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The geometrical and electronic structures, and one- and two-photon absorption properties of macro-
cyclic thiophenes possessing push-pull groups were investigated. It shows that A1) ,.xs appear red-shift
for the designed macrocycles with strong donor/acceptor (D/A) substituents, and the red-shifts enlarge
as increasing the number of D/A pair. As a result, their two-photon absorption cross-section (6max)s get
larger, and the configurations with donor and acceptor location on the opposite site can result in larger

0max, Which is ascribed to the enlargement of the stronger intramolecular charge transfer (ICT) between
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D and A or the inside of the whole ring skeleton. Taking SII series of molecules as an example, the
enlargement of the net charge change (AQ) is one factor for the increase of dmax. Moreover, transition
dipole moments (Mox and My,) play important roles on the increase of dmax. And the product of oscillator
strengths (fox X fin) is in proportion to dmax.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Materials with large nonlinear optical (NLO) responses are
under intense attention due to their potential applications in
chemistry, photonic, and biological imaging fields [1—3]. Two-
photon absorption (TPA) as a nonlinear optical phenomenon has
attracted increasing interest in recent years [4]. TPA properties of
organic materials exhibit bright future for many advanced appli-
cations such as microfabrication [5,6], optical power limiting [7],
three-dimensional optical data storage [5,8], and biophotonics
[9,10], etc. Development of two-photon technology mainly depends
on the successfully synthesizing of new material molecules pos-
sessing large TPA cross-section values at proper wavelengths.
However, so far, the practical TPA materials remain limited. One of
the most essential reasons is that the structure-property relation-
ship is still unclear. Therefore, it is necessary to explore and
investigate the relationship for new materials with large TPA cross-
section and applicable in practice.

Thiophene as a conjugated structure unit has lower resonance
energy compared with other conjugated electronic transmission,
and it is more stable than that of the electronic transmission with
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oligomers [11,12]. Therefore, compounds with thiophene as
conjugated bridge may concurrently have stronger two-photon
excited fluorescence property and better stability [13]. In addition
to many thiophene derivatives with linear and branched architec-
tures [14], a number of novel macrocyclic molecules have attracted
great attentions in recent years [15—17]. Our current focus is to
assemble new molecular materials using m-conjugated unit of
macrocycle as modular building block. If the macrocyclic systems
are sufficiently large and stable, novel electronic properties and
applied perspectives will occur.

A series of fully m-conjugated macrocyclic thiophene-based
derivatives C[3T_DA], (n=2-5), whose main body consist of tri-
thiophene and diacetylene units have been successfully synthe-
sized and reported by Theodore Goodson III et al. [15]. It was
suggested that m-conjugated macrocycle can be extended by
increasing the number of the building blocks. Usually, compound
with donor-m-acceptor (D—m—A type) has large TPA cross-section,
however, when the w-electron bridge is macrocyclic thiophene
different from the ordinary linear conjugation one, the TPA prop-
erty of such kind of compound remains unclear. Our group had
reported the part of investigation on one- and two-photon
absorption properties of macrocyclic thiophenes (SII-SV shown
in Fig. 1) and suggested that size of annular thiophene compounds
is closely related to large TPA cross-section value and large static
second order nonlinear optical susceptibility [18,19]. As we know,
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1A;Ds: R1=CN, R5=NH,
1A5: RI=R5=CN
1D, 5: R1=R5=NH,

SII: R=Bu SIV: R=Bu
SHID: R=CN SIVD: R=CN
SIIIA: R=NH, SIVA: R=NH,

SII: R1=R2=R3=R4=R5=R6=R7=R8=Bu
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2A12Dsg: RI=R2=CN, R5=R6=NHy; 2A;4Dsg:R1=R4=CN, R5=R8=NHy; 2A sDyg: R1=R5=CN, R4=R8=NH,
2A1256: RI=R2=R5=R6=CN; 2A ;55 R1=R4=R5=R8=CN

D)5 RI=R2=R5=R6=NHy; 2D 55: R1=R4=R5=R8= NH,

4A;Dsg: R1I=R2=R3=R4=CN, R5=R6=R7=R8=NH,
4A, g RI=R2=R3=R4=R5=RG=R7=R8=CN

4D, g R1=R2=R3=R4=R5=R6=R7=R8=NH,

SV: R=Bu
SVD: R=CN
SVA: R=NH,

Fig. 1. Structures of the studied molecules.

induced effect of the substituent is essential to increase TPA
response for the ordinary linear conjugated compounds [20]. So it is
worth investigating how to tune and modify one- and two-photon
absorption (OPA and TPA) properties through donor (—NH) or
acceptor (—CN) group by means of different position setting and
number of substituent for such macrocyclic thiophene-based
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derivatives. To achieve this purpose we have designed four series
of molecules shown in Fig. 1. Their OPA and TPA properties were
studied by using DFT and ZINDO program. The relationship
between intramolecular charge transfer (ICT) and TPA cross-section
(0max) of the studied molecules was identified by taking advantage
of the TPA computation, the frontier molecular orbitals and the net
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Fig. 2. The optimized structures of studied molecules in gas phase.
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charge change (AQ). Moreover, the dependences of dmax on the
transition dipole moments (Mgr and My,), and the product of
oscillator strengths (fox and fi,) were investigated.

