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Abstract—Sonogashira coupling between 3,5,3',5'-tetrabromo-[2,2' |bithiophene and various terminal alkynes provides two-photon absorp-
tion (TPA) chromophores 1-6, which possess electron donor (D) and/or acceptor (A) alkynyl substituents at 3(3") and 5(5) sites of the bithio-
phene core. The up-converted fluorescence emission excited at 800 nm (Ti:sapphire femtosecond laser, ~100 fs pulses) was used to determine
the two-photon absorption cross-sections (g) of these compounds. The corresponding TPA cross-section (o) values ranging from 132 to
1120 GM (107°° cm* s photon™") can be fine-tuned by the substitutents. The quadrupolar-type (A-7t-D-7t-A) chromophore 5 exhibits the

largest ¢ value (1120 GM) in CH,Cl, upon 800 nm excitation.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The two-photon process involving simultaneous absorption
(nonresonance-resonance) of two photons was first pre-
dicted by Goppert-Mayer in 1931,! and experimentally
observed in the 1960s.? Two-photon absorption (TPA) offers
the advantage of high transmission at low incident intensity
for fundamental frequencies well below the band gap. Fur-
thermore, due to the quadratic dependence of the two-photon
absorption probability on intensity, the absorption can theo-
retically be confined to a volume of order 2> (where 2 is the
laser wavelength) under tight-focusing conditions. There-
fore, one is able to initiate two-photon polymerization for
three-dimensional optical data storage and microfabrication
using near infrared (NIR) laser source.® Another important
application of TPA is confocal microscopy, which is an im-
portant tool for obtaining three-dimensional (3D) images of
biological specimens such as tissues and cells.* Two-photon
confocal laser scanning microscopy has several advantages
over its single-photon counterpart. Except for the depth res-
olution due to the quadratic dependence of the two-photon
induced fluorescence intensity on the excitation power, the
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NIR excitation light provides much better penetration ability
compared to UV and even visible light in many organic
materials where the linear attenuation and scattering are
high.> Other important applications of TPA chromophores
include two-photon optical power-limiting,® two-photon
up-converted lasing,” and photodynamic therapy.®

In light of above fundamental applications, significant prog-
ress has been made on the development of organic conju-
gated molecules with large TPA cross-sections.” Among
these, quadrupolar and octupolar-type molecules have
received considerable interests because of the significant
enhancement of the TPA cross-section in these molecules
compared to their dipolar-type analogues.'® Further incre-
ment of TPA cross-section has been achieved by incorporat-
ing TPA chromophores in a dendrimer to increase the
density of chromophores.!! In their seminal report, Marder
and Perry illustrated that molecules with a D-7-D, A-Tt-A,
D-mt-A-t-D or A-m-D-m-A motif (D = electron donor;
A = electron acceptor; © = conjugated bridge) were poten-
tial quadrupolar-type TPA chromophores, which could
exhibit exceptional large TPA cross-sections.'> Based on
previous studies,? it was concluded that TPA cross-sections
were larger in molecules with more effective conjugation
length and higher polarizability. Accordingly, coplanarity
of the conjugation bridge is beneficial to the increase of
the TPA cross-sections. Practically, for the biological appli-
cation, it is advantageous to have the two-photon peak occur-
ring at or near 800 nm where most of organic and biological
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materials have large optical transparency. Also, there is a
greater penetration depth in tissue with reduced photodam-
age upon ~800 nm excitation.

It is thus important to gain detailed insights into the relation-
ship between molecular structure and TPA cross-section g.
The results may provide a guideline for future design and
synthesis of organic molecules with highly efficient TPA.
To achieve this goal, we have been interested in the system-
atic development of organic quadrupolar- or octupolar-type
TPA chromophores.!® Herein, we report the investigations
on the TPA properties of a series of novel quadrupolar
chromophores based on 3,3',5,5'-tetrasubstituted-[2,2']-
bithiophene core. In this approach, 3,5,3',5'-tetrabromo-
[2,2'bithiophene!* was subjected to Sonogashira coupling
reaction'® with terminal alkynes based on the following con-
siderations: (1) the substituents introduced at the 3 and 3’
sites can differ in the electronic property from those intro-
duced at the 5 and 5’ sites due to different reactivity of the
3(3") and 5(5") bromos and (2) incorporation of ethynyl en-
tity in the conjugation chain normally results in less effective
conjugation length.'® This strategic design may avoid shift-
ing the one-photon absorption towards 800 nm, while the
coplanarity of aromatic rings, especially the central [2,2']-
bithiophene core, can be retained upon electronic tuning.

