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The geometrical structure, electronic structure, one-photon and two-photon absorption properties of
a series of macrocyclic thiophene derivatives C[3T_DA]n (n ¼ 2e5) have been studied using density
functional theory (DFT) and Zerner’s intermediate neglect of differential overlap (ZINDO) methods
theoretically. The results showed that the range of l(1)maxs is 390e470 nm and l(2)maxs is 640e670 nm,
while, both l(1)max and l(2)max gradually enlarge as increasing the number of the C[3T_DA] unit. And C
[3T_DA]n compounds exhibited large TPA cross-section (dmax), and the factors influencing on the dmax

values were analyzed in detail. Transition dipole moments M0k and Mkn play important roles on dmax.
Both p-electron number (Ne) and the product of oscillator strengths from ground state to mediate state
(f 0k) and from mediate state to final state (f kn) are in proportion to dmax. Moreover, dmax linearly depends
on the static second-order nonlinear optical susceptibilities (b0).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of organic conjugationmolecules in recent
years, new nonlinear optical materials are under considerable atten-
tion due to their potential applications inmanydifferentfields such as
chemistry, photonic, and biological imaging [1e3]. Two-photon
absorption (TPA) as a nonlinear optical (NLO) phenomenon has
attracted increasing interest since 1931 [4]. TPA properties of organic
materials exhibit bright future for many advanced applications
such as two-photon imaging microscopy [5], photodynamic therapy
[6], optically power limiting [7], three-dimensional (3D)-micro-
fabrication [8], optical data storage [9], two-photon laser scanning
fluorescence imaging [5,10,11] and so on. The development of two-
photon technology depends largely on the success of synthesizing
new material molecules with large TPA cross-section at desirable
wavelengths. But until now, the practical TPA materials are still
limited. The reason for this phenomenon is the structureeproperty
relationship remains unclear. Moreover, exploration and research of
newmaterials with large TPA cross-section and applicable in practice
are urgent. So the study of the relationship between molecular
structure and the TPA cross-section becomes quite important.
n, People’s Republic of China.
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Based on the coherent interactions in multichromophore
systems, strong enhancement of the TPA effect was possible [12]. In
order to better understand the relationship between structure and
property for themoleculeswith large TPAcross-section, a numerous
of organic molecules have been investigated experimentally and
theoretically [13e15]. Themajority of the reports have concentrated
on linear and branched architectures. As regards particular struc-
tures, the incorporation of heterocyclic rings has shown good TPA
properties [16e18].

The current focus is to make well-defined p-conjugated macro-
cycles as modular building blocks for the programmed assembly on
new molecular materials [19]. Compared with usual linear p-conju-
gated oligomers and polymers, if the macrocyclic systems are suffi-
ciently stable and large, novel perspectives and properties will arise.

To best of our knowledge, some electronic structure calculations
of thiophene-based systems have been investigated previously
[20,21]. However, nonlinear optical properties of thiophenes in
circular geometries other than linear chromophores have not been
explored in detail. For example, macrocyclic thiophenes with
relatively large cavities bearing good TPA properties and collective
excitations have not been investigated. Linear thiophene oligomers
have attracted considerable attention for their possible applications
in light-emitting diodes, lasers, field-effect transistors, photovoltaic
cells [22] andmolecular nanowires [23] as a result of their excellent
electron and energy transfer properties, and well p-conjugated
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structures. On the other hand, the interesting properties of annular
thiophene compounds are needed to further study.

