
between zinc(i) atom and imidaxolyl makes the zinc(i)
atom close to imidizolyl ring and out of the porphyrin plane,
so that the Zn—N bonds are lengthened and the planar por-
phyrins are distorted. The distances between the zinc(ir)
atom and N atom in imidiazolyl rings are 2.142 A (for 1D),
2.147 A (for 2D), 2.138 A (for 3D), 2.121 A (for 5) and
2.131 A (for 6). In 1D, two porphyrin rings are separated at
a distance of 3.578 A and the Zn-Zn distance is 6.128 A;
these values are close to the interplanar distance of 3.23 A
and a metal-metal distance of 6.13 A, respectively, deter-
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mined by X-ray -crystallogra-
phy.?) The average dihedral
angle between an imidazolyl
ring without coordination and
the porphyrinatozinc plane of
molecules is 64.4°, which is
larger than that between the
free-base porphyrin and imidia-
zolyl-59.7°.

The energies of some frontier
orbitals and the shapes of the
two highest occupied molecular
orbitals (HOMO) and two
lowest unoccupied molecular
orbitals (LUMO) obtained by
B3LYP6-31G  method, are
shown in Figures1 and 2, re-
spectively. As seen in Figure 1,
the energy of LUMO decreases
with the increase in the conju-
gation length in the order 1M
(-224eV), 2M (-237eV),
3M (-277e¢V) and 1D
(-1.90eV), 2D (-2.25¢eV), 3D
(-2.67eV). The LUMO+1
levels exhibit the same trend
(=215eV, —229eV, -235eV
and —1.86 ¢V, —2.24 eV,
—2.64eV). However, the
energy of HOMO is little af-
fected by the extension of con-
jugation length. The energy gap
between HOMO and LUMO

i
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D 4 5 6
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Figure 1. Molecular orbital diagrams summarizing results predicted by
the B3LYP6-31G method.

decreases with the increase of the conjugation length
(279eV AIM) > 2.57eV (2M) >1.96 eV (3M) and 2.61 eV
(1D) >234e¢V (2D) >1.80eV (3D)). As shown in
Figure 1, the energy gaps between HOMO and LUMO of
dimers are smaller that that of the corresponding monomers
(279eV (IM)>2.61eV (1D), 2.57eV (2M) >234eV
(2D), 1.96eV (3M) >1.83eV (3D)). Comparing 3M and
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Figure 2. Two highest occupied and two lowest unoccupied molecular orbitals.
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Fig. 2 (continued).
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its analogues 4, 5§ and 6, one can find that 3M and 4 show
very similar electron structures, and there are some differen-
ces between the distributions of orbital energy for 3M and
5. These results show that the complementary coordination
of the metal zinc(1) atom has some effect on the electronic
structure of molecules. With the increase of zinc(i) atom
from 4 to 5 and to 6, the HOMO and LUMO become more
unstable (LUMO: —2.80eV (4)——2.58¢eV (5) —-2.35eV
(6), HOMO: -4.47eV(4)—-4.43eV (5)—-4.24eV (6)).
However, the energy gap between HOMO and LUMO
changes little. The standard interpretation of the origin of
the Q and B bands in the electronic absorption spectra of
porphyrins is based on the four-orbital model of Gouter-
mans,®*®! which assumes that the HOMO and HOMO-1
are almost degenerate in energy and well separated from
the other levels; a similar assumption is made for the
LUMO and LUMO+1.

Evidently, as can be seen from Figure 1, the four-orbital
model approximately describes 1M, because the other fron-
tier orbitals are separated by a comparatively large energy
gap between two highest HOMOs and two lowest LUMO:s.
However, for other molecules the four-orbital model is not
applicable. This due to the fact that either the two highest
HOMOs and two lowest LUMOs are not quasi-degenerate
for 3M, 4, §, 6, or the energy gap between the degenerate
HOMOs or LUMOSs and other orbitals in 1D, 2M, 2D, 3D
is smaller than 1eV, and the configuration interaction in-
volving orbitals close in energy to two HOMOs and
LUMOs for all molecules is strong. The reason for these re-
sults is that owing to the change in orbital symmetry, the
presence of other orbitals in the vicinity of HOMOs and
LUMOs does not automatically guarantee strong configura-
tion interaction.