2. Theoretical methodology

In this work, MPWB95 functional [21,22] combined with the
standard 6—31G (D) basis set was primarily adopted to calculate
molecular equilibrium geometry in the Gaussian 03 program
package [23]. MPWB95 functional arose in 2004, it is a novel
functional compared with B3LYP. MPWB95 functional has made up
the shortcomings of B3LYP functional, which is suitable for the
systems with charge transfer, hydrogen bonds effect, 7—m inter-
action, weak interaction, and has high accuracy for calculating

Table 1
One-photon absorption properties calculated by ZINDO method.

dissociation energy of bond and enthalpy of formation. [21,22] For
the series of macrocycle thiophenes, we have demonstrated this
functional is more suitable for description its electron spectra than
B3LYP in our previous paper [18,19].

And then, the property of electronic excited states was obtained
by single and double electron excitation configuration interaction
(SDCI) employing ZINDO program [24]. As well known that the
original ZINDO algorithm (obtained by Zerner) has been adapted
only to single-CI, but a double excitation configuration also needs to
be considered for correct determination of the third-order polar-
izability () and two-photon absorption spectrum. Thus, the double
excitation configurations were added in ZINDO calculation and the
Cl-active spaces were restricted to five highest occupied and five
lowest unoccupied m-orbitals [25]. Combining with the single-CI

Compound A ax/nm fox Transition nature Compound A0 ax/nm fox Transition nature
SII 409.4 0.963 So — Sa H-1-L 33.87% 4A1_g 435.2 1.947 So — S4 H— L+1 56.30%
H—-L+2 29.33% H-1-L 34.84%
3925 1.649 So— Ss H-L+1 60.28% 428.6 1.200 So— Ss H—- L+2 42.66%
H-2-L 25.14% H-2->L 29.16%
400[14-17]
1A1Ds 411.3 0.911 So— S3 H-1-L 26.67% 4Dq_g 414.8 0.921 So — S4 H-1-L 32.71%
H-1-L+1 24.82% H— L+2 30.70%
3937 1129 Sp—»Ss  H-2-L 21.93% 398.7 1782 Sp—Ss  H— L+l 57.90%
H-L+1 21.14% H-2->L 30.17%
H-L+2 19.61%
1A15 4241 1.033 So — S4 H— L+1 44.81% SIII 421.4 2.392 So— S2 H— L+1 37.06%
H-2->L 16.57% H-1-1L 33.09%
397.5 1.325 So—Ss H-1-L 51.53% 421.4 2.392 So— S3 H— L+2 37.06%
H—- L+2 18.23% H-2 - L 33.09%
422[16,17]
1D;5 411.1 1.004 So— S4 H-1-L 42.12% SIIA 464.3 2.583 So— S2 H— L+1 42.83%
H—-L+2 25.50% H-1-1L 33.37%
390.8 1.266 So—Ss H—- L+1 69.22% 464.3 2.583 So— S3 H—- L+2 42.83%
H-2 - L 33.37%
2A1,Ds6 414.7 0.689 So — S4 H-2-L 20.47% SHID 441.6 2.181 So— S2 H— L+1 35.30%
H—- L+2 19.85% H-1-1L 34.25%
404.4 0.804 So— Se H— L+1 22.67% 441.6 2.181 So—S3 H— L+2 35.30%
H—-L+2 20.77% H-2->L 34.24%
2A14Dsg 432.0 1.132 So — Sa H—- L+1 40.70% SIvV 452.1 3.011 So— S2 H— L+2 25.08%
H-1-1L 29.33% 452.1 3.011 So— S3 H— L+1 25.08%
394.3 1.562 So— Ss H—- L+2 51.44% 420[16,17]
H-2-L 33.67%
2A15Dyg 419.1 1.173 So — S4 H—-L+1 42.09% SIVA 508.3 3.231 So— S2 H—-L+1 28.05%
H-1-1L 24.48% H-2->L 27.46%
3734 1.063 So — Sg H-2-1L 43.69% 508.3 3.231 So— S3 H— L+2 28.05%
H-L+2 22.46% H-1-1L 27.46%
2A1256 427.6 1.254 So — S4 H—-L+1 64.94% SIVD 462.5 2.889 So— S2 H—-L+1 26.10%
411.9 0.940 So— Ss H-1-L 25.65% H-2->L 22.84%
H-2->L 20.10% H-L+2 26.10%
462.5 2.889 So— S3 H-1-1L 22.84%
2A 1458 274 1073 Sp—Ss  H— L+l 5720% SV 464.4 3592 So—S,  H— L+l 23.75%
H-2-L 15.87% H-1-1L 23.06%
401.8 1.232 So — S5 H-1-1L 66.96% 464.4 3.592 So— S3 H— L+2 23.75%
H-2 - L 23.06%
433[15-17]
2D1256 411.7 0.902 So— S4 H-1-L 31.26% SVA 530.2 3.834 So— S2 H— L+1 26.78%
H-oL+2 25.08% H-1-1L 25.46%
3925 1.608 So— Ss H-L+1 52.39% 530.2 3.834 So— S3 H— L+2 26.78%
H-2-L 26.29% H-2->L 25.46%
2D1458 419.4 0.742 So — S4 H-1-1L 27.71% SVD 500.2 3.611 So— S2 H—-L+1 25.04%
H-L+2 19.68% H-1-1L 24.29%
396.9 1.150 So—Ss H—-L+1 69.27% 500.2 3.611 So— S3 H-L+2 25.04%
H-2->L 24.29%
4A1_4Ds5_g 418.9 1.450 So — S H—-L+2 64.23%
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Fig. 3. The net charge (Qp) of A/D substituents in SII series of molecules in ground state.
from 20 highest occupied orbitals and 20 lowest unoccupied ]
orbitals, there are in all 826 configuration states in the CI calcula- - i Vi Vi ), L = X, V.2 2
tion. Then, a program (FTRNLO) compiled by our group was 8 15 %:(7111] T le) ! y )

