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a b s t r a c t

Linear squarylium oligomers bearing extended p-conjugation systems were newly synthesized, and their
near-infrared (NIR) light-absorbing properties were investigated. Replacement of the iodo substituent in
a 5-iodinated indolino-squarylium dye to the 2-hydroxy-3,4-dioxocyclobut-1-en-1-yl functional group
via the Pd-catalyzed cross-coupling with a tributylstannylsquarate followed by condensation with
a quaternary indolium salt afforded the semi-squarylium-attached squarylium derivative, i.e., the
squarylium dimer. The introduction of the semi-squarylium unit gave rise to a significant bathochromic
shift towards the NIR region (labs ¼ 763 nm in CHCl3 at 298 K). Starting from a 5,50-diiodinated indolino-
squarylium, the iterative extension of semi-squarylium units successfully yielded the linearly p-extended
trimer and pentamer, that showed absorption maxima at 862 and 940 nm in CHCl3 at 298 K, respectively.
Especially, the pentamer exhibited a considerably low optical band gap of 1.1 eV.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Squaryliums, often called squaraines, are well-known functional
dyes because their unique optical properties such as intense light
absorption and moderately efficient fluorescence emission in
visible-to-NIR regions are useful for various applications; chemo-
sensors and chemodosimeters for various chemicals [1e7],
noncovalent fluorescent probes for bioanalyses [8e12], organic
light-emitting diodes [13,14], supramolecular architectures [15e18],
and so on. In the last decade, squaryliums have also received
increasing attention as photosensitizers in dye-sensitized solar
cells [19e23] because their excellent electron donating proper-
ties along with large light absorptivity are suitable for the
sensitization of a TiO2 nanocrystalline electrode via the photo-
induced electron transfer mechanism [24].

Another valuable property of squaryliums is the photoconduc-
tivity in the solid states [25]. Various types of symmetrical and
unsymmetrical squaryliums have been prepared by Law and
coworkers [26e29], and their photoconductive properties were
enthusiastically investigated towards application as photoreceptors
in xerographic devices [30e32]. Such a unique optoelectronic
: þ81 72 254 9910.
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property has also made them applicable to thin-film organic
photovoltaic devices. Indeed, p-nheterojunctionsolar cells [33,34]as
well as bulk-heterojunction solar cells [35e37] have been developed
using squarylium-based organic semiconductors. The semi-
conductive behaviour of squaryliums is believed to be based onwell-
organized stacking of the intramolecular donoreacceptoredonor
structure consistingof a cyclobutenecorewitharomatic/heterocyclic
components at both ends. Varying the aromatic/heterocyclic
components allowsus to tune theoptical andelectronic properties of
squaryliums.

Nowadays, squarylium-derived molecules bearing low optical
band gaps receive considerable attention because they are expected
to workwell in the field of organic photovoltaics to harvest sunlight
in the NIR regions. Although several types of squarylium-based low
optical band gap polymers have so far been reported [38e40],
further investigation on new synthetic strategies is eagerly
required to obtain various types of squarylium-based p-extended
chromophores [41,42]. We have so far reported the syntheses of
various types of NIR-absorbing squaryliums and related chromo-
phores, as shown in Fig. 1a; unsymmetrical squaryliums [43],
methine-bridged bis-squaryliums [44e46], and bis-squarylium
dyes with p-spacers [47,48]. These synthetic protocols have opened
the door to novel squarylium-based p-extended chromophores
with low optical band gaps. In the present study, we show a new
approach to construct squarylium-based p-conjugation systems,
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Fig. 1. Structures of p-extended squarylium derivatives; (a) unsymmetrical squarylium and symmetrically p-extended bis-squaryliums, and (b) linearly p-extended bis-squaryliums
targeted in the present study.
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that is, the synthesis of novel linearly p-extended squarylium
oligomers (Fig. 1b).