Examining Figure 2, we find for 1D, 2D, and 3D, two
HOMOs and two LUMOs exhibit the nearly same shapes
due to their degeneracy. In the case of 1M, the coefficients
of two HOMOs on porphyrin are hardly changed in compar-
ison with that of zinc porphyrin®®! and the contribution of
the imidazolyl ring is added to the HOMO. However, the
characters of LUMO and LUMO+1 change a lot. Compar-
ing LUMO+1 of 1M with that of zinc porphyrin, the contri-
bution of the meso-carbon atoms parallel with the imidazol-
yl disappear and the contributions of pyrrole nitrogens are
added. The LUMO coefficients are mostly localized on the
whole porphyrin ring, except for the Zn atom. These results
indicate that the addition of imidazolyl ring has an effect on
the LUMOs of molecule. The two degenerate HOMOs and
two degenerate LUMOs of 1D show the same character as
that of the HOMO and LUMO of 1M. As for 2M, since
two porphyrin rings are nearly perpendicular to each other,
the intramolecular conjugation is broken and the population
of electron cloud of HOMOs and LUMOs focuses on one
porphyrin ring. The same phenomenon appears in 2D. The
introduction of a butadiyne bridge results in the planarity of
the whole molecule 3M and 3D. As in the case of 3D, the
two degenerate HOMOs receive a major contribution from
the meso-carbon atoms, the pyrrole nitrogen atoms in zinc
porphyrin, and the butadiyne bridge, while the degenerate
LUMOs coefficients are largely localized on the a- and (-
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carbon atoms of the free-base porphyrin and the butadiyne
linkage. It is known that the electronic transition from
HOMOs to LUMOs have important contributions to the Q
and B bands of porphyrins. In reference [37], the authors in-
vestigated the TPA properties of a series of dipole and
quadrupole molecules, and drew the conclusion that the
charge transfer is effective in enhancing the two-photon ab-
sorptivity irrespective of the direction of the transfer (from
the ends to the center of the molecule or from the center to
the ends). So for 3D, the charge transfer from the inner zinc
porphyrin to the terminal free base (shown in Figure 2) will
result in the evident enhancement of TPA cross section. An-
alyzing the frontier orbitals of 4, 5 and 6, we find that in the
cases of centrosymmetric 4 and 6, HOMOs and LUMOs
equally localized on two porphyrins and there is no evident
charge transfer. However, for §, the intramolecular charge-
transfer is clearly seen. From the HOMOs to LUMOs, the
contribution from the zinc porphyrin ring to the molecular
orbital becomes less and less. In LUMO+1, the coefficients
are completely localized on the terminal free-base porphy-
rin. It means that from HOMO-1 to LUMO+1, the charge
is completely transferred from zinc porphyrin ring to free-
base porphyrin. From these results, we can predict that com-
pound 5 will exhibit larger TPA cross section than that of 4
and 6.

One-photon absorption: The OPA properties of all mole-
cules have been calculated by using the ZINDO program on
the basis of geometric structures optimized by B3LYP6-31G
level. Figure 3 displays the OPA spectra of dimers 2D and
3D and the corresponding experimental data.”! In the ex-
perimental report,? the C;H,s groups are at the meso-posi-
tions of porphyrin ring. However, in our calculation, C;H;;
groups are replaced by methyl groups in order to save the
calculating time. The active Q and Soret bands with large
OPA intensities and the corresponding oscillator strength
are listed in Table 1 and some experimental data are given
in parentheses. As shown in Table 1 and Figure 3, the calcu-
lated values are in good agreements with the experimental
observations. Weak Q band and intense Soret bands are
found in the regions of about 580-800 and 300-500 nm.
Table 1 shows clearly that there is a splitting of the Soret
bands for every compound. The magnitude of the splitting
of the Soret bands increases with the increase of the conju-
gation length (1.2 nm (1M) < 64.0 nm (2M) <86.2 nm (3M),
30.0nm (1D)<42.5nm(2D)<91.9 nm(3D)). In the case of
molecules 4, §, and 6, with the replacement of zinc porphy-
rin with free-base porphyrin, the splitting slightly increases
from 83.3 nm for 4 to 90.7 nm for 5§ and to 93.2 nm for 6.
The large splitting of the Soret bands that appeared in the
calculated OPA spectra of molecules around 300-500 nm
was also observed experimentally by Ogawa et al.*®!