adopted to calculate the second hyperpolarizability (v) and the TPA
cross-section (dmax) according to following Eqs. (1) and (2).

The magnitude of the TPA efficiency of an organic molecule, at
optical frequency w/2w, can be characterized by the TPA cross-
section d(w), which can be directly related to the imaginary part
of the third-order polarizability v (—w; w, w, —w) [26], as shown in
Eq. (1):

2
0(w) = %L‘llm[y( — W0, —0, V)] (1)
where v (—w; w, w, —w) is the third-order polarizability; 7w is the
energy of incoming photons; c is the speed of light; g is the vacuum
electric permittivity; n indicates the refractive index of the
medium, and L corresponds to the local-field factor. During the
calculation exhibited here, n and L are set to 1 due to isolated
molecules in the vacuum.

The sum-over-states (SOS) expression that is applied to
evaluate the components of the second hyperpolarizability
(Yagys), can be deduced using perturbation theory. Through
considering a Taylor expansion of energy with respect to the
applied field, the v,gys Cartesian components are given by
references [27] and [28].

To compare the calculated ¢ value with the experimental value,
the damping factor (I') of excited state K in the SOS expression is set
to 0.14 eV in our work, which is found to be reasonable based on the
comparison between the theoretical calculation and experimental
TPA spectra. And the orientationally averaged (isotropic) value of vy
is evaluated, which is defined as

after () is taken into Eq. (1), the TPA cross section ¢ is obtained.

Generally, the position and relative strength of the two-photon
resonance are predicted using the following simplified form of the
SOS expression as followed [29],

M(z)kMﬁn
(Eok — Eon/2)*T

Mg, Aud,
(Eon/2)*T

o

(3)
where M;; is the transition dipole moment from the state i to j; Ej is

the corresponding excitation energy, the subscripts 0, k and n refer
to the ground state Sy, the intermediate state Sy, and the TPA final
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Fig. 4. Dependence of imaginary part of y (Im y) on state number for SV molecule.
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state Sy, respectively; Mo, is the transition dipole moment from Sy

to Sp. Augn is the difference of dipole moment between Sy to Sy,

In principle, any kind of self-consistent field molecular orbital
procedure in combination with configuration interaction can be
used to calculate the physical values according to the above

expression.

Table 2

Two-photon absorption properties of studied molecules.

3. Results and discussion

3.1. Molecular design and geometry optimization

1523

To improve the polarization of macrocyclic thiophene deriva-
tives, electron donor and acceptor were introduced to outer lateral