2. Results and discussion

2.1. Synthesis and light-absorbing properties of lineary
p-extended squarylium dimers

First, we attempted to develop the linear dimeric squarylium
LSQ-1, bearing two cyclobutene cores and three dimethylindoline
components (Scheme 1), because this is the minimum extension
of the squarylium array in the present system. The key reaction is
the introduction of a squaric acid moiety on the iodinated site
of the indole ring in the squarylium precursor 2. We obtained 2 by
the stepwise unsymmetrical squarylium synthesis employing
a semi-squarylium precursor 1 [43,49]. Then, according to the
Liebeskind’s method [50], 2 was successfully reacted with the
tributylstannylsquarate 3 under Pd-catalyzed conditions to afford
the squarate-attached squarylium 4 in 65% yield, which was
Scheme
hydrolyzed to the corresponding squaric acid derivative 5 under
acidic conditions (67%). The subsequent condensation with
a heterocyclic quaternary salt under typical conditions for
squarylium synthesis was expected to afford LSQ-1. Indeed, the
reaction of 5 with 1-butyl-2,3,3-trimethylindolium iodide under
azeotropic conditions (1-butanolebenzene, reflux) in the presence
of a small amount of quinoline afforded the desired linear dimer
LSQ-1 in 50% yield, the structure of which was characterized by 1H
NMR, IR, and HRMS spectra.

In Fig. 2 are shown the Vis-NIR absorption spectra of 2, 4, and
LSQ-1 in CHCl3 at 298 K, and the detailed data are summarized in
Table 1. The squarylium 2 exhibits intense absorption at 642 nm
with a molar absorption coefficient (3abs) of 2.34 � 105 M�1 cm�1.
This spectral profile is similar to that of the unsubstituted
symmetrical indolino-squarylium dye, except for a 12 nm bath-
ochromic shift of the absorption maximum (labs) [51]. Thus, the
iodo substituent in 2 has little influence on the light absorption
property of the indolino-squarylium dye. On the other hand, when
a squarate moiety is introduced in place of the iodo group,
1.



Fig. 2. Vis-NIR absorption spectra of 2 (dashed), 4 (plain), and LSQ-1 (bold) in CHCl3 at
298 K. Dye concentrations are adjusted to 5.0 mM.
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a bathochromic shift of ca. 30 nm is observed for 4, the 3abs of which
is still large (2.91 � 105 M�1 cm�1). In the case of LSQ-1, an addi-
tional bathochromic shift is observed, and the labs reaches the NIR
region (lmax ¼ 763 nm, 3abs ¼ 3.40 � 105 M�1 cm�1). This should be
attributed to the additional semi-squarylium moiety that gives rise
to the extension of the p-conjugated system. Although fluorescent
properties are also investigated for LSQ-1, it exhibited little fluo-
rescent emission in common organic solvents.

In order to investigate the effect of the attached semi-squary-
liummoiety on the electronic absorption, density functional theory
(DFT) calculations were performed for LSQ-1, using a Spartan ’08
program package (Wavefunction, Inc., Irvine, California) [52]. In
order to simplify the calculations, theN-butyl groupswere replaced
by methyls, and the structure was fully optimized at the B3LYP/6-
31G** level. The frontier molecular orbitals are shown in Fig. 3. The
HOMO is localized mainly on the core of the squarylium backbone,
and quite low electron density is distributed on the semi-squary-
lium moiety. On the other hand, the electron density on the semi-
squarylium moiety significantly increases at the LUMO level. This
result indicates that the HOMO-LUMO excitation gives rise to
significant intramolecular charge transfer from the squarylium to
the attached semi-squarylium moiety, resulting in intense light
absorption in the NIR region.
2.2. Synthesis and light-absorbing properties of lineary
extended squarylium trimer and pentamer

The achievement of the synthesis of LSQ-1 enabled us to
prepare the symmetrically p-extended oligomeric squaryliums
Table 1
Electronic absorption data of squarylium derivatives (CHCl3, 298 K).