2. Results and discussion
2.1. Synthesis and characterization

Figure 1 depicts the structures of the new series of com-
pounds 1-6, and their corresponding synthetic routes are
illustrated in Scheme 1. These compounds were synthesized
via Sonogashira coupling'® of 3,5,3',5'-tetrabromo-[2,2’ |bi-
thiophene and appropriate terminal alkynes catalyzed by
3 mol % of PdCl,(PPh;), and Cul in diisopropylamine.
Compounds 1-3, in which all four bromine atoms in
3,5,3',5'-tetrabromo-[2,2'|bithiophene are replaced by the
same substituents, were isolated in good yields (1, 62%; 3,
80%) except for 2 (20%) if slight excess of terminal alkynes
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Figure 1. Molecular structures of compounds 1-6 and various alkynes
moieties.

were used. Conversely, if only ~2 equiv of terminal alkynes
were used and the reaction was allowed to proceed at lower
temperature (40 °C), the Sonogashira coupling selectively
occurred at the 5 and 5’ sites to afford the dibromo interme-
diates (Ia and Ib) in moderate to good yields. This is consist-
ent with the previous reports!’ that the halo atom at the 2- or
5-site of halothiophene moieties was more reactive to un-
dergo Sonogashira coupling reaction. These dibromo inter-
mediates can subsequently undergo further Sonogashira
coupling reactions with different terminal alkynes to afford
4-6 in 30—40% yields. Compounds 1-6 are moderately
soluble in common solvents and have been characterized
by 'H and '*C NMR and mass spectroscopic studies.
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i. 1.5 mol% PdCl(PPh3),, 0.5 mol% Cul, 1.5 mol% PPhg, 4.4 equiv. terminal alkynes,
i~ProNH, rt 30 min., then reflux 2 days
ii. 1.5 mol% PdCly(PPhjz),, 0.5 mol% Cul, 1.5 mol% PPh3, 2.2 equiv. terminal alkynes,
i-ProgNH, rt 5 h, 40 °C 5 h, then reflux 1 day
iii. 3 mol% PdCIly(PPh3)2, 1 mol% Cul, 3 mol% PPh3, 2.2 equiv. terminal alkynes,
i-ProNH, rt 30 min., then reflux 2 days

Scheme 1.

2.2. Linear absorption and single-photon-excited
fluorescence (SPEF)

Steady state absorption and emission spectra of the represen-
tative compound 5 are depicted in Figure 2, and the associ-
ated photophysical properties for 1-6 are listed in Table 1.
The lower lying energy band (A{,>430 nm) in compounds
1-3 is tentatively attributed to the —7* extending network
through the substituents (A=0, N or T, see Fig. 1) and the
[2,2Tbithiophene core. Support of this viewpoint is given
by the disappearance of this band upon replacing the 3-
and 3’-substituents by the bromine atom. Furthermore, the
substituent (O, N or T) alone exhibits the lowest absorption
band of <400 nm. For compounds 4-6, in addition to the
elongation of the conjugated 7 bonds, the lowest lying
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Figure 2. One-photon absorption (dashed line), single-photon-excited fluo-
rescence (SPEF, A.,=400nm), and two-photon excitation fluorescence
(TPEF, 2.,=800 nm) spectra of compound 5 in CH,Cl,. (SPEF and TPEF
are in dotted and solid lines, respectively).
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Table 1. One- and two-photon properties of compounds 1-6 and references

Compounds A" (nm) Db g @4 gefe (G
(nm) (nm)
1 444.350,313,292 517 0.42 800 295 (0.22)
2 463,357,318,268 543 0.37 800 236 (0.16)
3 431,324,315,248 487 0.41 800 132 (0.21)
4 443,336,296 498 0.22 800 615 (0.62)
5 458,374,329 547 0.21 800 1120 (1.07)
6 440,333,253 492 0.10 800 665 (0.98)
C-480 0.87 800 168.2
R-6G 0.98 800 38.67
a8 of the one-photon absorption spectra in nanometers.
b AS,), of the one-photon emission spectra in nanometers.