Compound A®),/nm Transition Imy /1 x 10734

Omax/GM Compound A®)../nm Transition nature

Imy /1x1073* §,.4/GM

nature esu esu
SII 652.6 So—Sis HH-LL  1491% 120094 4652  4A;_g 694.2 So—Si4 HoL+4 21.31% 19889.4 680.7
H—-L+3  13.26% H-1-L+2  1432%
HH — LL 13.47%
7415 181.0
760.6 143.7
760[15] 105[15] 594.4 So— S»s H—L+7 26.51% 30960.6 14456
650.5 372.2° H-2 — L+5 10.66%
760.6% 110.5 691.9% 668.5%
1A;Ds 660.9 So— S H—oL+3  1243% 136917 5170  4D;_g 669.5 So— S14 H— L+3 27.84% 13545.7 4985
H-1-L+2 11.11% H-1 - L+1 11.48%
HH-LL 10.76%
658.8° 44477 642.4 314.6°
1Ass 658.8 So—Siu H-5—L  13.19% 12711.8 483.1  SII 667.3 So—S13 H-3 5L 24.76% 53536.0 1983.1
HH-LL  11.04% H-L+3 11.56%
H-L+4  10.85%
H-1->L+1 10.01% 7336 851.8
746.9 2372 SIIA 665.2 So—Sig H—>L+5 27.14% 76661.6 2858.0
660.9° 481.0° H-2-L+3  11.09%
1Dss 660.9 So—S;3 HH-LL  1570% 119332 450.6 H-1-L+4  11.09%
7389 173.0 592.7 So—Ss3 H-1H-LL+1 12.68% 196320.1 9219.1
652.6% 345,63 H—2H—> LL+2 12.68%
7469 2364.6
SIIID 676.0 So—S17 HH— LL 13.08% 40533.9 1462.9
749.6 721.0
2A12Dss  671.6 So—Si4 H-1—-L+1 16.72% 144271 5275  SIV 640.4 So— Sy H-4-1L 18.87% 96072.1 3863.7
H-2 > L+2 13.98% H—oL+3 1031%
HoL+d  12.38% 7013 3616.6
824.4 132.1 656.7% 3472.4°
665.2 489.4°
2A1Dss  665.2 So— S HH-LL 2075% 161492 602.1  SIVA 689.6 So—Sis HH—LL 13.26% 186204.0 6459.0
746.9 247.0 587.6 So — Sso H—3 — L+4 13.85% 548862.5 26219.7
669.5% 500.7°
2A1sDgs 6716 So— S HH-LL  14.92% 157504 5759 7158 6351.6
H-2 > L+1 14.44% 795.8 3559.4
H-1- L2  12.16% 682.7° 6342.7%
669.5% 499.6*
2A1256 669.5 So—Sis H-2—>L+2 1527% 13212.5 4862  SIVD 6138 So— Sz H-3 1L 11.86% 93925.0 41123
HoL 10.25% H-L+3 10.05%
671.6% 49322 7013 3018.2
2A14ss 667.3 So— S H—oL+d  27.61% 156664 5803 656.7% 4222.0°
757.8 235.1
671.6% 557.82
2D12s6 656.7 So—Sis H—oL+3  11.88% 115047 4400 SV 669.5 So — S16 H—2 - L+1 15.80% 2444712 8997.2
HH—-LL  11.50% H-1— L2 15.80%
HoLl+4  1031% H—4 — L+3 14.925
H-3 > L+4 14.92%
7415 162.4
652.6% 376.8°
2D14ss 658.8 So—S4 HH-LL  3019% 13437.7 5107 760.6 578.4
H-1-L+1 13.32% 760[15] 1470[15]
7442 2320  SVA 648.5 So— Sz HH— LL 11.32% 1811054 7104.1
646.4 296.1° 7389 So— S1g H-4—1L 15.44% 3244154 9801.3
4A;_4Ds_g 6919 So—Sis H-2—L+2 42.75% 19807.6 682.5
H-1—L+1 12.46%
603.0 So—S;3 H-2H—LL 14.79% 35753.0 1621.6 SVD 687.3 So— Sz H-3 1L 16.17% 290679.7 10150.5
HoL+4 11.31%
851.5 141.8
689.6 655.3 7134 So— S15 H—2 — L+1 17.08% 315349.5 10221.0
H—1 - L42 17.08%
H-4 > L+4 14.77%
H-3 > L+3 14.77%

@ Calculated values for SII and SIV series of molecules with C; symmetry.
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Fig. 5. Two-photon absorption spectra for studied molecules.

of the macrocycles to strengthen ICT. On the basis of the reported
molecules C[3T_DA], (n=2-5) (named as SII-SV, here) [18,19],
three types of macrocyclic thiophene-based compounds with
D—m—A, A—mt—A or D—mt—D structure were designed by replacing
butyl with electron donor (—NH;) or acceptor (—CN). And the
molecular structures are shown in Fig. 1. Firstly, SII series of
molecules are chosen as an example to discuss the substitution
effect of three kinds of designed molecules: i) molecules with one
pair of electron donor or acceptor (D/A), 1A1Ds, 1A15, and 1Dqs,
(where 1 stands for one pair of D/A, A represents acceptor, D
denotes donor, and subscription 15 expresses position of substit-
uent); ii) molecules with two pairs of DJ/A, 2A12Ds6, 2A14Dsg,
2A15D4s8, 2A1256, 2A1458, 2D1256, and 2Dq45s; iii) ones with four pairs
of D/A, 4A1-4Ds5_g, 4A1_g and 4Dq_g. And then the different
substituted positions for molecules with two pairs of D/A were
considered specially. Secondly, when all butyls of SIII-SV molecules
were substituted by —CN or —NH>, molecules SIIIA and SIIID, SIVA
and SIVD, and SVA and SVD were formed and discussed,
respectively.