Compd labs/nm 3 abs/M�1 cm�1

2 642 234000
4 673 291000
LSQ-1 763 340000

6 649 272000
7 694 378000
LSQ-2 862 357000

9 905 343000
LSQ-3 940 371000
LSQ-2 and LSQ-3 (Fig. 1b, n ¼ 1 and 2, respectively) by iteration of
introduction of the squarate moieties followed by condensation
with the indolium salts. Towards this purpose, the diiodinated
squarylium 6 was employed as the starting material. As shown in
Scheme 2, the reaction of 6with tributylstannylsquarate 3 followed
by hydrolysis afforded the doubly squarate-substituted squarylium
8, that reacted with 2 mol eq. of 1-butyl-5-iodo-2,3,3-trimethy-
lindolium iodide to give the trimeric squarylium LSQ-2. The
subsequent squarate functionalization of LSQ-2 was also achieved
to afford 10 via 9, from which finally the pentameric squarylium
oligomer LSQ-3 could be obtained. The structures of LSQ-2 and
LSQ-3 were characterized by 1H NMR, IR, and HRMS spectra.
Especially, the 1H NMR spectra offered valuable information about
the extension of the semi-squarylium units. In Fig. 4 are shown the
expanded regions of 1H NMR spectra of 6, LSQ-2, and LSQ-3. The
1H signal patterns indicate that both LSQ-2 and LSQ-3 possess
highly symmetrical structures. In the spectrum of LSQ-2, two
methine protons, four N-methylene protons, and six aromatic
protons are additionally observed in comparison with the spec-
trum of 6. This clearly shows that the semi-squarylium units are
attached at both ends of 6. Similarly, in the spectrum of LSQ-3, the
1H signal patterns in the methine, N-methylene and aromatic
regions suggest further extention of semi-squarylium moieties
from LSQ-2. From these results, the indolino-squarylium
p-conjugation system was successfully extended by iterative
introduction of semi-squarylium moieties.

In Fig. 5 are shown the Vis-NIR spectra of 6, LSQ-2, and LSQ-3 in
CHCl3 at 298 K. The data are also summarized in Table 1. The labs of
6 was observed at 649 nm with the 3abs of 2.72 � 105 M�1 cm�1,
almost corresponding to that of 2. When two semi-squarylium
moieties were introduced to 6 to obtain LSQ-2, the lmax was
bathochrmically shifted to 862 nm with an enlarged 3abs
Fig. 3. The frontier molecular orbitals of N-methyl analogue of LSQ-1 obtained by DFT
calculations using the B3LYP/6-31G** basis set (EHOMO ¼ �4.5078 eV,
ELUMO ¼ �2.7057 eV).



Scheme 2.
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(3.57 � 105 M�1 cm�1). Further extension of the semi-squarylium
units, as demonstrated in LSQ-3, gave rise to a considerable bath-
ochromic shift up to 940 nm. It is worth noting that the absorption
edge of LSQ-3 reaches 1100 nm, showing a HOMO-LUMO band gap
of 1.1 eV. Such a low optical band gap squarylium is very rare,
except for polymeric squaryliums [38e40,53]. In Fig. 6 is shown the
Fig. 4. Expanded regions of 1H NMR spectra of 6, LSQ-2, and LSQ-3 obtained in CDCl3
at 298 K.
relationship between lmax and 3abs in LSQ-1e3. It is obvious that the
extension of the p-conjugation system leads to the increase in 3abs
to enhance the oscillator strength of the squarylium oligomer.
Therefore, the present synthetic protocol towards linear oligomeric
squaryliums should offer lots of opportunities to develop squary-
lium-based p-conjugation systems applicable as NIR-optoelec-
tronics materials.
Fig. 5. Vis-NIR absorption spectra of 6 (dashed), LSQ-2 (plain), and LSQ-3 (bold) in
CHCl3 at 298 K. Dye concentrations are adjusted to 5.0 mM.