¢ Fluorescence quantum yield.

4 23 of the two-photon absorption spectra in nanometers.

° TPA cross-section in 107" cm* s/photon (GM).

 Numbers in the parenthesis are relative /MW.

€ Samples measured in CH,Cl, at a concentration of 10~* M, Coumarin
480 (C-480) and Rhodamine 6G (R-6G) measured in MeOH at a concen-
tration of 10™* M. Compounds 1, 3, and 4 compared to Coumarin 480; 2,
5, and 6 compared to Rhodamine 6G.

Table 2. The Sy—S; excitation energies and oscillation strengths of the
twisted and planar 4 and 5 calculated with ZINDO//HF/3-21G* method

State Eca (eV) Acal (nm) f
4
Twisted"

Sy 2.95 420 1.1298
Planar

S, 2.51 493 1.0196
5
Twisted"

Sy 2.95 420 0.7889
Planar

S, 2.48 499 0.8650

? The dihedral angles of the twisted and planar forms are 56.28° and
—179.9°, respectively.

" The dihedral angles of the twisted and planar forms are —56.49° and
177.3°, respectively.

absorption band with A{}) above 440 nm, to a certain extent,
may also possess a charge transfer character from the 3-
(or 3’-) donor to the 5- (or 5'-) acceptor site bridged by [2,2']-
bithiophene core. These assignments are supported by the
theoretical approach on two prototypical compounds, 4
and S (see Table 2 and Fig. 3), in which, upon HOMO —
LUMO transition in 5, the electron density significantly
decreases in electron donating group N (see Fig. 1 for defini-
tion), accompanied by the increase of the electron density in
the electron accepting group CN.

2.3. TPA cross-sections

The up-converted fluorescence emission technique'® was
used to determine the two-photon absorption cross-sections
(o) of the studied compounds. In order to eliminate contribu-
tion from the excited-state absorption, the femtosecond
(~100 fs) pulsed laser was used for the measurement. The
two well characterized TPA chromophores, Coumarin 480
(with a TPA cross-section value of 168.2 GM)!°? and Rhoda-
mine 6G (with a TPA cross-section value of 38.67 GM),!°°
were used as the references. TPA cross-sections of
compounds 1-6 obtained from the two-photon excitation
fluorescence (TPEF) are compiled in Table 1. For a clear
comparison, the TPA cross-section per unit mass was also
calculated and listed in Table 1. A prototypical TPEF spec-
trum of 5 is displayed in Figure 2, while the representative
two-photon excitation (TPE) spectra (750-840 nm) of §
and 6 in CH,Cl, are displayed in Figure 4. Comparing
TPE and single-photon absorption spectra for 5 and 6, the
TPE peak appears at an energy slightly higher than twice
that of the corresponding linear absorption maximum, indi-
cating a different selectivity of transition, in part, between
one and two-photon absorption. Nevertheless, compounds
1-6 have nearly superimposable single-photon-excited fluo-
rescence and TPEF spectra, supporting that both emissions
originate from the same lowest lying transition in the singlet
manifold.

HOMO

LUMO

Figure 3. The HOMO and LUMO of planar compounds 4 and 5. Note that the first singlet excited state is dominated by the HOMO — LUMO transition.
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Figure 4. The two-photon excitation (TPE) spectra (750-840 nm) of 5 and 6
in CH2C12