In order to study the OPA and TPA regularities of these macro-
cyclic thiophene-based compounds, all the structures with Cj
symmetry were investigated, and some other isomers such as SII
and SIV with G; symmetry [30,31] were also considered herein. All
the geometrical structures of these molecules were optimized
using MPWB95 functional with 6—31G (D) basis set. It can be seen
from Fig. 2 that the main body frameworks of all the optimized

designed molecules are similar to the basic molecules SII-SV,
respectively, which structure features are that the trithiophene
moieties of each molecule slightly distort and are not in a plane and
the arrangements of the middle thiophenes turn upwards and
other two downwards. While, the donor and acceptor groups are
almost situated at the same side of the macrocyclic surface.
Moreover, frequency calculations were carried out, and suggested
that all the geometries are stable without imaginary frequency.

3.2. One-photon absorption property

Based on the optimized geometries obtained by MPWB95/
6—31G (D) method, their OPA properties have been calculated by
ZINDO method, in which m— overlap weighting factor was recti-
fied as 0.51. The calculated results are presented in Table 1 and
show that the absorption spectra of all studied molecules have
more than one intense absorption peak, except molecule
4A1_4Ds5_g. On one hand, compared with molecule SII, the A s
of all designed SII series of molecules (i.e. molecule SII is not
included) are red-shifted, except molecules 1Dy5 and 4D{_g are
slightly blue-shifted. No matter which type of substitution (D—A,
A—A or D—D), all the shifts of A o get larger under increasing the
pair number of substituent, and the maximum shift reaches to
42.7 nm. Whereas the change of A(Umaxs is slight for the molecules
with two pairs of D/A, but corresponding oscillator strengths (fok) is
changed largely (from 0.804 to 1.608). The analysis of transition
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nature suggested that all the maximum OPA peaks are dominated
by the transitions from HOMO—1 to LUMO, HOMO-2 to LUMO,
HOMO to LUMO + 1 and HOMO to LUMO + 2. On the other hand,
for SII-SV series of molecules, the A1 .4s of the designed mole-
cules (SIIIA, SIIID, SIVA, SIVD, SVA, SVD) red shift by 10.4—65.8 nm.
The for of them are larger or smaller than that of the basic molecules
SIII, SIV and SV, respectively, but both 2 and for increase with
the enlargement of the annular size. Their maximum OPA peaks are
constructed by two degenerate excited states mixed with HOMO to
LUMO +1 or HOMO—1 to LUMO, and HOMO to LUMO +2 or
HOMO-2 to LUMO transitions. In a word, both increasing the
number of D/A pair and enlarging the ring size can make AV .,
enlarge. In addition, all the values of AV,x and fo for molecules
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with G; symmetry are slightly smaller than that with C, symmetry,
respectively, but the increase trend with enlarging the ring size is
the same as that for C, symmetry.

Moreover, the OPA properties of SII series of molecules were
further analyzed by net charge (Qp) of the related substituents. As
shown in Fig. 3, regarding to the three types of D—A, A—A and D—D
molecules, the absolute value of Qg increases with increasing the
number of D/A pair, and are all larger than that of SII molecule, and
fox increases too (seen in Table 1), but the change of 2 is slight.
It is known that dipole moment is equal to the product of charge
and displacement. As all the added groups of D/A locate on the
diagonal position, namely, the displacement between D—A, A—A or
D—D and center is nearly the same, it can be deduced that the
changing rule of dipole moment is the same as that of net charge
(Qo), that is, the oscillator strength (fox) enlarges as dipole moment
increases. However, the origin of the enlargement for fo value is
due to the presence of stronger D/A substituents.