Fig. 6. The plots of the molar absorption coefficients (3abs) versus absorption maxima
(lmax) for LSQ-1e3.
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3. Conclusions

In conclusion, we here demonstrated the synthesis of novel
oligomeric squaryliums. Repeating the introduction of squarate
moieties into the iodinated sites of the indolino-squarylium fol-
lowed by condensation with a 1-butyl-2,3,3-trimethyl indolium
salt allowed us to extend the p-conjugation by semi-squarylium
units in a linear manner. Using other aromatic and/or heterocyclic
components, heterolytically linked squarylium oligomers should be
prepared to tune optical and electronic properties. Using squary-
lium oligomers, fabrication of photovoltaic devices is also currently
undergoing and will be reported elsewhere in near future.

4. Experimental

4.1. General

The 1H NMR spectra were obtained on a Jeol JNM LA-400
spectrometer, using TMS as an internal standard (0.00 ppm). The IR
spectra were obtained as KBr pellets on a Shimadzu FT-IR 8400S
spectrophotometer. The Vis-NIR absorption and fluorescence
emission spectra were obtained on a Shimadzu UV-3100 spectro-
photometer and a Shimadzu RF-5000 spectrofluorometer, respec-
tively, where chloroform of spectroscopic grade was used as
a solvent. MALDI-TOF mass analyses were performed on a Shi-
madzu Kratos KOMPACTMALDI2 spectrometer, using sinapinic acid
as a matrix. High resolution mass analyses were performed on
a Jeol JMS-SX-102A mass spectrometer (fast atom bombardment
ionization, FAB), using 3-nitrobenzylalcohol as a matrix. Elemental
analyses were performed on a Yanaco CHN CORDER MT-3 analyzer.

For preparation of LSQ-1, squarylium 2 was prepared according
to the stepwise synthesis of an unsymmetrical squarylium already
reported [43,49]. For preparation of LSQ-2 and LSQ-3, squarylium 6
was prepared from 1-butyl-5-iodo-2,3,3-trimethylindolium iodide
and squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione) accord-
ing to the conventional squarylium synthesis [51]. Squaric acid was
purchased from Tokyo Chemical Industry co., ltd, and used without
purification. 3-(1-Methyl)ethyloxy-4-tributylstannylcyclobut-3-ene-1,
2-dione 3 was prepared according to the literature [50]. For
reversed phase column chromatography, octadodecyl end-capped
silica gel (COSMOSIL 75C18-OPN, Nacalai Tesque, Inc.) was used.

4.2. Preparation of LSQ-1

4.2.1. Compound 4
In a two-necked 50 mL round-bottom flask equipped with

a condenser, squarylium 2 (0.50 g, 0.77 mmol) was dissolved in
10 mL of DMF under N2 atmosphere. To the solution were added
tributylstannylsquarate 3 (0.57 g, 1.3 mmol), Pd(PPh3)4 (0.072 g,
0.062 mmol), and CuI (0.012 g, 0.063 mmol), and the mixture was
stirred at 45 �C for 20 h under N2 atmosphere. After cooling, the
solvent was removed on a rotary evaporator, and the residue was
purified by silica gel column chromatography (eluent; CHCl3/
AcOEt/hexane, 4/2/1, v/v/v). Further purification was carried out by
recrystallization, the crystals being grown by slow diffusion from
a CHCl3 solution to hexane. Finally, 4 was obtained in 65% yield as
a green solid (0.32 g, 0.50 mmol); 1H NMR (400 MHz, CDCl3) d 8.05
(d, J ¼ 7.8 Hz, 1H, AreH), 7.95 (s, 1H, AreH), 7.40 (d, J ¼ 7.8 Hz, 1H,
AreH), 7.36 (t, J ¼ 7.8 Hz, 1H, AreH), 7.23 (t, J ¼ 7.8 Hz, 1H, AreH),
7.08 (d, J ¼ 7.8 Hz, 1H, AreH), 7.00 (d, J ¼ 7.8 Hz, 1H, AreH), 6.09
(s, 1H, methine-H), 6.01 (s, 1H, methine-H), 5.63 (sept, J ¼ 5.9 Hz,
1H, OCH(CH3)2), 4.09 (t, J ¼ 7.3 Hz, 2H, NeCH2e), 3.95 (t, J ¼ 7.3 Hz,
2H, NeCH2e), 1.81 (m, 16H, eCH2CH2CH2CH3 and C(CH3)2), 1.58
(d, J ¼ 5.9 Hz, 6H, OCH(CH3)2), 1.48 (m, 4H, eCH2CH2CH2CH3), 1.01
(m, 6H, eCH2CH2CH2CH3); IR (KBr) 2957, 2868, 1778, 1738, 1601,
1501, 1356, 1277, 1186, 1076 cm�1; MALDI-TOF MS (m/z) 646 ([M]þ).