According to the data, compound 4 has significantly higher
TPA cross-section than that of 1, though the latter seems to
have a larger conjugation length. Qualitatively, if one con-
siders thiophene and oxadizaole moieties to be T-excessive
and 7t-deficient, respectively, the two peripheral oxadiazole-
containing segments at the 5 and 5’ positions together with
the [2,2/]bithiophene core constitute an A-7t-D-7t-A motif
for TPA chromophore 4. This consideration requires the
coplanarity of the molecular structure. Though the PM3
method indicates that each compound (1-6) possesses
a dominant twisted form, the thermodynamic properties of
the twisted and planar forms in the ground state are nearly
degenerate based on the ab initio (HF/3-21G*) calculation,
ie., energy difference (Epanar—Ewistea) are 0.3 and
—0.05 kcal/mol for 4 and 5, respectively. In addition, due
to the negligible C(2)-C(2') rotation barrier there should
exist a very fast equilibrium between these rotational iso-
mers at room temperature. Upon excitation, the conversion
from twisted to planar form should be fast and highly exo-
thermic (see Table 2), such that the consequence is suited
for a quadrupolar mechanism.

As such, the two tolyl-containing segments in 4 will enhance
the electron donor character of the [2,2]bithiophene core,
while the two oxadiazole-containing segments at the 3 and
3’ positions (compound 1) have an opposite effect. Likewise,
both 5 and 6 also possess an A-7t-D-7t-A motif and the TPA
cross-section of 5 is nearly 1.7 times as large as that of 6.
This trend can be attributed to a stronger 7t-donor for diaryl-
amine (5) than that of the methyl group (6), resulting in an
increase of ¢ value in 5. Compound 6 has somewhat larger
o value than 4, implying that the cyanophenyl moiety can
lead to greater polarizability than the oxadiazole segment.

3. Conclusion

In summary, we have designed and synthesized a new series
of [2,2]bithiophene-based quadrupolar-type chromophores
exhibiting large TPA cross-sections. We also demonstrate
that the incorporation of push and pull segments at the 3/3’
and 5/5’ sites with different arrangements significantly alter
the corresponding TPA property. We thus believe that an

increment of the electron donor/acceptor strength in TPA
chromophores with an A-7t-D-7t-A motif should enlarge
the quadrupole moment and hence the TPA cross-section.
On this basis, further fine-tuning of the TPA properties on
[2,2/]bithiophene-based chromophores should be feasible
via the variation of the donor, acceptor as well as the conju-
gation chain. In view of applications, on the basis of the
[2,2']bithiophene core, conversion of these compounds
into polymers for the device fabrication is also feasible.
This should greatly extend the usefulness of [2,2]bithio-
phene-based chromophores in the field of information stor-
age, microfabrication, etc. Works focused on these issues
are currently in progress.

4. Experimental

4.1. General procedures and spectroscopic
measurements

Unless otherwise specified, all the reactions were carried out
under nitrogen atmosphere using standard Schlenk tech-
niques. Solvents were dried by standard procedures. All
column chromatography was performed with the use of
silica gel (230-400 mesh, Macherey—Nagel GmbH & Co.)
as the stationary phase. The 'H NMR spectra were recorded
on a Bruker AMX400 spectrometer. Electronic absorption
spectra were measured in various solvents using a Cary 50
Probe UV-visible spectrophotometer. Emission quantum
yields were measured with reference to Coumarin 1 or 6 in
CH;CN.?° Mass spectra (FAB) were recorded on a JMS-
700 double focusing mass spectrometer (JEOL, Tokyo,
Japan). Elementary analyses were performed on a Perkin—
Elmer 2400 CHN analyzer. 2-Bromothiophene, sodium
azide, bromobenzonitrile, 4-tert-butylbenzyl chloride, tri-
methylsilylacetylene,N-phenyl-1-naphthylamine, 4-ethynyl-
toluene,N,N-diphenylamine, and hydrobromic acid were
purchased from Acros. 1-Bromo-4-iodobenzene and Br,
were purchased from Aldrich. Potassium hydroxide and
magnesium sulfate were purchased from SOWA. The starting
materials 3,5,3',5'-tetrabromo-[2,2' ]bithiophene, ! 2-(4-tert-
butyl-phenyl)-5-(4-ethynyl-phenyl)-[1,3,4]oxadiazole,?* and
(4-ethynyl-phenyl)-naphthalen-1-yl-phenyl-amine>*  were
prepared according to the literature procedures with slight
modifications.