As reported by Theodore Goodson III et al. [24], they have
successfully synthesized a series of fully p-conjugated macrocyclic
thiophene derivatives C[3T_DA]n (n ¼ 2e5), whose main body
consists of trithiophene and connected by diacetylene as a bridge. It
increases p-conjugated extent through increasing the number of
building blocks in the macrocycle. And some excellent properties
were reported on one-photon absorption (OPA) [25,26]. About
fluorescence emission, TPA cross-section, fluorescence quantum
yield and lifetime were also examined by experiment [24,27].
While the research of the second-order nonlinear optical properties
gabgdð � us;u1;u2;u3Þ ¼ Z�3 P P1;2;3
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(2)
indicates C[3T_DA]n have large static second-order nonlinear
optical coefficients (b0) [25]. But the systematic theoretical study of
relationship between structure and TPA property still has not been
carried out. With this in mind, some new insights on the electronic
structure of themacrocyclic thiophene derivatives depicted in Fig. 1
will be provided by OPA, TPA and TPA cross-section calculations
using DFT and ZINDO program based on their stable physical and
chemical properties in this work. The effect of the p-electronic
delocalization of ring shape, macrocyclic dimension, transition
dipole moment and oscillator strength, and their effects on TPA
cross-section will be investigated. Combining the frontier molec-
ular orbitals of studied molecules, we will make an effort to further
explore the relationship between intramolecular charge transfer
(ICT) and TPA cross-section, and the special relationship between
TPA cross-section and static second-order nonlinear optical
coefficient.

2. Theoretical methodology

The TPA process corresponds to the simultaneous absorption of
two photons. The TPA efficiency of an organic molecule, at optical
frequency u/2p, can be characterized by the TPA cross-section d(u).
It can be directly related to the imaginary part of the third-order
polarizability g (�u; u, u, �u) [28], as shown in Eq. (1):

dðuÞ ¼ 3ðZuÞ2
2n2c230Z

L4Im½gð�u;u;�u;uÞ� (1)

where

g (�u; u, u, �u) is the third-order polarizability;
Zu is the energy of incoming photons;
c is the speed of light;
30 is the vacuum electric permittivity;
n denotes the refractive index of the medium, and L corresponds
to the local-field factor. In the calculations presented here, n and
L are set to 1 because of isolated molecules in the vacuum.

The sum-over-states (SOS) expression to evaluate the compo-
nents of the second hyperpolarizability gabgd, can be deduced using
perturbation theory. By considering a Taylor expansion of energy
with respect to the applied field, the gabgd Cartesian components
are given [29,30].
In the formula,

a, b, g and d refer to the molecular axes;
u1, u2 and u3 are optical frequencies;
us ¼ u1 þ u2 þ u3 is the polarization response frequency;P

P1,2,3 indicates a sum over the terms obtained by the six
permutations of the pairs (u1/mb), (u2/mg), and (u3/md);
K, L andM denote excited states, and 0 denotes the ground state;
jKi is an electronic wave functionwith energy ZuK relative to the
ground electronic state;
ma is the ath (¼ x, y, z) component of the dipole operator,
hKjmajLi ¼ hKjmajLi � h0jmaj0i; the primes on the summation
over the electronic states indicate exclusion of the ground state.
GK is the damping factor of excited state K, and in the present
work, all damping factors G 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 experi-
mental TPA spectra.

To compare the calculated d value with the experimental value
measured in solution, the orientationally averaged (isotropic) value
of g is evaluated, which is defined as

hgi ¼ 1
15

X
i;j

�
giijj þ gijij þ gijji

�
; i; j ¼ x; y; z (3)

whereafter hgi is taken into Eq. (1), and then the TPA cross-section
d is obtained.

Generally, the position and relative strength of the two-photon
resonance are to be predicted using the following simplified form of
the SOS expression (Eq. (4)) [31],



Fig. 1. Molecular structures of the studied molecules.
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where
Fig. 2. Optimized geometries of C[3T_DA]n in gas phase (the
Mij is the transition dipole moment from the state i to j;
Eij is the corresponding excitation energy, the subscripts 0, k,
and n refer to the ground state S0, the intermediate state Sk, and
the TPA final state Sn, respectively;
side view of C[3T_DA]2 and C[3T_DA]2eCi are shown).



Table 1
One-photon maximum absorption and transition nature for C[3T_DA]n compounds
by ZINDO method and some experimental data.