4.2.2. Compound 5
In a two-necked 100 mL round-bottom flask equipped with

a condenser, 4 (0.10 g, 0.15 mmol) was dispersed in a mixture of
25 mL of THF and 9 mL of 8 M HCl. The mixture was stirred at 40 �C
for 24 h under N2 atmosphere. After cooling, the solvent was
removed by distillation under reduced pressure, the temperature
being kept below 40 �C. The residuewas purified by reversed phase
column chromatography (eluent; MeOH/H2O, 4/1, v/v) to afford 5 in
67% yield as a green solid (0.061 g, 0.10 mmol), which was used in
the next step without further purification; 1H NMR (400 MHz,
CD3OD) d 8.18e8.15 (m, 2H, AreH), 7.48 (d, J ¼ 7.8 Hz, 1H, AreH),
7.35 (d, J ¼ 7.8 Hz, 1H, AreH), 7.30e7.17 (m, 3H, AreH), 6.04 (s, 1H,
methine-H), 5.98 (s, 1H, methine-H), 4.18e4.08 (m, 4H, NeCH2e),
1.89e1.72 (m, 16H, eCH2CH2CH2CH3 and C(CH3)2), 1.57e1.48
(m, 4H,eCH2CH2CH2CH3), 1.06e1.02 (m, 6H,eCH2CH2CH2CH3) (the
OH signal was not observed due to rapid proton exchange); IR (KBr)
3429, 2951, 2866, 1757, 1583, 1499, 1398, 1354, 1279, 1186,
1088 cm�1; MALDI-TOF MS (m/z) 604 ([M]þ).

4.2.3. Squarylium dimer LSQ-1
In a two-necked 50 mL round-bottom flask equipped with

a condenser and a DeaneStark distillation apparatus, 5 (0.045 g,
0.074 mmol) and 1-butyl-2,3,3-trimethylindolium iodide (0.14 g,
0.41 mmol) were dissolved in a mixture of 12 mL of 1-butanol and
3 mL of benzene. Then, a few drops of quinoline were added, and
the mixture was heated at reflux for 6 h under N2 atmosphere,
where water generated during the reaction was azeotropically
removed. After cooling, the solvent was removed on a rotary
evaporator, and the residue was purified by silica gel column
chromatography (eluent; CHCl3/AcOEt/MeOH, 24/4/3, v/v/v).
Further purification was carried out by recrystallization, the crys-
tals being grown by slow diffusion from a CH2Cl2 solution to
cyclohexane. Finally, LSQ-1 was obtained in 50% yield as a green
solid (0.030 g, 0.037 mmol); 1H NMR (400 MHz, CDCl3) d 8.36
(d, J ¼ 7.8 Hz, 1H, AreH), 8.29 (s, 1H, AreH), 7.51 (d, J ¼ 7.8 Hz, 1H,
AreH), 7.45 (t, J ¼ 7.8 Hz, 1H, AreH), 7.39e7.24 (m, 4H, AreH), 7.19
(t, J ¼ 7.8 Hz, 1H, AreH), 7.05e7.00 (m, 2H, AreH), 6.33 (s, 1H,
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methine-H), 6.05, (s, 1H, methine-H), 6.01 (s, 1H, methine-H),
4.24e4.28 (t, J ¼ 7.8 Hz, 2H, NeCH2e), 4.05 (br, 2H, NeCH2e), 3.98
(br, 2H, NeCH2e), 1.93e1.75 (m, 24H, eCH2CH2CH2CH3 and C
(CH3)2), 1.57e1.43 (m, 6H, eCH2CH2CH2CH3), 1.05e0.95 (m, 9H,
eCH2CH2CH2CH3); IR (KBr) 2951, 2866,1738,1605,1558,1497,1454,
1387, 1271, 1182, 1084 cm�1; HRMS (FAB) calcd for C53H59N3O4:
801.4506 (Mþ, 100%). Found: 801.4442.

