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A novel approach to design extremely low band gap polysquaraines with intense near-
infrared (NIR) absorption and high intrinsic conductivity is described. Feasibility of the new
strategy is illustrated by an A-B type copolymerization of squaric acid and 1,4-dialkoxy-
divinylbenzene-bridged bispyrroles, which resulted in zwitterionic polysquaraines with
resonance stabilized quinoid structures. Incorporation of an electron donating conjugated
moiety between each squaraine dye repeating unit has a dramatic influence on the optical
and electronic properties of the resulting polysquaraines due to an enhanced donor—
acceptor—donor interaction. The solution UV—Vis—NIR absorption maxima of the new
polymers, between 772 and 1040 nm with ground-state onset absorptions ranging from 1140
to 1300 nm, is unusual for conjugated polymers and is a signature of their low band gaps.
The band gaps of these polymers are around 1 eV with the lowest value of 0.79 eV for 6a.
The intrinsic conductivities of these polymers could be modulated between 10-7—10"* S/cm
by varying the length of the alkyl side chains. This is in agreement with the molecular
packing data obtained from the X-ray analysis that revealed an interdigitated arrangement
of the polymer chains. The solubility inducing alkyl side chains play a decisive role in the
molecular packing, which control the optical band gap and conductivity of the reported
polysquaraines. This is one of the simplest strategies for the synthesis of NIR absorbing
conjugated polymers with extremely low band gaps that are soluble and intrinsically

semiconducting.

Introduction

The discovery of electrical conductivity in doped
polyacetylene by Shirakawa et al. has stimulated enor-
mous scientific and technological activities in the area
of -conjugated polymers.t Doping of these polymers to
make them electrically conducting at the expense of
some of the desired properties such as solubility and
processability has limited their applications to a large
extent. Efforts to overcome some of these limitations
were made in recent years by synthesizing intrinsically
semiconducting low band gap (Eg) polymers.? Since
optical absorption in w-conjugated systems plays a key
role in determining the HOMO—LUMO energy gap and
the intrinsic electronic properties, control of these
parameters by molecular engineering is of great sig-
nificance. In several cases, this has been achieved by
strategies such as rigidification of the polymer backbone
and enhancing the polymer’s nonclassical quinoid char-
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acter.34 Twist inhibition between consecutive repeating
units of conjugated polymers using irreversible ladder-
type bonds,® and the use of zwitterionic structures
involving alternating z-bonds® or reversible noncovalent
linkages,” are shown to be effective in the lowering of
Egy in conjugated polymers. An entirely different ap-
proach is the use of a combination of donor and acceptor
monomers in regular intervals of repeating units, invok-
ing strong charge-transfer interactions.® However, this
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strategy has not been very successful in the designing
of polymers with an Eq below 1 eV. Even though several
oxidative polymerization strategies are available for the
synthesis of low Eg4 polymers, a reasonably viable
nonoxidative polymerization pathway to intrinsically
semiconducting polymers and control of their optical and
electronic properties remains important.®

Inspired by the challenge of designing low Eg4 poly-
mers with intense NIR absorption, we focused our
attention on a novel class of conjugated polymers
derived from squaraine dyes. There are several reports
in the literature pertaining to the studies of poly-
squaraines in anticipation of low HOMO—-LUMO sepa-
ration due to a strong donor—acceptor—donor inter-
action.’® We have been exploring the use of pyrrole
derivatives with a view to designing squaraine dye
based low Eg4 polymers!! and polymer-based chemosen-
sors.12 However, these polymers absorb below 700 nm,
and their band gaps are relatively high. This is contrary
to the recent theoretical prediction that squaraine dyes
can be used to construct intrinsically semiconducting
polymers with extremely small band gaps.'® As a result
of our continued effort in this area, recently we have
reported a novel strategy toward the synthesis of low
Eq polysquaraines with intense NIR absorption.1415 The
strategy involves a nonoxidative A-B type polyconden-
sation of logically selected molecular components via the
in situ generation of a squaraine dye at well-defined
positions of a conjugated backbone, which is capable of
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electronically communicating with each repeating seg-
ment of the polymer with the aid of a strongly electron-
donating moiety. In the present paper, detailed studies
on the synthesis and characterization of a number of
NIR absorbing low E4 polysquaraines and the role of
alkoxy side chains to control their optical properties and
electronic conduction are described.

Experimental Section

General. Unless otherwise stated, all starting materials
and reagents were purchased from commercial suppliers and
used without further purification. All solvents were purified
and dried by standard methods prior to use. Melting points
were determined with a Mel-Temp-11 melting point apparatus
and are uncorrected. The mass spectra were recorded on a
Hewlett-Packard mass spectrometer model 5791, attached to
5890 series Il gas chromatography setup, attached with an
OV 101 or on MP—FFAP capillary column, and a FID detector.
IH and 3C NMR spectra were measured on a 300 MHz Bruker
Avance DPX spectrometer. FT-IR spectra were recorded on a
Nicolet Impact 400D infrared spectrophotometer. Elemental
analyses were done using a Perkin-Elmer series-11 2400 CHN
analyzer. High-resolution mass spectra were recorded on a
JEOL JM AX 505 HA mass spectrometer at the Radiation
Laboratory, University of Notre Dame.