3.3. Two-photon absorption property

Base on Eqgs. (2), (3) and three-state approximation, the kth and the
nth excited states with the largest transition moment Moy and My
were selected as the intermediate state and the final state during TPA
process, respectively. Thus the position of the maximum TPA peak
(A2hax) were obtained in terms of Egs. (1) and (2), the third-order
optical susceptibility ({y)) and the TPA cross-section (0max) were
calculated by ZINDO-SOS method. As well known, SOS expression is
concerned with the truncation of sum terms, so the dependence of
imaginary part of v (Im ) on number of excited state was analyzed.
The result of the biggest molecule SV indicated that the Im v
converged before 300 states (Fig. 4). Thus 300 states are sufficient for
the calculation here. And then, X&) .y, Im %, 0max> and corresponding
transition nature were collected and listed in Table 2.
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Fig. 7. Scheme of the calculated energy levels and the transition dipole moments (in Debyes).
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Table 3
Some parameters of studied molecules calculated in TPA process.
Compound Transition Apon Sin for < fin Compound Transition Auon Sin Sok % fin
SII So — Sa — S14 ~0.019 0.080 0.077 4A1_s So — Sa— S14 0.034 0.007 0.014
So — S5 — S14 0.021 0.035 So = S5 — S14 0.146 0.175
1A1Ds So — S3 — S14 4.294 0.072 0.066 4Dq_g So — S4 — S1a —0.031 0.106 0.098
So— S5 — S14 0.014 0.016 So — S5 — S14 0.006 0.011
1A15 So — Sa4 — S1a 0.074 0.101 0.104 Sl So— S2 — Si3 0.220 0.133 0.318
So — S5 — S14 0.023 0.030 So — S3 — S13 0.132 0.316
1D1s So — S4 — Si3 —0.053 0.047 0.047 SIIIA So — Sz — Si9 0.025 0.054 0.139
So — Ss — Si3 0.047 0.060 So — S3 — Ste 0.054 0.139
2A12Ds6 So — Sa — S1a —1.294 0.018 0.012 SIID So — S2 — S17 0.181 0.054 0.118
So — S6 — S1a 0.098 0.079 So — S3 — S17 0.054 0.118
2A14Dsg So— S4— S14 0.840 0.091 0.103 S\% So = Sz — Saq ~0.132 0.304 0915
So — S5 — S14 0.016 0.025 So — S3— Sz 0.304 0915
2A15D4g So — S4 — S1a 0.050 0.094 0.110 SIVA So— Sz — Sis —0.007 0.116 0.375
So— Sg = S14 0.067 0.071 So— S3 — Si1s 0.116 0375
2A1256 So — Sa — S1a —0.003 0.066 0.083 SIVD So — S2 — Saa 0.063 0.229 0.662
So — S5 — S14 0.025 0.024 So — S3— Saa 0.229 0.662
2A1458 So— Sa— S1a 0.086 0.114 0.122 NY% So— S2 — Si6 0.449 0434 1.559
So — Ss — S1a 0.041 0.050 So — S3 — Sig 0.434 1.559
2D1256 So — Sa4 — S1a —0.037 0.071 0.064 SVA So — S2 — Sz 0.757 0.146 0.560
So— S5 = S14 0.033 0.053 So— S3— Sy 0.146 0.560
2Dq458 So — S4 — S1a 0.018 0.026 0.019 SVD So — S2 — Saa 0.338 0.312 1.127
So — S5 — S14 0.061 0.070 So — S3 — Saa 0.312 1.127
4A174D5,3 So hd SG b S]s —-1.252 0.089 0.129

3.3.1. Molecular structure and TPA peak

Since the TPA wavelength in near infrared region is useful in
practice [32], and the TPA cross-section of molecules SII and SV
were measured at 760 nm in experiment, thus, TPA peaks between
the wavelength range of 580 and 1240 nm were calculated by point
scanning, and the results were plotted in Fig. 5. The range of A2
for all the studied compounds is from 587.6 nm to 851.5 nm,
a stronger TPA peak appears at 660 nm or so, and for molecules
4A1_4D5_g, 4A1_g, SIIIA and SIVA have a much stronger one around
600 nm besides, which are assigned to the higher state transitions
(i.e.So — S23,S0 — S28,So — Sszand Sg — Ssg, respectively) (shown
in Table 2). In addition, most of molecules have secondary peak
between 700 and 760 nm. Moreover, the maximum TPA peak
23 is red-shifted with increasing the number of trithiophene
and diacetylene unit in the molecular skeleton.

3.3.2. Molecular structure and TPA cross-section

In combining with Table 2 and Fig. 5, TPA cross-sections of all
studied molecules were analyzed in detail. On one hand, different
substituted position is taken into the specific consideration for
molecules with two pairs of D/A. As can be seen from Fig. 5(1) that
2A14D5g with two electron donors and two acceptors located on the
same side of the molecule, respectively, shows the largest dmax
compared with other two configurations (2A12Ds56 and 2A15D4s).
This is ascribed to its strong ICT from electron donors to acceptors
at the two ends of molecule. And that 2A1458 and 2D145g possess
larger 0max values (seen in Fig. 5(2) and (3)) is attributed to the
strong ICT between the whole ring skeletons and the substituents.
Therefore, it was concluded that 1,4,5,8-positions of SII series of
molecules have significant effect on TPA cross-section (6max). On the
other hand, the push-pull property and the number of D/A pair in
a molecule have also effect on 0max. It can be known from
Fig. 5(4)—(6) that the dmax of 1A1D5 and 1A;5 are close, and larger
than that of 1Dq5, and that of 2A14Dsg is similar to 2A145g and larger
than 2D1458, as well, that of 4A;_4Ds5_g is near to 4A;_g and larger
than 4D;_s. Therefore, the 0max values increase as butyl is
substituted by D—A or A—A, and the dmax values for the D—D type
are close to SII. And when butyl is substituted by the same type of
donor or acceptor groups (D—A, A—A or D—D), all the dhaxS increase
with increasing the number of D/A pair. In a word, dmax can be
effectively enlarged by increasing the number of D/A pair or

introducing D—A or A—A substituents or as donor or acceptor
substituted at the opposite site (14 vs 58, here).