Molecule l(1)max/nm f Transition nature

C[3T_DA]2 409.4 378.4a 0.963 S0 / S4
392.5 401.0a 1.649 S0 / S5
399.9b 0.788b

386.9b 1.284b

400 [24,26,27]

C[3T_DA]3 421.4 433.5a 2.392 S0 / S2
421.4 433.5a 2.392 S0 / S3
422 [26,27]

C[3T_DA]4 452.1 447.8a 3.011 S0 / S2
452.1 447.8a 3.011 S0 / S3
433.4b 2.961b

419.1b 2.883b

420 [26,27]

C[3T_DA]5 464.0 458.1a 3.592 S0 / S2
464.0 458.1a 3.592 S0 / S3
433 [24,26,27]

a Calculated by TDDFT method.
b Calculated values for molecules with Ci symmetry.
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M0n is the transition dipole moment from S0 to Sn.

In principle, any kind of self-consistent field molecular orbital
procedure combined with configuration interaction can be used to
calculate the physical values in the above expression. In this paper,
MPW1B95 functional [32,33] based on the modified Perdew and
Wang 1991 exchange functional [34] (mPW or MPW) and Becke’s
1995 meta correlation functional [35] (B95), in combination with
the standard 6-31G (D) basis set was primarily used to calculate
molecular equilibrium geometry using the Gaussian 03 program
package [36]. Then, the property of electronic excited states was
obtained by single and double electron excitation configuration
interaction (SDCI) using ZINDO program [37]. 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 g and
two-photon absorption spectra. Therefore, we added the double
excitation configuration in ZINDO and restricted the CI-active
spaces to the five highest occupied and five lowest unoccupied p-
orbitals [38]. Then, a program (FTRNLO) compiled by our group is
used to calculate the second hyperpolarizability g and the TPA
cross-section according to Eq. (1)e(3). Before that, the ground state
OPA spectra, transition dipole moment and the corresponding
Fig. 3. (a) Experimental absorption spectra of C[3T_DA]2 and C[3T_DA]5 fr
transition energy are predicted for the TPA properties of the studied
molecules.
3. Results and discussion

3.1. Geometry optimization

The molecular structures of the studied C[3T_DA]n (n ¼ 2e5) are
shown in Fig. 1. One hand, for systematic comparison, we adopt Cn
(n ¼ 2, 3, 4, 5) symmetry for all the studied complexes, besides, C
[3T_DA]5 has C5V symmetry, [25,39] In addition, we also considered
the isomerization of C[3T_DA]2 and C[3T_DA]4 with Ci symmetry
[40,41]. Furthermore, the ground state geometries have been opti-
mized at the MPW1B95/6-31G* level in gas phase (Fig. 2). The
DFT(total)/Energy of Cn and Ci symmetries of C[3T_DA]2 and C
[3T_DA]4 are similar (C[3T_DA]2 and C[3T_DA]4: �4872.4859
and �9745.0508 Hartree for Cn symmetry; �4872.4868
and �9744.7093 Hartree for Ci symmetry, respectively), indicating
the isomer of C[3T_DA]4 with C4 symmetry is more stable than that
with Ci symmetry. The energy of isomer of C[3T_DA]2 with C2
symmetry is slight higher than one with Ci symmetry. Take the side
view of C[3T_DA]2 and C[3T_DA]2-Ci as an example (Fig. 2), both the
mainbody skeletons are not coplanar, the arrangementof themiddle
thiophenes in each unit is different from the other two, turning
towards theopposite directions of the plane.While the twobutyls on
each thiophene for Cn-symmetry molecule distort towards two
directions of the plane to counterpoise thewholemolecule, but only
one pair of butyls in Ci-symmetry molecule seriously deviates from
the plane.