The UV—Vis—NIR spectra were recorded on a Shimadzu
UV-3101 PC NIR Scanning spectrophotometer. The emission
spectra were measured on a SPEX-Fluorolog F112X spectro-
fluorimeter. The molecular weights were determined on a
Waters GPC system equipped with a refractive index detector
and Waters columns HR-1, HR-2, and HR-3, which are
connected in series. THF was used as eluent at a flow rate of
1 mL/min. Calibration was done with standard polystyrenes.
Cyclic voltammetry was performed on a BAS CV50W cyclic
voltammeter using tetrabutylammonium hexafluorophosphate
as supporting electrolyte in dichloromethane. A standard
three-electrode configuration was used with a glassy carbon
as working electrode, a Pt wire as auxiliary electrode, and a
silver wire as reference electrode. The potentials were cali-
brated against saturated calomel electrode (SCE) unless
otherwise stated. Thermogravimetric analysis of 6a—g was
carried out on a Shimadzu TGA-50H thermal analyzer under
nitrogen at a heating rate of 20 °C/min. X-ray diffraction
studies were performed on a Phillips diffractometer using Ni
filtered Cu Ka radiation. SEM pictures were obtained on a
JEOL 5600 LV scanning electron microscope with an ac-
celerating voltage of 10 kV. Polymer films for the SEM analysis
were prepared from their chloroform solutions and coated with
gold by ion sputtering. Intrinsic conductivities were measured
using pressed rectangular pellets (4 x 20 mm) on a Kiethley
model 6517A electrometer. Doped conductivities were mea-
sured after exposing the polymers in an iodine chamber until
a constant weight was obtained in each case.

Preparation of Bispyrroles 5a—g. General Procedure.
A suspension of sodium hydride (30 mmol) in THF was added
slowly to a solution of the corresponding 2,5-bis (alkyloxy)-
1,4-bis (benzyl) phosphonate (5 mmol) and the respective
N-alkylpyrrole-2-carboxaldehyde (10 mmol) in THF. After the
sample was refluxed for 10 h, the highly fluorescent reaction
mixture was cooled, and THF was removed under reduced
pressure to give a solid residue. This residue was suspended
in water and extracted with dichloromethane. The organic
layer was washed with brine, dried over MgSQ,, and concen-
trated to give a crude product, which was further purified by
several precipitations by adding methanol to a dichlo-
romethane solution. The spectral data of 5a—g after recrys-
tallization from a mixture of dichloromethane/petroleum ether
were in agreement with their structures as illustrated below.