The same as SII series of molecules, dmax values of SIIIA, SIVA and
SVA are larger than that of SIII, SIV and SV, respectively, but SIIID,
SIVD and SVD are similar to SIII, SIV and SV, respectively
(Fig. 5(7)—(9)). Therefore, replacing butyls with strong D—A or A—A
can effectively enlarge the value of TPA cross-section. It is resulted
from stronger ICT among diacetylene moieties, thiophene parts of
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the whole ring skeleton and the substituents. Moreover, the
stronger the ability of the accepting or donating substituent is, the
more obvious the ICT in molecular framework is. In short, the
number, the position and push-pull property of D/A for a molecule
are essentially significant for the enlargement of TPA cross-section.
So changing the substituents of macrocyclic thiophene compounds
can remarkably tune the value of TPA cross-section.

Furthermore, TPA wavelengths and cross-sections of SII and SIV
series of molecules with C; symmetry are also calculated and listed
in Table 2. The results show maximum TPA peaks A®),, are similar
to that with G, symmetry, and dmax are slightly smaller than ones
with C, symmetry, however, both C; and G, isomers show the same
trend for dmax. It was concluded that, firstly, for SII series of mole-
cules: i) Regarding to the two pairs of D/A substitutions, 1,4,5,8-
substituted configurations have larger dmax values; ii) The dmax
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values of D—A and A—A types of compounds are nearly equal and
larger than that of D—D, and the 6,2« values of molecules with D—D
type are similar to that of SII with butyls substituted; iii) Under the
same type of substitution (D—A, A—A or D—D), all the 0. increase
with increasing the number of D/A pair. Secondly, for SIV series of
molecules, the dmax of SIVA is larger than that of SIV and SIVD. In
a word, the conclusion after considering C; symmetry remains the
same as those mentioned above, i.e. adding more and stronger
push—pull, pull—pull substituents on marcocyclic thiophenes will
significantly increase their TPA cross-section values.

In the SOS model, if only three important states, i.e. ground
state, charge transfer state and TPA final state are considered,
TPA cross-section can reduce to three states expression
X = (M3M2)/((Eok — Eon/2)*T) + (M3,0u3,)/((Eon/2)*T).  The
relationship between 6,2« and X during the TPA process is depicted
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Fig. 9. Contour surfaces of the frontier orbitals relevant to OPA and TPA for studied molecules.
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in Fig. 6, it shows an approximate proportional relationship between
0max and X. And it indicates that X values of the studied molecules
are largely in agreement with the change of their dmax, S0 X can
predict the changing trend of dhax in general. Therefore, the tran-
sition dipole moments (Mgx and My,) are important factors influ-
encing on the TPA cross-section in terms of the expression X. As
illustrated in Fig. 7, Mgy values of D—A and A—A types of molecules
are bigger, and have played important role in their dpax. It can be
seen from Table 3 that the difference of dipole moments between
ground state and excited state (Augn) of the molecules with D—A
type of substitutions are bigger than that of other two types of
molecules with A—A and D—D substituted, so it may lead to their
larger dmax. In short, besides dmax values are affected by Mo, and Mg,
other factors also have some contributions to the increase of dpax.

S. Huang et al. / Dyes and Pigments 93 (2012) 1519—1531

As mentioned above that fy, (from ground state to intermediate
state) increases with increasing the number of D/A pair for SII series
of molecules, and enlarges as extending the ring size (Table 1).
While the values of fi, (from intermediate state to final state) have
the similar change (Table 3). So it is proposed that there is
proportional relationship between 0max and foi x fyn. Therefore,
oscillator strength can indirectly influence on the TPA cross-section.

3.4. Electronic structure and intramolecular charge transfer (ICT)

It will be useful to confirm the HOMO (the highest occupied
orbital) and LUMO (the lowest unoccupied orbital) of molecules
since the relative ordering of the occupied and virtual orbitals
provides a reasonable qualitative indication of the excitation
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properties [12]. Therefore, HOMOs and LUMOs of the studied
molecules are plotted in Fig. 8. For SII series of molecules, the
AEy_1s (energy gap between HOMO and LUMO) of new designed
molecules (D—A, A—A and D—D) are all smaller than that of SII
molecule, and AEy_1s of D—A type of compounds are smaller than
ones with A—A and D—D substituted. And HOMOs, LUMOs and
AEy_;s of SIIIA, SIVA and SVA are all smaller than that of the cor-
responding donor substituted and butyl ones, respectively. Namely,
the energy gap of the compound with strong push—pull substituent
is always smaller than those with weak push—pull group and
unsubstituted one. In summary, the changing trend of AEy_p is
opposite to that of dax. The decrease of dynamic stability can lead
to great electron transition probability, so that larger dmax will be
produced.

As is well known that the molecular orbital is closely related to
electronic spectrum, thus contour plot of molecular frontier orbitals
for studied molecules were shown in Fig. 9. The analysis of tran-
sition natures corresponding to every important excitation reveals
that the electron clouds of SII molecule, and the series of SIII, SIV
and SV molecules locate on the big ring skeleton and transfer
among the parts in the whole skeleton, but none on the ambient
butyl. However, the charge transfers of SII series of molecules with
D—A and A—A types of substitutions are different from ones with
D—D. The electron clouds of D—A and A—A types of compounds
mostly locate on —CN, and that of D—D type concentrate in the
macrocyclic skeleton. Additionally, the distributions of electron
clouds strengthen as the number of D/A pair increases. It prefigures
that the strength of ICT will enhance as increasing the number of D/
A pair.