4.3. Preparation of LSQ-2 and LSQ-3

4.3.1. Compound 7
In a two-necked 50 mL round-bottom flask equipped with

a condenser, squarylium 6 (0.50 g, 0.66 mmol) was dissolved in
15 mL of DMF under N2 atmosphere. To the solution were added 3
(0.85 g, 2.0 mmol), Pd(PPh3)4 (0.12 g, 0.10 mmol), and CuI (0.020 g,
0.11 mmol), and the mixture was stirred at 45 �C for 20 h under N2
atmosphere. After cooling, a colored precipitate was formed, which
was collected by filtration. The obtained solid was washed with
small amounts of AcOEt and hexane, and further purification was
carried out by recrystallization, the crystals being grown by slow
diffusion from a CHCl3 solution to hexane. Finally, 7was obtained in
62% yield as a green solid (0.32 g, 0.41 mmol); 1H NMR (400 MHz,
CDCl3) d 8.08 (d, J ¼ 8.3 Hz, 2H, AreH), 8.00 (s, 2H, AreH), 7.10
(d, J ¼ 8.3 Hz, 2H, AreH), 6.10 (s, 2H, methine-H), 5.64 (sept,
J ¼ 6.3 Hz, 2H, OCH(CH3)2), 4.03 (br, 4H, NeCH2e) 1.83 (m, 16H,
eCH2CH2CH2CH3 and C(CH3)2), 1.59 (d, J ¼ 6.3 Hz, 12H, OCH(CH3)2),
1.47 (sext, J ¼ 7.3 Hz, 4H, eCH2CH2CH2CH3), 1.01 (t, J ¼ 7.3 Hz, 6H,
eCH2CH2CH2CH3); IR (KBr) 2943, 2782,1740,1604,1497,1393,1350,
1342, 1269, 1177, 1065 cm�1; MALDI-TOF MS (m/z) 785 ([M þ H]þ).

4.3.2. Compound 8
In a two-necked 100 mL round-bottom flask equipped with

a condenser, 7 (0.50 g, 0.64 mmol) was dispersed in a mixture of
10 mL of 1,4-dioxane, 8 mL of CH2Cl2 and 3.5 mL of 4 M HCl. The
mixture was stirred at 60 �C for 24 h under N2. After cooling,
a colored precipitate was collected by filtration. The solvent was
removed by distillation under reduced pressure, the temperature
being kept below 40 �C. The obtained solid was washed with small
amounts of AcOEt and hexane to afford 8 in 56% yield as a green
solid (0.25 g, 0.36 mmol), which was used in the next step without
further purification; 1H NMR (400 MHz, DMSO-d6) d 9.08 (s, 2H,
OH), 8.04 (s, 2H, AreH), 7.92 (d, J ¼ 8.3 Hz, 2H, AreH), 6.99
(d, J ¼ 8.3 Hz, 2H, AreH), 5.66 (s, 2H, methine-H), 4.01 (br, 4H,
NeCH2e), 1.69 (quint, 16H, eCH2CH2CH2CH3), 1.61 (s, 12H, C(CH3)2),
1.40 (sext, J ¼ 7.3 Hz, 4H, eCH2CH2CH2CH3), 0.94 (t, J ¼ 7.3 Hz, 6H,
eCH2CH2CH2CH3); IR (KBr) 3479, 2936,1782,1767,1605,1558,1489,
1385, 1346, 1273, 1180, 1088 cm�1; MALDI-TOF MS (m/z) 701
([M þ H]þ).