(E,E)-1,4-Bis[2-(1-methylpyrrol-2-yl)vinyl]-2,5-dibutoxy-
benzene (5a). Yield 63%; mp 140—142 °C; IR (KBr) vmax 2949,
2868, 1462, 1417, 1327, 1197, 1039, 1012, 954, 707 cm™%; *H
NMR (CDCls) 6 7.08 (d, J = 16.26 Hz, 2H), 7.00 (d, J = 16.30
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Hz, 2H), 6.91 (s, 2H), 6.56 (s, 2H), 6.42 (m, 2H), 6.09 (t, J =
2.75 Hz, 2H), 3.96 (t, J = 6.27 Hz, 4H), 3.63 (s, 6H), 1.74 (t,
4H), 1.50 (m, 4H), 0.94 (t, J = 7.31 Hz, 6H); 13C NMR (CDCls)
o0 150.93, 132.87, 126.56, 123.44, 121.46, 117.56, 110.95,
108.23, 106.63, 69.12, 34.15, 31.66, 19.47, 13.91; HRMS calcd
for CpsH3sN2O, (MT): 432.2777, found 432.2770.
(E,E)-1,4-Bis[2-(1-methylpyrrol-2-yl)vinyl]-2,5-dioctyl-
oxybenzene (5b). Yield 72%; mp 108—110 °C; IR (KBr) vmax
2920, 2851, 1507, 1413, 1310, 1227, 1202, 1059, 1031, 957, 707
cm~; *H NMR (CDClg) 6 7.14 (d, J = 16.30 Hz, 2H), 7.05 (d,
J = 16.30 Hz, 2H), 6.98 (s, 2H), 6.62 (s, 2H), 6.48 (m, 2H),
6.15 (t, J = 2.68 Hz, 2H), 4.01 (t, J = 6.33 Hz, 4H), 3.69 (s,
6H), 1.84 (m, 4H), 1.54 (m, 4H), 1.29 (m, 16H), 0.88 (t, J =
6.75 Hz, 6H); *C NMR (CDCls) 6 150.96, 132.88, 126.61,
123.45, 121.44, 117.53, 110.96, 108.25, 106.68, 69.53, 34.20,
31.84, 29.65, 29.45, 29.30, 26.31, 22.67, 14.10; HRMS calcd
for C3sHs2N202 (MT): 544.4029, found 544.4041; Anal. calcd
for CasHs2N202: C, 79.36; H, 9.62; N, 5.14. Found: C, 79.10;
H, 9.80; N, 5.10.
(E,E)-1,4-Bis[2-(1-methylpyrrol-2-yl)vinyl]-2,5-didode-
cyloxybenzene (5c¢). Yield 80%; mp 79—80 °C; IR (KBr) vmax
2921, 2851, 1463, 1310, 1227, 1205, 1065, 960, 697 cm~; *H
NMR (CDCl3) 6 7.14 (d, J = 16.28 Hz, 2H), 7.05 (d, J = 16.28
Hz, 2H), 6.97 (s, 2H), 6.63 (s, 2H), 6.48 (m, 2H), 6.15 (t, J =
2.82 Hz, 2H), 4.01 (t, J = 6.26 Hz, 4H), 3.69 (s, 6H), 1.84 (m,
4H), 1.51 (m, 4H), 1.26 (m, 32H), 0.88 (t, J = 6.70 Hz, 6H);
13C NMR (CDCl3) ¢ 150.95, 132.87, 126.60, 123.44, 121.44,
117.53, 110.96, 108.24, 106.68, 69.52, 34.19, 31.90, 29.63,
29.49, 29.34, 26.30, 22.67, 14.10; HRMS calcd for C44HgsN20-
(M™): 656.5281, found 656.5263.
(E,E)-1,4-Bis[2-(1-dodecylpyrrol-2-yl)vinyl]-2,5-dimeth-
oxybenzene (5d). Yield 70%; mp 85—86 °C; IR (KBr) vmax
2927, 2857, 1543, 1496, 1461, 1336, 1288, 1206, 1046, 955
cm~L; IH NMR (CDCls) ¢ 7.03 (d, J = 16.12 Hz, 2H), 6.91 (d,
J =16.3 Hz, 2H), 6.89 (s, 2H), 6.56 (s, 2H), 6.40 (m, 2H), 6.05
(t, 3 = 3.13 Hz, 2H), 3.88 (t, J = 7.16 Hz, 4H), 3.80 (s, 6H),
1.69 (m, 4H), 1.17—1.25 (m, 36H), 0.80 (t, J = 6.82 Hz, 6H);
3C NMR (CDCl3) ¢ 151.40, 131.85, 126.53, 122.40, 120.79,
117.71, 109.56, 108.26, 106.82, 56.34, 47.08, 31.91, 31.59,
29.62, 29.37, 29.31, 26.91, 22.74, 14.12; HRMS calcd for
CusHesN20, (M™): 656.5281, found 656.5256.
(E,E)-1,4-Bis[2-(1-dodecylpyrrol-2-yl)vinyl]-2,5-dibu-
toxybenzene (5e). Yield 60%; mp 79—80 °C; IR (KBr) vmax
2922, 2850, 1698, 1649, 1541, 1521, 1442, 1339, 1227, 1080,
958 cm~%; 'H NMR (CDCls3) 6 7.12 (d, J = 16.3 Hz, 2H), 7.06
(d, 3 = 16.3 Hz, 2H), 6.96 (s, 2H), 6.67 (s, 2H), 6.48 (m, 2H),
6.16 (t, J = 2.97 Hz, 2H), 4.02 (t, J = 6.3 Hz, 4H), 3.96 (t, J =
6.7 Hz, 4H), 1.76—1.86 (m, 8H), 1.52—1.62 (m, 8H), 1.24—1.29
(m, 32H), 1.00 (t, J = 7.16 Hz, 6H), 0.87 (t, J = 5.69 Hz, 6H);
13C NMR (CDCI3) 6 150.94, 132.13, 126.59, 122.41, 121.47,
117.81, 111.20, 108.15, 106.47, 69.12, 47.10, 31.89, 31.68,
31.57, 29.58, 29.31, 29.27, 26.87, 22.66, 19.47, 14.08, 13.93;
HRMS calcd for CsoHgoN,O, (M*): 740.6220, found 740.6212.
(E,E)-1,4-Bis[2-(1-dodecylpyrrol-2-yl)vinyl]-2,5-dioctyl-
oxybenzene (5f). Yield 64%, mp 91-92 °C; IR (KBr) vmax
2931, 2863, 1656, 1628, 1509, 1490, 1392, 1360, 1295, 1094,
962 cm™%; *H NMR (CDCls3) 6 7.09 (d, J = 15.56 Hz, 2H), 7.06
(d, 3 =15.66 Hz, 2H), 6.95 (s, 2H), 6.66 (m, 2H) 6.48 (m, 2H),
6.14 (t, J = 2.94 Hz, 2H), 4.01 (t, J = 7.0 Hz, 4H), 3.95 (t, J =
6.63 Hz, 4H), 1.79 (m, 8H), 1.24—1.48 (m, 56H), 0.87 (t, J =
6.7 Hz, 12H); *3C NMR (75.4 MHz, CDCls), 6 150.91, 132.09,
126.54, 122.40, 121.43, 117.79, 111.19, 108.13, 106.44, 69.45,
47.08, 31.90, 31.57, 29.64, 29.45, 29.34, 29.28, 26.87, 26.28,
22.67, 14.10; HRMS calcd for CsgHgsNoO, (M*): 852.7472,
found 852.7468.
(E,E)-1,4-Bis[2-(1-dodecylpyrrol-2-yl)vinyl]-2,5-didode-
cyloxybenzene (5g). Yield 68%; mp 88—89 °C; IR (KBr) vmax
2929, 2856, 1622, 1508, 1468, 1388, 1299, 1230, 1037, 960
cm~L; 'H NMR (CDCls) ¢ 7.09 (d, J = 16.0 Hz, 2H), 7.08 (d, J
= 16.0 Hz, 2H), 6.95 (s, 2H), 6.67 (s, 2H), 6.48 (m, 2H), 6.15
(t, J = 2.9 Hz, 2H), 4.01 (t, J = 7.0 Hz, 4H), 3.95 (t, J = 7.14
Hz, 4H), 1.76—1.84 (m, 8H), 1.51 (m, 4H), 1.21-1.26 (m, 68
H), 0.87 (t, J = 6.96 Hz, 12H); 3C NMR (CDCIs) ¢ 150.94,
132.12, 126.58, 122.41, 121.45, 117.8, 111.23, 108.14, 106.48,
69.49, 47.10, 31.91, 31.57, 29.65, 29.34, 29.29, 26.88, 26.28,
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2267, 14.1; HRMS calcd for CeG_HllzNzoz (M+): 9648724,
found 964.8707