As seen from the configurations of the studied molecules, the
whole outer annular skeleton is alternating arrangement of single
and double bonds. As known from reference [25] bond length
alternation (BLA) of the Cn-symmetry molecules, the BLA decreases
as the number of thiophene and acetylene unit increases except C
[3T_DA]5. It illustrates that the larger the ring is, the more similar
the single and double carbon-carbon bond lengths will be, namely,
the conjugation of the whole ring gets well. However, the BLA of C
[3T_DA]5 gets bigger because of the middle thiophenes distort
upwards seriously. In a word, though the butyls distort seriously,
the conjugation of the macrocyclic skeleton remains remarkable. It
may be owing to the enhancement of molecular coplanarity from
introduction of the acetylene group between the two sets of tri-
thiophene units. To some extent, the reducing of BLA may decrease
the band gap effectively and increase the p-conjugated effect. It is
om the reference [24]. (b) Simulated absorption spectra of C[3T_DA]n.
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implied that the p-conjugated effect can be further enhanced by
enlarging the molecular dimension.

3.2. One-photon absorption property of C[3T_DA]n

The OPA properties of the studied molecules have been calcu-
lated by employing TD MPW1B95/6-31G* and ZINDO methods
on the basis of the optimized geometries obtained by MPW1B95/
6-31G* method in the gas phase [25]. The OPA maximum wave-
lengths (l(1)max), corresponding oscillator strengths (f ) and transi-
tion nature are listed in Table 1. Both the values of l(1)max calculated
by ZINDO and TDDFT methods are in agreement with the
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Fig. 5. Two-photon absorption spe
experimental values [24,27]. Therefore, OPA properties of all
studied molecules calculated using ZINDO method will be dis-
cussed in the following discussion.

The absorption curves of C[3T_DA]2 and C[3T_DA]5 have already
been observed in experiment (Fig. 3(a)) [24]. As pictured in Fig. 3(a),
there areweak absorption peaks around 300 nm, and strong ones at
400e433 nm, respectively. Furthermore, the calculated absorption
spectra of C[3T_DA]n with Cn symmetry were simulated by
a Gaussian-type curve and shown in Fig. 3(b). The absorption
spectra all have two bands of a weak one and an intense one, which
agree with the experimental results. And the intense one slightly
enlarges with increasing the number of the C[3T_DA] unit. While C
[3T_DA]3, C[3T_DA]4 and C[3T_DA]5 all have two degenerate states,
i.e. the second and the third excited states (S2 and S3). And the
corresponding f obviously increases as the unit number increases.
On the other hand, both l(1)max and f of C[3T_DA]2 and C[3T_DA]4
with Ci symmetry are little smaller than that with Cn symmetry,
however, the same changing trend of l(1)max and f increasing with
increasing the unit number is obtained.

3.3. Two-photon absorption

3.3.1. Molecular structure and TPA cross-section
To further understand the TPA spectrum and its connectionwith

molecular properties, we employed the sum-over-states (SOS)
approach, which estimate the imaginary part of third-order optical
susceptibility (Im g). Based on the one- and two-photon selection
rules and three-state approximation (Eq. (4)), the one- and two-
photon transition allowed states for each studied molecule were
identified. Namely, the kth excited state with the largest transition
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Table 2
TPA properties of C[3T_DA]n compounds. (1GM ¼ 10�50 cm4 s/photon).

Molecule l(2)max/nm Transition nature Im g/1 � 10�34 esu dmax/GM

C[3T_DA]2 652.6 S0 / S14 HOMO / LUMO 14.91% 12 009.4 465.2
HOMO / LUMO þ 3 13.26%

650.5a 372.2a

760.6 5040.1 143.7
760.6a 110.5a

760 [24] 105 [24]

C[3T_DA]3 667.3 S0 / S13 HOMO-3 / LUMO 24.76% 53 536.0 1983.1
HOMO / LUMO þ 3 11.56%

C[3T_DA]4 640.4 S0 / S21 HOMO-4 / LUMO 18.87% 96 072.2 3863.7
HOMO / LUMO þ 3 10.31%

656.7a 3472.4a

C[3T_DA]5 669.5 S0 / S16 HOMO-2 / LUMO þ 1 15.80% 244 471.2 8997.2
HOMO-1 / LUMO þ 2 15.80%
HOMO-4 / LUMO þ 3 14.92%
HOMO-3 / LUMO þ 4 14.92%

760.6 20 288.0 578.4
760 [24] 1470 [24]

a Calculated values for molecules with Ci symmetry.