4.2. General procedures for the synthesis of identical
tetra-substituted compounds

Compounds 3,5,3',5-tetrakis-2-(4-tert-butyl-phenyl)-5-
(4-ethynyl-phenyl)-[1,3,4]oxadiazole-[2,2'|bithiophene (1),
3,5,3',5-tetrakis(4-ethynyl-phenyl)-naphthalenyl-phenyl-
amine-[2,2']bithiophene (2), and 3,5,3’,5'-tetrakis-p-tolyl-
ethynyl-[2,2/Tbithiophene (3) were synthesized by a similar
procedure as the following description. To a flask containing
3,5,3',5'-tetrabromo-[2,2'Ibithiophene (1 equiv), PdCl,(PPhs),
(3 mmol % per bromo atom), Cul (1 mmol % per bromo
atom), PPh3 (3 mmol % per bromo atom), and aromatic acet-
ylene (4.4 equiv per halogen atom) was added i-Pr,NH
(50 mL). The resulting mixture was stirred at room temper-
ature for 30 min, allowed to reflux for two days. The solvent
was removed under vacuum, and the residue was extracted
with CH,Cl, and brine. Removal of CH,Cl, provided
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a yellow residue, which was purified by column chroma-
tography using THF/n-hexane as eluent and followed by
recrystallization from CH,Cl, and MeOH.

4.2.1. Compound (1). Orange solid, yield 62% (360 mg).
Mp: 333-335 °C. IR (KBr): vpax 3055 w, 2930 w, 2130
wem™ ! 'H NMR (CDCly): 6 8.17-8.13 (m, 8H), 8.04 (d,
J=17.8 Hz, 8H), 7.77 (d, J=8.0 Hz, 4H), 7.67 (d, J=7.8 Hz,
4H), 7.53 (d, J=8.0 Hz, 8H), 7.41 (s, 2H), 1.35 (s, 36H).
13C NMR (CDCl5): 6 31.11, 35.11, 84.49, 87.74, 95.09,
96.05, 119.61, 120.87, 121.96, 123.90, 125.56, 126.10,
126.82, 126.90, 131.96, 132.03, 135.48, 139.06, 155.52,
155.57, 163.73, 164.90. FAB MS (m/z): 1367 (M*+H).
HRMS Calcd for CggH71NgO4S,: 1367.5040. Found:
1367.5033. Anal. Calcd for CggH;oNgO,4S,: C, 77.28; H,
5.16; N, 8.19. Found: C, 76.90; H, 5.22; N, 8.01.

4.2.2. Compound (2). Orange solid, yield 20% (350 mg).
Mp: 246°C (decomp.). IR (KBr): wvg.c 3058 w,
2130 cm™!. '"H NMR (CDCl;): 6 7.88 (t, J=9.6 Hz, 4H),
7.79 (t, J=9.0 Hz, 4H), 7.68-7.63 (m, 4H), 7.52-7.44 (m,
8H), 7.42-7.33 (m, 12H), 7.21-7.17 (m, 12H), 7.15 (s,
2H), 7.10 (t, J=6.7 Hz, 8H), 7.01 (t, J=7.6 Hz, 4H),
6.91-6.83 (m, 8H). '3C NMR (CDCls): ¢ 84.24, 86.67,
95.12, 96.49, 115.85, 117.36, 120.47, 121.78, 122.96,
125.65, 125.99, 126.08, 127.71, 128.28, 128.76, 129.32,
132.10, 132.96, 134.66, 138.72, 144.72. FABMS (m/z):
1434 (M*). HRMS Calcd for C;o4HegN4S,: 1434.4729.
Found: 1434.4740. Anal. Calcd for C;g4HggN4S,: C,
87.00; H, 4.63; N, 3.90. Found: C, 87.11; H, 4.90; N, 3.82.