The results in Table 1 demonstrate that the expansion of
the & conjugation between porphyrin units by introducing a
butadiyne linkage and the increase of molecular dimension-
ality from monomers to dimers play different roles in the
enhancement of OPA intensities of the studied compounds.
For the Q-band absorption of molecules, the introduction of
a butadiyne linkage is the most important parameter for de-
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Figure 3. Theoretical and experimental one-photon absorption spectra of a) 2D and b) 3D (figures at the top are the theoretical data in this work and

figures at the bottom are the experimental data in reference [28]).

termining the OPA intensities. Compounds 1M and 1D
have quite small oscillator strengths of the Q band, probably
due to their small size. However, porphyrins linked directly
at meso-positions in 2M and 2D do not give rise to an in-
crease of oscillator strength; this comes from the fact that
almost orthogonal porphyrins have almost no effect on the
conjugation length. A relatively significant change occurs
when butadiyne linkages are introduced in 3M and 3D. The
oscillator strength in the Q band of 3M is found to be 0.14,
which is seven times that of 1M and 23 times that of 2M.
Such conjugation dependence works well for dimers 1D,
2D, and 3D. Molecules 4, 5, and 6 also have comparatively
strong Q-band absorptions owing to the presence of the bu-
tadiyne moiety. In 3D, 4, 5, and 6, the porphyrin rings inter-
act though the linking of butadiyne moiety, and the conjuga-
tion length in the molecules is extended; consequently the
OPA intensity of Q band is strengthened. The increase of
the molecular dimensionality from monomers to dimer ana-
logues plays a significant role in the oscillator strength of
the B-band absorption. The oscillator strength of 1D is
found to be 7.23, which is five times that of 1M. From 2M
to 2D and 2M to 3D, more than twofold enhancements of
the OPA intensity are observed. The results show that the
linkage of imidazolyl groups strengthens coupling effects be-
tween two monomers and so enhances the OPA strength of
Soret band.

Chem. Eur. J. 2004, 10, 5623 —5631 www.chemeurj.org
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Two-photon absorption: In general, it is difficult to assess
the molecular TPA efficiency among different materials
from a direct comparison of their TPA cross sections. This is
either because the measurements by different groups were
not always carried out under comparable experimental con-
ditions or because some of the materials were only mea-
sured using one single wavelength.*>*”) However, theoretical
simulations should be able to provide fair information ap-
propriate for comparison. In the present study, we have
compiled a program to calculate the third-order optical sus-
ceptibility and the TPA cross section according to Equa-
tions (1) and (2). The TPA spectra of molecules in the inci-
dent wavelength range of 550-1300 nm are shown in
Figure 4. It is observed that there are multiple peaks in
some TPA spectra. The calculated main peaks in the spectra
and the corresponding TPA cross section values are sum-
marized in Table 1. The data in parentheses were obtained
by an open-aperture Z-scan method at wavelengths from
817 nm to 1282 nm by using a femtosecond optical paramet-
ric amplifier.”®! As shown in Table 1, the calculated TPA pa-
rameters are consistent with the experimental results. Nor-
mally, the TPA process should happen in the region without
OPA. Furthermore, in many applications of two-photon fea-
tures, molecules with large TPA cross sections are required
in a range of fundamental excitation wavelengths, that is,
600-1200 nm. Therefore, we only discuss the maximum TPA
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Table 1. One- and two-photon absorption properties of the compounds
described.””!