Table 3
The factors of influence on maximum absorptions for C[3T_DA]n. X denotes the value of M2

0kM
2
kn

ðE0k�E0n=2Þ2G
þ M2

0nDm
2
0n

ðE0n=2Þ2G
.

Molecule Ne S0 / Sk M0k/Debye Mkn/Debye M0n/Debye E0k/eV E0n/eV Δm0n X

C[3T_DA]2 32 S0 / S4 9.149 5.206 0.148 3.028 1.900 �0.019 3750.6
S0 / S5 11.725 2.956 3.159 1758.6

C[3T_DA]3 48 S0 / S2 14.630 6.737 0.878 2.942 1.858 0.220 17 120.3
S0 / S3 14.630 6.732 2.942 17 096.9

C[3T_DA]4 64 S0 / S2 17.002 8.434 0.000 2.742 1.936 �0.132 46 647.7
S0 / S3 17.002 8.434 2.742 46 647.7

C[3T_DA]5 80 S0 / S2 18.812 10.500 0.352 2.672 1.852 0.449 91 403.2
S0 / S3 18.812 10.500 2.672 91 403.2
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moment M0k was regarded as the mediate state and the nth state
with the largest transition momentMkn as the final state during the
TPA calculation. After getting the maximum TPA peak (l(2) max), the
third-order optical susceptibility ðhgiÞ and the TPA cross-section
(dmax) were calculated in terms of Eq. (1)e(3) by using FTRNLO
program, where 300 states were chosen. In order to ascertain
whether 300 states is enough for the convergence of g, the
dependence of the imaginary part of the third-order optical
susceptibility (Im g) on state number for all studied molecules was
investigated. The largest molecule C[3T_DA]5 was taken as an
example, when the state number accumulated to 200 states, Im g of
C[3T_DA]5 has already converged as illustrated in Fig. 4. Moreover,
other molecules were studied in the same way, and the results
show that all the Im g are converged before 300 states.

It is well known that the TPAwavelength at near infrared region
(NIR) is useful in the practical application such as biological vivo
image, photodynamic therapy and so on [42]. In experiment, the
TPA cross-section values of two studied molecules were measured
at 760 nm. Thus, TPA peaks were calculated by point scanning in the
wavelength range of 600e1240 nm, and the results were plotted in
Fig. 5. The obtained details of TPA properties together with avail-
able experimental values are listed in Table 2. As shown in Fig. 5 and
Table 2 that all the studied molecules have a strong two-photon
Table 4
The oscillator strengths corresponding to maximum absorptions of C[3T_DA]n.

Molecule C[3T_DA]2 C[3T_DA]3

S0 / S4 S0 / S5 S0 / S2 S0 /

f 0k 0.963 1.649 2.392 2.392
f kn 0.080 0.021 0.133 0.132
f 0k � f kn 0.077 0.035 0.318 0.316
absorption between 640 and 670 nm, and they also have a weak
one around 740 nm except C[3T_DA]5, because of the C5V symmetry
of C[3T_DA]5 is different from other molecules. While the TPA
cross-section of C[3T_DA]n enhances with increasing the unit
number. So alternately adding moieties of the thiophene and
acetylene into the ring can enlarge its TPA cross-section. When five
thiophene and acetylene units are incorporated to form C[3T_DA]5,
the dmax increases to 8997.2GM, which is about 18 times larger than
that of C[3T_DA]2 (465.2GM). Therefore, the number of thiophene
and acetylene units significantly affects the TPA cross-section value.
In short, the effective extension of the p-conjugation and increase
of p-electron number are essentially significant for the increase of
TPA cross-section. Furthermore, TPA wavelength and cross-section
of C[3T_DA]2 and C[3T_DA]4 with Ci symmertry are calculated and
listed in Table 2. The results suggest that the sites of l(2)max are close
to that of Cn symmetry, and the dmax also enlarges with increasing
the unit number, but the values are little smaller than that of the Cn
symmetry.