4.2.3. Compound (3). Yellow solid, yield 80% (1.02 g). Mp:
225-227 °C. IR (KBI1): ¥imax 3055 w, 2930 w, 2130 w cm ™.
'H NMR (CDCly): 6 7.50 (s, J=8.1Hz, 4H), 7.4 (s,
J=8.0 Hz, 4H), 7.27 (s, 2H), 7.19 (d, J/=7.9 Hz, 4H), 7.15
(d, J=8.0 Hz, 4H), 2.37 (s, 6H), 2.35 (s, 6H). '*C NMR
(CDCl3): o 21.58, 81.50, 84.72, 92.62, 95.37, 96.61,
119.56, 119.97, 122.05, 129.19, 129.28, 131.42, 134.63,
138.08, 138.96. FABMS (m/z): 622 (M*). HRMS Calcd for
C44H30S,: 622.1789. Found: 622.1790. Anal. Calcd for
C44H50S,: C, 84.85; H, 4.85. Found: C, 84.47; H, 5.02.

4.3. General procedures for the synthesis of
dibromo-substituted compounds

Compounds  3,3’-dibromo-5,5'-2-(4-tert-butyl-phenyl)-5-
(4-ethynyl-phenyl)-[1,3,4]oxadiazole-[2,2'|bithiophene (Ia)
and 4,4'-(3,3'-dibromo-2,2’-bithiophene-5,5'-diyl)bis(ethyne-
2,1-diyl)-dibenzonitrile (Ib) were synthesized by a similar
procedure as the following description. To a flask containing
3,5,3',5 -tetrabromo-[2,2/|bithiophene (1 equiv), PdCl,(PPhs),
(1.5 mmol % per bromo atom), Cul (0.5 mmol % per bromo
atom), PPh; (1.5 mmol % per bromo atom), and aromatic
acetylene (2.2 equiv per halogen atom) was added i-Pr,NH
(70 mL). The resulting mixture was stirred at room temper-
ature for 5 h, then heated to 40 °C for 5 h and allowed to
reflux for one day. The solvent was removed under vacuum,
and the residue was extracted with CH,Cl, and brine. Re-
moval of CH,Cl, provided an orange residue, which was
purified by column chromatography using THF/n-hexane
as eluent and followed by recrystallization from CH,Cl,
and MeOH.

4.3.1. Compound (Ia). Yellow solid, yield 25% (250 mg).
Mp: 285 °C (decomp.). IR (KBr): v, 3045 m, 2910 w,
2115 wem™!. '"H NMR (CDCls): 6 8.13 (d, J=8.3 Hz,
4H), 8.05 (d, J=8.0 Hz, 4H), 7.66 (d, /=8.3 Hz, 4H), 7.54
(d, J=8.0 Hz, 4H), 7.27 (s, 2H), 1.36 (s, 18H). '3C NMR
(CDCl3): ¢ 31.10, 35.12, 86.52, 95.02, 97.10, 112.10,
112.85, 114.80, 125.45, 126.10, 126.29, 126.82, 128.29,
132.41, 132.98, 155.57. FABMS (m/z): 922 (M*). HRMS
Calcd for C4gH36BroN4O5S,: 922.0646. Found: 922.0626.
Anal. Calcd for C4gH36BroN4O,S,: C, 62.34; H, 3.92; N,
6.06. Found: C, 62.21; H, 3.87; N, 6.12.

4.3.2. Compound (Ib). Yellow solid, yield 60% (840 mg).
Mp: 253 °C (decomp.). IR (KBr): v« 3046 m, 2200 w,
2120 cm~!. '"H NMR (CDCly): 6 7.61 (d, J=7.8 Hz, 4H),
7.51 (d, J=7.8 Hz, 4H), 7.02 (s, 2H). '3*C NMR (CDCl5):
0 90.57, 90.79, 111.20, 112.04, 114.76, 117.99, 127.96,
132.59, 132.93, 133.35. FABMS (m/z): 571 (M*). HRMS
Calcd for Cy6H oBroN,S,: 571.8652. Found: 571.8632.
Anal. Calcd for Co6HoBroN,S,: C, 54.37; H, 1.76; N,
4.88. Found: C, 54.86; H, 1.72; N, 4.64.