Preparation of Polysquaraines 6a—g. The bispyrroles
5a—g (0.15 mmol) and squaric acid (0.15 mmol) in butanol/
benzene (1:3, 50 mL) were refluxed for 16—20 h under
azeotropic removal of water. The reaction mixture was cooled
and filtered, and the filtrate was concentrated under reduced
pressure. The resultant dark green residue was dissolved in
dichloromethane, and the product was precipitated with
hexane and washed thoroughly with diethyl ether and metha-
nol. After three reprecipitations and washing with hexane,
diethyl ether, and methanol, 6a—g were obtained in 69—80%
yields. Polymers 6f and 6g having maximum solubility in
CDCls were characterized by *H NMR, IR, and elemental
analyses, whereas polymers 6a—e were characterized by IR
and elemental analyses.

6a: Yield 71%, IR (KBr) vmax 2950, 1612, 1493, 1342, 1274,
1101, 953 cm™%; Anal. caled for (C32H34N204-H20)n: C, 72.74;
H, 6.86; N, 5.3. Found: C, 72.92; H, 6.86; N, 5.57.

6b: Yield 72%, IR (KBr) vmax 2901, 1620, 1438, 1351, 1283,
1101, 946 cm™*; Anal. calcd for (C4oHsoN204-H20)n: C, 74.96;
H, 8.17; N, 4.37. Found: C, 75.32; H, 8.21; N, 4.51.

6c: Yield 80%, IR (KBr) vmax 2923, 1621, 1445, 1348, 1278,
1090, 944 cm™%; Anal. calcd for (Cs4sHssN204-H20)n: C, 76.56;
H, 9.1; N, 3.72. Found: C, 76.81; H, 9.2; N, 4.1.

6d: Yield 70%, IR (KBr) vmax 2923, 2860, 1621, 1486, 1359,
1291, 1088, 950 cm~%; Anal. calcd for (CssHesN204-H20)n: C,
76.56; H, 9.1; N, 3.72. Found: C, 76.40; H, 9.37; N, 3.66.

6e: Yield 80%, IR (KBr) vmax 2917, 1629, 1463, 1350, 1297,
1097, 945 cm™%; Anal. calcd for (CssH7sN204-H20)n: C, 77.46;
H, 9.63; N, 3.34. Found: C, 77.00; H, 10.26; N, 3.07.

6f: Yield 69%, IR (KBr) vmax 2921, 2859, 1620, 1489, 1359,
1284, 1091, 954 cm™%; IH NMR (CDCl3) 6 7.5—7.8 (m, broad,
vinylic), 6.8—7.01 (m, broad, aromatic), 4.78 (s, broad, NCH>),
3.62—3.92 (m, NCH; and OCHy), 1.22—1.86 (m, CH, 64H), 0.84
(t, CH3, 12H); 3CNMR (CDCl3, 75.4 MHz) ¢ 177.79, 161.76,
151.9, 130.5, 113.92, 113.58, 69.33, 46.71, 31.94, 29.70, 29.46,
29.39, 26.53, 26.28, 22.7, 14.12; Anal. calcd for (Cs2HoaN204*
H,0)n: C, 78.43; H, 10.19; N, 2.95. Found: C, 77.72; H, 10.31,;
N, 2.77.

69: Yield 75%, IR (KBr) vmax 2923, 1622 1434, 1360, 1292,
1090, 954 cm™; *H NMR (CDCl;) 6 7.48—7.8 (m, broad,
vinylic), 6.8—7.0 (m, broad, aromatic), 4.75 (s, broad, NCHy),
3.6—3.91 (m, NCH; & OCHy), 1.22—1.86 (m, CH,, 80H), 0.84
(t, CHs, 12H); ** CNMR (CDCls, 75.4 MHz) 6 177.79, 161.76,
151.9, 130.5, 113.92, 113.58, 69.33, 46.71, 31.94, 31.56, 29.70,
29.46, 29.39, 26.53, 26.28, 22.7, 14.12; Anal. calcd for
(C70H110N204°H20),: C, 79.19; H, 10.63; N, 2.63. Found: C,
78.42; H, 10.56; N, 2.56.