4.3.3. Squarylium trimer LSQ-2
In a two-necked 50 mL round-bottom flask equipped with

a condenser and a DeaneStark distillation apparatus, 8 (0.42 g,
0.60 mmol) and 1-butyl-5-iodo-2,3,3-trimethylindolium iodide
(1.18 g, 2.5 mmol) were dissolved in a mixture of 8 mL of 1-butanol
and 2mL of benzene. Then, a few drops of quinolinewere added, and
themixturewas heated at reflux for 5 h under N2 atmosphere,where
water generated during the reaction was azeotropically removed.
After cooling, the solvent was removed on a rotary evaporator, and
the residue was purified by silica gel column chromatography
(eluent; CHCl3/AcOEt/MeOH,10/10/1, v/v/v). Further purificationwas
carried out by recrystallization, the crystals being grown by slow
diffusion from a CHCl3 solution to hexane. Finally, LSQ-2 was
obtained in 27% yield as a green solid (0.22 g, 0.16 mmol); 1H NMR
(400MHz, CDCl3) d 8.38 (d, J¼ 8.3 Hz, 2H, AreH), 8.32 (s, 2H, AreH),
7.80 (s, 2H,AreH), 7.77 (d, J¼8.3Hz, 2H,AreH), 7.07 (d, J¼8.3Hz, 2H,
AreH), 7.00 (d, J ¼ 8.3 Hz, 2H, AreH), 6.31 (s, 2H, methine-H), 6.09
(s, 2H, methine-H), 4.21 (t, J ¼ 7.3 Hz, 4H, NeCH2e), 4.05 (br, 4H,
NeCH2e), 1.86e1.84 (m, 32H, eCH2CH2CH2CH3 and C(CH3)2),
1.52e1.45 (m, 8H, eCH2CH2CH2CH3), 1.04e0.99 (m, 12H, eCH2CH2
CH2CH3); IR (KBr) 2937,1612,1604,1558,1489,1435,1396,1339,1261,
1177, 1088, 1042 cm�1. HRMS (FAB) calcd for C72H76I2N4O6:
1346.3854 (Mþ, 100%). Found: 1346.3800.

4.3.4. Compound 9
In a two-necked 50 mL round-bottom flask equipped with

a condenser, LSQ-2 (0.087 g, 0.065 mmol) was dissolved in 3 mL of
DMF under N2 atmosphere. To the solution was added 3 (0.090 g,
0.21 mmol), Pd(PPh3)4 (0.006 g, 0.005 mmol), and CuI (0.001 g,
0.005 mmol), and the mixture was stirred at 45 �C for 1 h under N2
atmosphere. After cooling, a colored precipitate was formed, which
was collected by filtration. The obtained solid was washed with
small amounts of AcOEt and hexane, and further purification was
carried out by recrystallization, the crystals being grown by slow
diffusion from a CHCl3 solution to hexane. Finally, a green solid of 9
was obtained in 68% yield (0.060 g, 0.044 mmol); 1H NMR
(400MHz, CDCl3) d 8.41 (d, J¼ 8.3 Hz, 2H, AreH), 8.34 (s, 2H, AreH),
8.17 (d, J ¼ 8.3 Hz, 2H, AreH), 8.09 (s, 2H, AreH), 7.34 (d, J ¼ 8.3 Hz,
2H, AreH), 7.09 (m, 4H d, J ¼ 8.3 Hz, 2H, AreH), 6.39 (s, 2H,
methine-H), 6.12 (s, 2H, methine-H), 5.66 (sept, J ¼ 6.3 Hz, 2H, OCH
(CH3)2), 4.27 (t, J ¼ 7.3 Hz, 4H, NeCH2e), 4.06 (br, 4H, NeCH2e),
1.93e1.79 (m, 32H, eCH2CH2CH2CH3 and C(CH3)2), 1.61 (d,
J ¼ 6.3 Hz, 12H, OCH(CH3)2), 1.54e1.44 (m, 8H, eCH2CH2CH2CH3),
1.05e1.01 (m, 12H, eCH2CH2CH2CH3); IR (KBr) 2939, 1782, 1747,
1605, 1543, 1489, 1435, 1396, 1339, 1261, 1173, 1072, 1038 cm�1;
MALDI-TOF MS (m/z) 1372 ([M þ H]þ).