In order to clarify the increase of dmax, according to Eq. (4) the
internal influences on dmax were analyzed. During the calculation,
dmax is proportional to the square product of M0k and Mkn, and
inversely proportional to the square of the energy detuning term
(E0k � E0n/2). As summarized in Table 3, bothM0k andMkn increase
C[3T_DA]4 C[3T_DA]5

S3 S0 / S2 S0 / S3 S0 / S2 S0 / S3

3.011 3.011 3.592 3.592
0.304 0.304 0.434 0.434
0.915 0.915 1.559 1.559
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with increasing the unit number. At the same time, E0k decreases
and E0n increases mostly, so that (E0k � E0n/2) decreases. The
combination of these effects leads to a significant increase of dmax.
During the calculation of X(¼M0k

2Mkn
2/(E0k � E0n/2)2G þ

M0n
2 D m0n

2/(E0n/2)2G), M0k and Mkn have more important influ-
ence on the results. That is to say, M0k and Mkn dominate the
changing of dmax.

Except for these factors mentioned in Eq. (4), it can also be found
from Table 4 that both of the oscillator strengths from ground state
to mediate state (f 0k) and from mediate state to final state (f kn)
increase with increasing of the unit number. Moreover, there is
direct proportion relation between dmax and f 0k � f kn. That is,
oscillator strength would play an important part in the enlarge-
ment of the TPA cross-section.

As mentioned before, the feature of the whole outer ring of the
studied molecules is constituted by alternating single and double
carbon-carbon bonds, which exhibited a successive p-bond, and
each carbon-carbon double bond have two p-electrons. The
important transition moments M0k are related to the charge
redistribution, which may be expected to be in proportion to the
length of a linear chromophore or the number of p-electrons (Ne),
so the dependence ofM0k on Ne is drawn, givingM0kfNe (Fig. 6). It
shows a good linear relationship, which can be fitted as
M0k ¼ 0.16Ne þ 6.25. So if Ne is known, the M0k of this series of C
[3T_DA]n can be estimated roughly. Also as Ne increases from C
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Fig. 7. The dependence of dmax with Ne.
[3T_DA]2 to C[3T_DA]5, the relationship between dmax and Ne is
described in Fig. 7, showing dmax increases gradually with Ne
increasing. Moreover, as observed in Table 3, it is surprised to find
that the dependence of X on Ne can be described as the formula
Xzðd0max=NeÞ � 3Np �mðmþ 2Þ, in which d0max=Ne ¼ 3750:6=32
denotes the basic TPA cross-section value, Np denotes the basic p-
electron number of each unit, where it is 16, and m ¼ n � 2,
(n ¼ 3e5). So that it can be abbreviated as X z 5625.9 � n(n � 2),
when n¼ 2, it follows Xzðd0max=NeÞ � 3Np � 2. This empirical trend
indicates that the degree of dmax can be predicted and its approx-
imate X value can be estimated when the n of C[3T_DA]n
compounds is known. So it provides a newway for the prediction of
the TPA cross-section when the molecular dimension enlarges.

So as to discuss the average TPA cross-section over the whole p-
conjugated ring, the relation between d0max=Ne and X is depicted in
Fig. 8. The calculated points are well-distributed at two sides of the
fitting line, which shows a proportional relationship between dmax/
Ne and X. It indicates three-state approximation value X can predict
the changing trend of dmax in general.

Combining the known increasing trend of dmax and the calcu-
lated static second-order nonlinear optical coefficients b0 of C
[3T_DA]n (n ¼ 2e5) (�6.88, �17.43, �49.24, �90.52 � 10�30 esu) in
another report [25], whose absolute value also increases with
increasing the C[3T_DA] unit number. So the relation between dmax
and the absolute value of b0 have been described in Fig. 9. It is
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Fig. 9. The relation between dmax and b0.
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demonstrated there is an approximately proportional relation
between them. That is to say, dmax increases with increasing the
absolute value of b0.