Results and Discussion

Synthesis of polysquaraines 6a—g was achieved by a
multistep strategy as shown in Scheme 1. The hydro-
guinone 1 on reaction with the respective alkyl bromide
gave the dialkoxybenzene derivatives 2a—d, as per a
reported procedure.’® The bisbromomethyl derivatives
3a—d were obtained in high yields using paraform-
aldehyde and HBr in acetic acid via a modified proce-
dure using sonication. Arbuzov reaction of 3a—d with
triethyl phosphite gave the corresponding phosphonates
4a—d in 70—80% yield.l” Wittig—Horner—Emmons
reaction of 4a—d with the appropriate N-alkylpyrrole-
2-carboxaldehydes gave the bispyrroles 5a—g in 60—
80% yields.'® They showed absorption maxima around
400—420 nm due to 7—x* transition and strong fluo-

(16) (a) Chen, S.-A.; Chang, E.-C. Macromolecules 1998, 31, 4899.
(b) Wang, B.; Wasielewski, M. R. 3. Am. Chem. Soc. 1997, 119, 12.

(17) Arbuzov, B. A. Pure Appl. Chem. 1964, 9, 307.

(18) Eldo, J.; Arunkumar, E.; Ajayaghosh, A. Tetrahedron Lett.
2000, 41, 6241.
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Scheme 1
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6c, R =CHg;

rescence emission around 470—480 nm with relatively
high quantum vyields (®r = 0.38—0.41 in toluene).
Structures of 5a—g were confirmed by NMR and high-
resolution mass spectral analysis. The all-trans con-
figurations of 5a—g were clear from the observed
coupling constants (J = 16 Hz) in their 'H NMR spectra.

Polysquaraines 6a—g were prepared by the A—B type
polycondensation of bispyrroles 5a—g with squaric acid
(2:1 stoichiometry) in a mixture (1:3) of n-butanol-
benzene (route A), following the standard procedure of
squaraine dye synthesis.1® The reaction conditions were
optimized by changing the dilution of the reactants and
composition of the solvent mixtures. Progress of the
polycondensation was monitored in each case by the
changes in the absorption spectra of the reaction
mixtures at different time intervals. For example,
reaction of squaric acid with 5a having shortest alkyl
side chains resulted in a green solution, which absorbs
around 762 nm, with the slow formation of two new
shoulders, around 871 and 1041 nm (see Supporting
Information). After 10 h of refluxing, the intensity of
the 871 nm band became predominant. Within this
period, the absorption of the starting bispyrrole 5a at
411 nm almost disappeared, and the spectrum of 6a
became very broad with vibronic features. In the case
of polysquaraines with long alkyl side chains, the
initially formed strong absorption peak at 760 nm was
subsequently changed into two new bands absorbing at
865 and 993 nm. (See Supporting Information.) After
10 h of refluxing, the 760 nm band was considerably
weakened, and the 993 nm band became predominant.
In all cases under investigation, the final products were
isolated in 69—80% yields after 16—20 h of reaction,
followed by repeated reprecipitation from hexane and
washing with diethyl ether and methanol. The products
were isolated in the form of fibrous or powdery precipi-
tates with metallic luster depending upon the length of
the alkyl side chains. Solubility of these polymers was

(19) (a) Treibs, A.; Jacob, K. Angew. Chem. 1965, 77, 680. (b)
Schmidt, A. H. Synthesis 1980, 961. (c) Law, K. Y. Chem. Rev. 1993,
93, 449 and references therein.
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Scheme 2
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a, R=CH; R =C4Hg
g, R=CyoHzs; R'=CypHys

largely dependent on their substitution patterns. Inter-
estingly, elongation of the N-alkyl side chain showed
enhanced solubility of the polymers in organic solvents
such as dichloromethane, chloroform, tetrahydrofuran,
and toluene when compared to the elongation of the
O-alkyl side chains.

FT-IR spectra of 6a—g showed a strong peak between
1620 and 1630 cm™1, which is characteristic of a
resonance stabilized 1,3-cyclobutanediolate dianion moi-
ety of the squaraine chromophore. 'H NMR spectra of
the soluble polysquaraines in CDCl; showed broad
peaks corresponding to the aromatic protons, indicating
a strong aggregation of the rigid conjugated polymer
backbone. For a better insight into the structure of the
polymers, the intermediate compounds 7a and 7g were
prepared by the reaction of 5a and 5g with squaric acid
in a 2:1 stoichiometry under high dilution and charac-
terized by high-resolution mass spectra and 'H NMR
analyses (see Supporting Information). To further es-
tablish the structure of the polysquaraines, 6a and 6g
were independently prepared by the reaction of 7a and
79 with squaric acid (1:1 stoichiometry) as shown in
Scheme 2 (route B). Spectral properties of the poly-
squaraines prepared through routes A and B were
identical. Elemental analysis revealed the presence of
a molecule of water for every repeating unit of the
polymers.2® Thermogravimetric analysis (TGA) of 6a—g
under nitrogen atmosphere showed a minor weight loss
between 150 and 250 °C, which could be due to the
adsorbed water molecules and a major weight loss
between 300 and 500 °C due to the degradation of the
side chains and the backbone (see Supporting Informa-
tion). As expected, the polysquaraines with short alkyl
side chains showed relatively better thermal stability
when compared to those with long side chains.