4.3.5. Compound 10
In a two-necked 100 mL round-bottom flask equipped with

a condenser, 9 (0.045 g, 0.033 mmol) was dispersed in a mixture of
12 mL of CHCl3, 6 mL of MeOH and 0.6 mL of 6 M HCl. The mixture
was stirred at 70 �C for 24 h under N2 atmosphere. After cooling, the
solvent was removed on a rotary evaporator, and the residue was
washed with MeOH and water. The obtained solid was thoroughly
dried under reduced pressure to obtain 10 in 82% yield as a green
solid (0.035 g, 0.027 mmol), which was used in the next step
without further purification; 1H NMR (400 MHz, DMSO-d6)
d 8.17e8.12 (m, 8H, AreH), 7.82 (d, J ¼ 8.3 Hz, 2H, AreH), 7.50
(d, J ¼ 8.3 Hz, 2H, AreH), 6.29 (s, 2H, methine-H), 5.93 (s, 2H,
methine-H), 4.43 (br, 4H, NeCH2e), 4.14 (br, 4H, NeCH2e),
1.90e1.68 (m, 32H, eCH2CH2CH2CH3 and C(CH3)2), 1.47e1.36 (m,
8H, eCH2CH2CH2CH3), 0.98e0.93 (m, 12H, eCH2CH2CH2CH3); IR
(KBr) 3441, 2939, 1774, 1767, 1605, 1558, 1488, 1435, 1396, 1342,
1265, 1177, 1092, 1034 cm�1; MALDI-TOF MS (m/z) 1287 ([Mþ H]þ).

4.3.6. Squarylium pentamer LSQ-3
In a two-necked 50 mL round-bottom flask equipped with

a condenser and a DeaneStark distillation apparatus, 10 (0.21 g,
0.16 mmol) and 1-butyl-2,3,3-trimethylindolium iodide (0.22 g,
64mmol)was dissolved in amixture of 12mL of 1-butanol and 3mL
of benzene. Then, a few drops of quinoline were added, and the
mixture was heated at reflux for 1 h under N2 atmosphere, where
water generated during the reaction was azeotropically removed.
After cooling, the solvent was removed on a rotary evaporator, and
the residue was purified by silica gel column chromatography
(eluent; CHCl3/AcOEt/MeOH,10/3/2, v/v/v). Further purificationwas
carried out by recrystallization, the crystals being grown by slow
diffusion from a CHCl3 solution to hexane. Finally, LSQ-3 was
obtained in 11% yield as a green solid (0.034 g, 0.018mmol); 1HNMR
(400MHz, CDCl3) d8.44e8.39 (m, 6H, AreH), 8.32 (s, 2H, AreH), 7.84
(s, 2H, AreH), 7.80 (d, J ¼ 8.3 Hz, 2H, AreH), 7.29 (d, J ¼ 8.3 Hz, 2H,
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AreH), 7.07 (d, J¼8.3Hz, 4H, AreH), 6.40, (s, 2H,methine-H), 6.37 (s,
2H,methine-H), 6.10 (s, 2H,methine-H), 4.29 (m, 8H, NeCH2e), 4.06
(m, 4H, NeCH2e), 1.91e1.84 (m, 48H, eCH2CH2CH2CH3 and C
(CH3)2), 1.55e1.42 (m, 12H, eCH2CH2CH2CH3), 1.05e1.00 (m, 18H,
eCH2CH2CH2CH3); IR (KBr) 2939,1747, 1604,1558,1489,1435, 1396,
1339, 1258, 1173, 1076, 1041 cm�1. HRMS (FAB) calcd for
C110H114I2N6O10: 1933.6686 (Mþ, 100%). Found: 1933.2764.
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