Ay [nm] f Afy [nm] Omax [107* cm*s
per photon]
1M 626.1 0.01339 663.0 0.69
621.4 0.01309
351.0 0.92494
349.8 0.79276
1D 583.7 0.02986 685.0 1.82
581.3 0.01069
338.2 4.17083
308.2 3.06374
2M 655.2 0.00130 704.4 1.45
589.0 0.00563 593.2 1.45
386.5 1.48526
3225 2.05338
2D 772.6 0.01116 905.0(964)*! 3.72(3.7)
726.8 0.03302
470.0(~472)P" 4.86186
427.5(~428)1" 3.59187
M 667.5 0.02195 729.3 20.51
588.6 0.12768 632.5 30.66
435.1 241712
348.9 0.91148
3D 807.1 0.07990 849.2(887)"! 79.35(76)1
746.3 0.22830
491.5(~499)1 7.38643
399.6 1.58090
4 683.1 0.03311 832.1(873)* 10.26(10)
585.0 0.21253 733.6 19.18
443.4 2.03652 652.5 32.89
360.1 1.42447
5 670.4 0.03713 770.1 25.61
624.2 0.11288 652.5 23.07
451.5 2.20240
360.8 1.22737
6 634.4 0.15790 779.8 18.76
619.7 0.01053 659.4 30.94
442.9 3.26720
349.7 0.89152

[a] The experimental results taken from reference [28] are shown in pa-
rentheses.

peak at the longest wavelength in every TPA spectrum
(shown in boldface). The calculated TPA maximum A2 is
observed at 663.0 nm for 1M, and undergoes a red shift as
the conjugation length is increased to 2M (704.4 nm) and
further to 3M (729.3 nm). A similar red-shift in maximum
TPA wavelength is observed when processing from 1D
(685.0 nm) to 2D (905.0 nm) and to 3D (849.2 nm).

As displayed in Table 1, from 1M to 2M, the maximum
TPA cross section produces more than twofold enhancement
from 0.69x107* to 1.45x 10 * cm®*s per photon. The intro-
duction of a butadiyne moiety in 3M increases the TPA
cross section of 2M by more than one order of magnitude
(14 times). The similar trend is observed in dimer porphy-
rins (1.82x107% (1D), 3.72x107* (2D), 79.35x10"* cm*s
per photon (3D)). The maximum TPA cross section of 3D
is about 21 times that of 2D, due to the introduction of bu-
tadiyne linkages. These results indicate that the effect of the
expansion of the i conjugation between porphyrin moieties
by introducing a butadiyne linkage on the TPA cross section
is essentially significant. The TPA cross section values of
dimers 1D, 2D, and 3D are twice to three times those of
the corresponding monomers 1M, 2M, and 3M, respective-
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Figure 4. Two-photon absorption spectra.

ly. As can be seen from Table 1, the TPA cross section of
compound 5 is larger than that of 3M by 20 %. The results
above suggest that the complementary coordination of Zn
atom has a positive effect on the enhancement in TPA cross
section. Inspecting the TPA properties of molecules 4, 5,
and 6, we find that compound 5 exhibits the largest TPA
cross section (25.61x107* cm*s per photon), which is about
2.5 times as that of 4 and 36 % larger than that of molecule
6. The terminal free base, working as a primary electron ac-
ceptor in a photosynthetic reaction center, is certainly re-
garded as the acceptor with respect to the inner zinc por-
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phyrin. From the frontier orbitals of molecule § in Figure 2,
the charge transfer from the donor (zinc porphyrin) to the
acceptor (free-base porphyrin) is clearly observed. The in-
tramolecular charge transfer favors the enhancement of
TPA cross section. These clearly show that, the increase of
polarization by mono-metalation due to the combination of
terminal free base and the core zinc porphyrin is another ef-
fective factor for increasing the TPA cross section.

Conclusion

In this paper, the molecular geometries, electronic struc-
tures, and one- and two-photon absorption properties of a
series of self-assembled porphyrin derivatives have been in-
vestigated theoretically. Our calculations show that the in-
troduction of butadiyne linkages and the increase of molecu-
lar dimensionality from monomer to dimer determine the
OPA intensities of the Q-band and B-band absorptions, re-
spectively. Introducing a butadiyne linkage is the overriding
factor to increase the TPA cross-section value. The comple-
mentary coordination from monomers to dimers and intro-
duction of electron-acceptor groups are also two effective
factors for the enhancement of the TPA efficiency. The por-
phyrin analogues with the similar structures to 3D would be
a promising direction for further development of novel TPA
materials.
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