Size exclusion chromatography (SEC) of the soluble
polysquaraines, which were prepared under different
experimental conditions showed considerable differences
in the retention times and molecular weights. For

(20) Elemental analysis was also performed after heating the
polymers above 100 °C for several hours, which provided values close
to the structures without water molecules. However, reasonable values
within the error limits could not be obtained, which indicate that
complete removal of the water molecules is not possible. We prefer to
report the elemental analysis values of the polymers as obtained
because, the reported properties correspond to those structures.



414 Chem. Mater., Vol. 14, No. 1, 2002

Table 1. GPC Data of the Soluble Polysquaraines 6d—g

polymer R R’ Mn Muw Muw/Mp2
6d CppoHos  CH3 15827 124346 7.9
6f CpoHos  CgHaiy 17700 181131 10.2

69 Ci2Has 307260 10.8

a2 The observed high polydispersities indicate aggregation of the
polymer chains. Detailed investigation of the aggregation and
photophysical behavior of these polymers are in progress.

C1oHas 28450

Table 2. Solution and Solid-State Optical Properties of
the Polysquaraines 6a—g

solution@ solid stateP
lmaxc lonsetd Ege lmaxc /Ionsetd Ege,f
polymer (nm) (nm)  (eV) (nm) (nm)  (eV)
6a 871,1041 1300 0.95 880 1570 0.79
6b 870,1022 1220 1.02 875 1530 0.81
6C 850, 1020 1225 1.01 860 1500 0.82

6d 870, 978 1170 1.06 870,1028 1390 0.89
6e 890, 985 1140 1.09 890,1020 1250 0.99
6f 882, 998 1160 1.07 905,1025 1208 1.02
69 868, 975 1140 1.09 881,1021 1215 1.02

an dichloromethane. ® Film cast from chloroform solution.
¢ Long wavelength values correspond to shoulders of varying
intensity except in the case of 6e and 6f. 4 Determined by drawing
a tangent from the long wavelength shoulder to 4¢-¢. ® Calculated
from the onset of absorption. f 4 0.02 eV.

example, samples collected at different intervals from
the reaction of 6g and squaric acid showed an increase
in molecular weights and dispersity with time. All
soluble polysquaraines under investigation showed
considerable broadening of the elution bands with more
than one maximum even after repeated purification of
the polymers. The weight average molecular weights
and polydispersities obtained in these cases were un-
expectedly high, which could be due to their strong
tendency for aggregation in solution.?2! The number
average molecular weights (M,) of 6d, 6f, and 6g were
around 15827, 17700, and 28450 g/mol with polydisper-
sities around 7.9, 10.2, and 10.8, respectively (Table 1).
For a comparison, a model compound 7g of known
molecular weight of 2007 g/mol was subjected to SEC,
which showed a sharp (major) elution peak with mo-
lecular weight of 3142 g/mol and a broad (minor) band
corresponding to a molecular weight of 4824 g/mol. Since
these values are higher than its actual molecular
weight, we conclude that the observed weight average
molecular weights and the polydispersities of the poly-
mers are much higher than their actual values.??

Electronic Absorption Spectral Properties. The
UV—Vis—NIR absorption spectral data of 6a—g in
toluene are summarized in Table 2, which revealed
several interesting features that are unique to the new
polymers. The absorption spectra of the polysquaraines
6a—g and the model compound 7g are shown in Figure
1. The model compound 7g showed a sharp and intense

(21) Aggregation is postulated also based on our preliminary
information on solvent and temperature dependent changes in the
absorption spectra. Detailed studies are in progress and will be
published elsewhere.

(22) Molecular weight analysis of rigid conjugated polymers using
flexible polystyrenes as standards has several limitations. It is reported
that the observed molecular weights of rigid polymers in several cases
are much higher, typically by a factor of 2—3, than the absolute value.
(a) Grell, M.; Bradley, D. D. C.; Long, X.; Chamberlain, T.; Inbasekaran,
M; Woo, E. P.; Soliman, M. Acta Polym. 1998, 49, 439. (b) Huang, S.
L.; Tour, J. M. J. Am. Chem. Soc. 1999, 121, 4908. (c) Tour, J. M. Chem.
Rev. 1996, 96, 537.
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Figure 1. UV—Vis—NIR spectra of 6a—g and 7g in toluene.
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absorption maxima around 760 nm, which is charac-
teristic of squaraine dyes, due to the small Franck—
Condon factors for higher vibrational states associated
with their rigid structures. The shoulder band at 700
nm is common to many squaraine dyes and could be
attributed to exciton interaction.?® The observed red
shifts of 213 nm for 7g when compared to the absorption
maximum of the earlier reported squaraine dye 8 (Chart
1) is in agreement with some of the earlier reports that
the optical properties of squaraine dyes are tunable by
extending their conjugation length or by introducing
electron donor moieties.?* However, it is important to
note that, despite the extended conjugation, poly-

(23) Liang, K.; Farahat, M. S.; Perlstein, J.; Law, K.-Y.; Whitten,
D. G. J. Am. Chem. Soc. 1997, 119, 830.