4.4. General procedures for the synthesis of
compounds 4-6

Compounds 3,3'-tetrakis-p-tolylethynyl-5,5'-2-(4-zert-butyl-
phenyl)-5-(4-ethynyl-phenyl)-[1,3,4]Joxadiazole-[2,2']-
bithiophene (4), 4,4'-(3,3'-bis((4-(naphthalen-1-yl(phenyl)-
amino)phenyl)ethynyl)-2,2’-bithiophene-5,5'-diyl)bis(ethyne-
2,1-diyl)dibenzonitrile  (5), and 4,4’-(3,3'-bis(p-tolyl-
ethynyl)-2,2'-bithiophene-5,5’-diyl)bis(ethyne-2,1-diyl)di-
benzonitrile (6) were synthesized by a similar procedure as
the following description. To a flask containing dibromo-
compounds (Ia or Ib) (1 equiv), PdCl,(PPhs), (3 mmol %
per bromo atom), Cul (1 mmol % per bromo atom), PPh;
(3mmol % per bromo atom), and aromatic acetylene
(2.2 equiv per halogen atom) was added i-Pr,NH (100 mL).
The resulting mixture was stirred at room temperature for
30 min, allowed to reflux for two days. The solvent was
removed under vacuum, and the residue was extracted
with CH,Cl, and brine. Removal of CH,Cl, provided an
orange-red residue, which was purified by column chroma-
tography using THF/n-hexane as eluent and followed by
recrystallization from CH,Cl, and MeOH.

4.4.1. Compound (4). Orange solid, yield 30% (113 mg).
Mp: 325 °C (decomp.). IR (KBr): vy 3055 w, 2930 w,
2130 wem™!. '"H NMR (CDCly): ¢ 8.02 (d, J=8.0 Hz,
4H), 8.01 (d, J=7.8 Hz, 4H), 7.68 (d, J=7.6 Hz, 4H), 7.64
(d, /=8.0Hz, 4H), 7.52 (d, J=7.8 Hz, 4H), 7.24 (d, J=
7.6 Hz, 4H), 7.00 (s, 2H), 2.41 (s, 6H), 1.35 (s, 18H). '3C
NMR (CDCls): 6 21.42, 31.08, 35.08, 85.76, 89.14, 95.01,
97.41, 112.06, 114.78, 120.85, 125.27, 126.08, 126.27,
126.80, 128.19, 128.26, 129.00, 132.96, 137.81, 155.53.
FABMS (m/z): 995 (M*+H). HRMS Calcd for
CeeHs51N405S5: 995.3453. Found: 995.3455. Anal. Calcd
for C¢cHsoN4O5S,: C, 79.65; H, 5.06; N, 5.63. Found: C,
79.90; H, 5.11; N, 5.81.

4.4.2. Compound (5). Orange solid, yield 40% (226 mg).
Mp: 242 °C (decomp.). IR (KBr): v.x 3055 w, 2200 w,
2150 wem™'. 'H NMR (CDCly): ¢ 7.89 (dd, J=3.1,
8.2 Hz, 4H), 7.80 (d, /J==8.2 Hz, 2H), 7.58 (d, J=8.0 Hz,
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4H), 7.51 (d, J=8.0 Hz, 4H), 7.49-7.44 (m, 4H), 7.41-7.33
(m, 8H), 7.31 (s, 2H), 7.25-7.21 (m, 4H), 7.13 (d, J/=7.2 Hz,
4H), 7.02 (t, J=7.2 Hz, 2H), 6.91 (d, J=8.4 Hz, 4H). 13C
NMR (CDCls): 6 87.51, 92.24, 94.08, 94.10, 111.41,
112.24, 11491, 115.50, 118.18, 122.82, 123.39, 123.90,
124.30, 124.55, 124.75, 125.25, 125.54, 128.16, 129.35,
129.53, 129.70, 132.29, 132.49, 132.79, 133.14, 133.56,
147.15, 147.50. FABMS (m/z): 1050 (M*). HRMS Calcd
for C7,H4,N4S5: 1050.2851. Found: 1050.2858. Anal. Calcd
for C7,H4oN4S,: C, 84.54; H, 4.03; N, 5.33. Found: C, 84.64;
H, 4.31; N, 5.34.