Since the NLO response is correlated to ICT during the excitation,
in order to better understand the charge transfer in the TPA process
and what group plays critical role on the TPA property, SII series of
molecules were taken as an example to discuss the net charge
change (AQ = Qu — Qp) in the substituent and the ring skeleton.
The calculated values of Mulliken charge of every part were listed in
Table 4. Combing with the distribution of net charge in ground state
(Qo) (Fig. 3), it was concluded that Qg increases as the number of D/
A pair increases, irrespective of the type of substitution (D—A, A—A
or D—D). While the AQ; (AQ of substituent in Table 4) of molecules
with two pairs of D/A, substituted at 1,4,5,8—positions (2A14Dssg ,
2A1458 and 2D145g) are bigger, and it may lead to their larger ICT and
Omax- In addition, no matter how many D/A pairs are included, the
Qo of D—A and A—A are similar and larger than that of D—D type,
and AQ; has the same changing trend, which interprets the

Table 4
The net charge change of substituent and ring skeleton in SII series of molecules.

Compound AQ of substituent (AQ;)  AQ of ring skeleton (AQ3)

A (or up D (or down —C=C—C=C— Lateral Middle

side) side) thiophene thiophene
SII 0.001 (1Bu) 0.001 (1Bu)  0.088 -0.127 0.031

0.002 (2Bu) 0.002 (2Bu)

0.004 (4Bu) 0.004 (4Bu)
1A1Ds —0.020 0.008 0.076 —0.098 0.027
1A15 -0.023 -0.023 -0.017 —-0.030 0.080
1D15 0.007 0.007 0.091 —-0.092 -0.019
2A1,Ds6 —0.020 0.009 0.070 —0.099 0.035
2A14Dsg —-0.028 0.027 0.086 -0.129 0.041
2A15D4g —-0.030 0.025 0.053 —0.099 0.047
2A1256 -0.010 —-0.010 0.049 —0.089 0.052
2A1458 —0.024 —0.024 0.020 —0.001 0.021
2D1256 0.007 0.007 0.098 -0.131 0.013
2D1458 0.023 0.023 0.159 —-0.072 -0.132
4A,_4D5_g —0.023 0.022 0.065 —0.099 0.035
4A1_g —-0.007 —-0.007 0.058 -0.172 0.129
4Dq_g 0.015 0.015 0.092 -0.173 0.050

corresponding variety of dmax. Moreover, the larger negative
charges (AQq) for acceptor (—CN) substituent have explained the
distribution of electron clouds about D—A and A—A types of
compounds mostly location on —CN as mentioned above. To sum
up, all the AQ; of the designed molecules enlarge no matter donor
or acceptor replaces the butyl. The values of AQ; obviously describe
the stronger push electron property of —NH, and pull electron
property of —CN in a molecule and the substituents contribute to
redistribution of the whole molecule. Of course, the AQ, (AQ of ring
skeleton) of diacetylene and thiophene moieties (lateral and
middle) in the ring skeleton have also well characterized the charge
transfer. For example, the larger AQ; of SII, 1Dy5, 2D1458 and 4Dq_g
have confirmed the more distribution of electron clouds in the ring
skeleton. So that ICT among each part of the studied molecules are
important for the increase of TPA cross-section value.

4. Conclusion

The one- and two-photon absorption spectra, TPA transitions
and TPA cross-sections of the studied compounds have been
explored in detail using DFT, ZINDO and FTRNLO programs. The
results obtained allow us to conclude that OPA wavelength maxima
A axs of the designed molecules with D or A substituents have
red-shifts compared with molecule SII. And dmax values increase
with increasing the number of D/A pair. The dpax values of D—A
type are close to one of A—A, and larger than that of D—D and SII
molecules. The molecules show larger 6max When electron donor
and acceptor locate on the opposite site, which is ascribed to the
enhancement of the ICT between D and A. It is further confirmed
that macrocyclic thiophenes with stronger D/A substitution have
larger 0max. In addition, the distributions of electron clouds have
been interpreted by the values of AQ; and AQ». Moreover, dmax of all
studied molecules can be rudely predicted by the three-state
approximation. While Mgx and My, in these macrocycles play
important roles on dmax. Besides, fox x fin is in direct proportion to
0max- In summary, the present computational results provide
a useful guideline for the design of novel D—m—A molecules with
large TPA cross-section by enlarging the strength, increasing the
number and changing the position of electron donor and acceptor
substituents based on the circular w-conjugated skeleton. All above
suggest this series of macrocyclic thiophene-based derivatives are
expected to be promising two-photon absorption materials.
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