(24) (a) Chen, C.-T.; Marder, S. R.; Cheng, L.-T. J. Am. Chem. Soc.
1994, 116, 3117. (b) Meier, H.; Dullweber, U. Tetrahedron Lett. 1996,
37, 1191. (c) Meier, H.; Dullweber, U. J. Org. Chem. 1997, 62, 4821.
(d) Meier, H.; Petermann, R.; Gerold, J. Chem. Commun. 1999, 977.
(e) Meier, H.; Petermann, R. Tetrahedron Lett. 2000, 41, 5475.
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Scheme 3

squaraine 9 could show only a marginal red shift of 33
nm from the absorption maximum of the dye 8, which
reveals that the So—S; transition is largely localized on
the central cyclobutane ring. This can be rationalized
on considering that each squaraine units in 9 is bridged
through an electron deficient cyclobutane moiety thereby
considerably weakening the charge-transfer interaction.

Since the ground-state Sy as well as the first excited
singlet state S; of squaraines represent intramolecular
charge transfer states of donor—acceptor—donor type
interaction, we anticipated that introduction of a strong
conjugated electron donor bridge will substantially
change the absorption properties of the resulting
polysquaraines. Further, we speculated that the positive
charge on the zwitterionic dye moieties could be delo-
calized along the conjugated backbone, thus generating
planar and rigid quinoid resonance structures 6'a—g as
shown in Scheme 3. The broad and red shifted NIR
absorptions of 6a—g between 600 and 1200 nm in
comparison to the sharp absorption of 7g support the
above arguments. The vibronic features of the absorp-
tion spectra are an indication of a relatively rigid and
planar polymer backbone with high degree of conjuga-
tion. The intense NIR absorption of the new poly-
squaraines is striking in the sense that the designing
of such z-conjugated polymers is rather difficult due to
the decrease in the effective conjugation length (ECL)
upon the polymer chain extension which is associated
with conformational disorders.2> Comparison of the
UV—Vis—NIR absorption spectra of 6a—g (Figure 1)
reveals that the absorption maxima and the vibronic
features are significantly influenced by the length of the
hydrocarbon side chains. For example, 6a—c with
N-methyl group showed broad absorption between 600
and 1200 nm, whereas 6e—g with N-dodecyl group
showed relatively narrow spectra with 50—60 nm blue
shifted absorption with considerable differences in the
ratio of the intensities of the shoulder bands. The noted
difference in the absorption spectra of these polymers
is that the spectral region around 700 nm is more
intense in 6a—c when compared to those of 6d—g. This
could be due to an enhanced exciton coupling due to
polymer backbone interaction in 6a—c, which is associ-
ated with the relatively rigid and planar conformation.
The solution E4 of 6a—g were calculated from the onset
of their absorption band, which revealed that those

(25) Meier, H.; Stalmach, U.; Kolshorn, H. Acta Polym. 1997, 48,
379.
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Figure 2. Comparison of the solution (a) and solid-state (b)
absorption spectra of polysquaraine 6g.

polymers with N-methyl groups show relatively low Egq
when compared to those with N-dodecyl groups (Table
2). These values are much lower than the solution Egq
of many of the reported zwitterionic and donor—acceptor
polymers. The lowest solution Eg of 0.95 eV was ob-
tained for 6a with N-methyl and O-butyl side chains.
Solid-State Electronic Absorption Properties.
The solid-state (film) absorption maxima, onset of
absorption, and the corresponding band gaps of 6a—g
are summarized in Table 2. In general, the electronic
properties such as absorption and emission of conju-
gated polymers are considerably different in the solid-
state when compared to their solution behavior. This is
mainly due to the formation of well-ordered self-as-
semblies of the macromolecular backbone in the solid-
state as demonstrated in the case of poly(p-phenylene-
ethynylene)s?® and regioregular poly(3-alkylthiophenes).?”
Interestingly, although the solid-state absorption spec-
tral features of the new polysquaraines are more or less
identical to their solution spectra, a marginal red shift
of the absorption maxima and broadening on both
shorter as well as the longer wavelength regions could
be seen as shown in the case of 6g (Figure 2). It is likely
that these marginal changes of the solid-state absorp-
tion spectrum could be due to a more specific and
ordered packing of the aggregates of the polymer chains
in the solid film. The solid-state band gaps of 6a—g were
calculated from the onset of the solid-state (film)
absorption spectra, which are 0.1-0.2 eV less, when
compared to the band gaps calculated from the onset of
the solution absorption spectra (Table 2).28
Electrochemical Properties. The cyclic voltammo-
grams of the soluble polysquaraines 6e—g in dichlo-
romethane using tetrabutylammonium hexafluorophos-
phate as the supporting electrolyte showed broad redox
bands probably due to their polydisperse nature and the
intrinsic aggregation behavior (see Supporting Informa-
tion). Several electrochemical processes may be occur-
ring simultaneously, and hence we could not obtain the

(26) (a) Bunz, U. H. F. Chem. Rev. 2000, 100, 1605. (b) Halkyard,
C. E.; Rampey, M. E.; Kloppenburg, L.; Studer-Martinez, S. L.; Bunz,
U. H. F. Macromolecules 1998, 31, 8655.

(27) McCullough, R. D.; Lowe, R. D.; Jayaraman, M.; Anderson, D.
L. J. Org. Chem. 1993, 58, 904.