4.4.3. Compound (6). Orange solid, yield 26% (80 mg).
Mp: 282 °C (decomp.). IR (KBr): vy 3055 w, 2920 w,
2230 w, 2150 wem™!. '"H NMR (CDCl3): 6 7.63 (d,
J=8.8 Hz, 4H), 7.57 (d, J=8.8 Hz, 4H), 7.50 (d, J=8.0 Hz,
4H), 7.36 (s, 2H), 7.21 (d, J=8.0 Hz, 4H), 2.39 (s, 6H).
13C NMR (CDCly): 6 21.39, 81.52, 81.80, 112.24, 114.74,
118.18, 125.23, 126.90, 128.16, 128.94, 128.96, 131.95,
132.59, 132.91, 137.78. FABMS (m/7): 644 (M*). HRMS
Calcd for C44H,4N»S,: 644.1381. Found: 644.1374. Anal.
Calcd for C44H,4N»S,: C, 81.96; H, 3.75; N, 4.34. Found:
C, 82.10; H, 3.51; N, 4.61.

4.5. Measurement of two-photon cross-section by the
two-photon-induced fluorescence method

The setup for TPEF excitation spectra and TPEF excitation
cross-section measurement has been described in our previ-
ous report.!3? In brief, a femtosecond mode-locked Ti:sap-
phire laser (Spectra Physics) generates ~100 fs pulses at
repetition rate of 82 MHz with an average power of 300—
400 mW. The laser beam was focused on a sample cell
(1 cm) by a lens with the focal length 6 cm. To minimize
the effects of re-absorption, the excitation beam was focused
as close as possible to the wall of the quartz cell, which faced
the slit of the imaging spectrograph. TPEF was detected at
a direction perpendicular to the pump beam. The TPEF
was focused by a lens with the focal length 8 cm, and was
coupled via an optical fiber (Acton, ILG-45-20-3) into an
optical spectrum analyzer. Our optical spectrum analyzer
consists of a CCD with detector control (ICCD-576G,
Princeton Instruments. Inc.) in conjunction with a monochro-
mator (SpectraPro-275, Acton Research Corporation) was
used as a recorder.

The TPA and TPEF cross-sections (¢ and o, respectively)
are basic parameters to evaluate a material’s TPA and
TPEF properties. From TPEF intensity data, . and ¢ can
be evaluated by using Egs. 1 and 2,'°*?* expressed as, where
r stands for the reference compound, n for the refractive in-
dex of solvents applied, and F for the integrated fluorescence
intensity; the concentration of the molecules in solution was
denoted as C.

Fn.C,

FnC (1)

O = Ocpy

o =0, (2)

The TPEF cross-section ¢, is supposed to be linearly depen-
dent on the TPA cross-section (o) with the TPEF quantum

yield @ as the coefficient.'”® In most reports, the SPEF
quantum yield @ was adopted instead of @', because @’ is
difficult to be measured. By referencing the TPEF cross-
section of Coumarin 480 to be 146.3 GM (1 GM = 10~>°
cm? s/photon)!®* and Rhodamine 6G to be 37.90 GM (1
GM = 1073% cm* s/photon).'® The TPA cross-sections of
these compounds were obtained (Table 1). The TPEF spectra
of all these compounds were taken when they were excited
at 800 nm in CH,Cl,. The TPEF of Coumarin 480 or
Rhodamine 6G was measured as a standard under the
same experimental conditions. We obtained the relative
TPEF cross-sections o, of these compounds by comparing
their TPEF to that of Coumarin 480 (compounds 1, 3, and
4) or Rhodamine 6G (compounds 2, 5, and 6) under exactly
the same experimental conditions.

4.6. Theoretical calculation

All calculations are done with the Gaussian 03 program.>’
Hartree Fock is used with the basis set 3-21G* (hereafter
designated as B3LYP).?® The calculated minima have been
carefully checked by frequency analyses to examine whether
the number of the imaginary frequency is zero. Note that
molecules considered here are large enough to preclude
the use of ab initio methods with large basis sets. Alterna-
tively, the electronic properties and UV-visible spectra
(single-point calculation) were calculated with the
ZINDO/S-CI method on the optimized structures.?’
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