3.3.2. Electronic structure
In order to further understand how the molecular structure

affects the frontier molecular orbitals and ascertain the internal
factors which can influence TPA properties, the frontier molec-
ular orbitals related to the important transition in TPA process
are drawn in Fig. 10. It is easy to find that all the electron
densities locate on the peripheral CeC p-electron delocalization
circuit, but none on the ambient butyl. The electron clouds
located on the occupied orbitals distribute on carbon-carbon
double and triple bonds from thiophenes and acetylenes, and the
electron clouds located on the unoccupied orbitals distribute on
carbon-carbon single bonds. And there is no electron cloud
distribution on sulfur in all occupied orbitals, showing the sulfur
atoms did not take part in the conjugation over the whole ring
skeleton.
Fig. 10. Contour surfaces of the fr
Combining Table 2, the characterization of orbital transition
related to TPA was analyzed. During HOMO / LUMO transition
of C[3T_DA]2, the change of electronic clouds is unobvious, but
it is obvious on the two acetylenes during HOMO / LUMO þ 3
transition. With regard to the molecule C[3T_DA]3, the intermo-
lecular charges slightly transfer from the whole ring to the thio-
phenes. During HOMO-4 / LUMO transition of C[3T_DA]4, the
charges transfer to the two acetylenes, and its distribution is the
same as that of C[3T_DA]2, but stronger. As to C[3T_DA]5, there are
four main transitions. During HOMO-2 / LUMO þ 1 and HOMO-
1 / LUMO þ 2 transitions, the charges transfer to the middle
thiophenes and concentrate in three units. But for HOMO-
4 / LUMO þ 3 and HOMO-3 / LUMO þ 4 transitions, the
locations of electron clouds change greatly, intramolecular charges
transfer to their complementary position (Fig. 10). It illustrates
that the p-conjugated effect strengthens and intramolecular
charge transfer (ICT) gets stronger with increasing the number of C
[3T_DA] unit, furthermore, larger dmax are obtained. And the
thiophene and acetylene unit in each compound plays a role of
ontier orbitals for C[3T_DA]n.
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equal importance in the increase of dmax. In a word, the larger the
number of molecular unit is, the higher the conjugation is, as
a result, the larger the two-photon absorption cross-section will
be obtained.

4. Conclusion

The one- and two-photon absorption spectra, TPA transitions
and TPA cross-sections of compounds C[3T_DA]n (n ¼ 2e5) have
been explored in detail using DFTcombing with ZINDO and FTRNLO
programs. And the influence of some factors on OPA and TPA
properties was analyzed. The presented results allow us to
conclude that the one-photon absorption l(1)max of macrocyclic
thiophene derivatives are transparent ranging from 390 to 470 nm,
and two-photon absorption l(2)max locate in IR range from 640 to
670 nm. The two absorptions are located at different windows, and
don’t superpose with each other. Therefore, C[3T_DA]5 et al.
macrocyclic thiophene molecules will have a potential application
in the TPA dynamic therapy. Both l(1)max and l(2)max of C[3T_DA]n
enlarge as the number of the C[3T_DA] unit increases no matter
what symmetry is. The series of compounds C[3T_DA]n with Cn
symmetry exhibit larger dmax in IR range. The dmax of C[3T_DA]5
(8997.2GM) is about 18 times larger than that of C[3T_DA]2, which
is resulted from the enlargement of the p-conjugated extent and
the reinforcement of ICT. And the unit of thiophene and acetylene
in each compound also has important contribution to the increase
of dmax.M0k,Mkn and Ne all play important roles on dmax. Moreover,
an approximated formulation of dmax is concluded as
Xzðd0max=NeÞ � 3Np � nðn� 2Þ, by which the X of bigger macro-
cyclic thiophene derivatives C[3T_DA]n can be derived. Besides,
both f 0k � f kn and b0 are proportional to dmax. In summary, the
present computational results offer a new design strategy to
enhance molecular TPA cross-section through enlarging the
macrocyclic dimension. All above suggest this series of macrocyclic
thiophene derivatives are expected to be useful two-photon
materials.
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