(28) E4 determined from the onset of the broad absorption of the
polymer film is strongly influenced by the mode of preparation and
the thickness of the film. Hence, there may be some error in estimation
of these values. On the other hand, the E4 determined from the onset
of the solution spectra are more accurate.
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Table 3. XRD and Conductivity Data of Polysquaraines

6a—g

intrinsic doped
conductivity conductivity

polymer di(A) d2(A) ds(A) (Slem)2 (S/em)P
6a 11.0 5.3 3.4 53 x10™* 5.20 x 1072
6b 14.7 4.6 3.4 8.75 x 107  2.98 x 1072
6C 19.2 4.6 3.4 421 x 1076 6.17 x 1072
6d 17.0 4.4 3.8 220 x 1075  1.10 x 1072
6e 18.4 4.2 4.40 x 1076 2.80 x 1072
6f 20.5 43 6.20 x 106 5.10 x 1072
69 21.0 45 6.30 x 1077 1.10 x 1072

a Measured on pressed bars using two probe methods (Kiethley
model 6517A electrometer). ® Measured after exposure in iodine
until a constant weight is obtained.

peak potential separation. However, multisweep experi-
ments showed good reversibility of the electrochemical
processes. In contrast, the model compound 7g showed
an irreversible cyclic voltammogram with two oxidation
peaks (Ei, = 0.87 V, E2, = 1.4 V). Repeated scanning of
79 showed the growth of a polymer film on the electrode
due to the oxidative polymerization of the pyrrole end
groups. UV—Vis—NIR spectroelectrochemical analysis
of 6g under various applied potentials showed a gradual
decrease of their absorption maxima around 850 nm
with concomitant growth of a broad absorption at the
NIR region indicating the oxidation of the polymer
backbone (see Supporting Information).

X-ray Diffraction Studies. Insight into the molec-
ular level ordering of 6a—g was obtained from their
powder X-ray diffraction patterns. These patterns showed
interdigitated morphology with three-dimensional or-
dering of the polymer backbone as reported in the case
of certain poly(phenyleneethylene)s.?6:2° Elongation of
the hydrocarbon side chain and their substitution
patterns have a significant influence on the molecular
packing as evident from the comparison of the XRD data
of 6a—g (Table 3). Among 6a—c, the interchain packing
distance increased from 11 to 19.2 A upon elongation
of the side chain from O-butyl to O-dodecyl, while the
interlayer sr-stacking distance of 3.4 A at the wide-angle
region remained nearly the same and independent of
the variation of the side chain length. At the same time,
a new diffraction pattern corresponding to a distance
of 4.6 A appeared, indicating two types of interlayer
packing probably due to the slipping of the stacked
layers. Surprisingly, in the case of 6d—g with N-dodecyl
groups, the interlayer packing distances of 3.4 and 4.6
A merged to a broad band corresponding to a distance
of 4.2—4.5 A, indicating considerable disruption of the
stacking. This is clear from the comparison of the XRD
patterns of 6a, 6¢, 6d, and 6f having different side
chains as shown in Figure 3. These observations imply
that elongation of the N-alkyl chains has considerable
influence on both the interchain as well as interlayer
packing of the polysquaraines, whereas elongation of
O-alkyl chains has influence mainly on the interchain
packing.

For a better understanding of the molecular ordering
of the squaraine polymers, their interchain packing
distances were compared with those of the regioregular
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Figure 3. XRD patterns of polysquaraines 6a, 6c, 6d, and
6f.

polythiophenes which are reported to form lamellar
packing.3® The reported interchain spacing of a regio-
regular poly(3-butylthiophene) is 12.63 A and that of a
poly(3-dodecylthiophene) is 27.19 A. However, these
distances of polysquaraines with butyl and dodecyl side
chains are 11.0 and 19.2 A, respectively, which are
nearly 1.6 and 8.0 A less when compared to those of
analogous polythiophenes. The interchain distance of 6g
which has N- and O-dodecyl side chains is around 21.0
A, which is again 6 A less than a regioregular poly(3-
dodecylthiophene). These studies suggest an interdigi-
tated comblike arrangement of the alkyl chains for the
polysquaraine with a probable slipped stacking to
maximize the electrostatic interactions as shown in
Figure 4. This can be supported by the molecular
modeling studies of the model compound 7g (TITAN
version 1, MM force field). The calculated interchain
distance of the minimum energy conformation of 7g for
end-to-end lamellar packing is 35 A, whereas the
interdigitated packing distance is 17 to 18 A. The
observed interchain packing distance of an analogous
polysquaraine 6g is 21 A, which is very close to the
calculated interdigitated packing distance. In all cases,
the observed interchain d-spacing was much shorter
than the calculated values, indicating an interdigitated
packing, which however varied with the length of the
alkyl side chains.

Scanning Electron Microscopy (SEM). To have a
physical picture of the morphology of the polysquaraines,
films of two representative samples 6d and 6g were
subjected to the SEM analysis. These pictures reveal
considerable morphological differences between the two
polymers. Figure 5A corresponds to the SEM photo-
graph of 6d with O-methyl and N-dodecyl side chains,
which shows the presence of aggregated microcrystalline
domains. On the other hand, the SEM picture of the
polymer 6g with O-dodecyl and N-dodecyl side chains

(29) (a) Li, H.; Powell, D. R.; Hayashi, R. K.; West, R. Macromol-
ecules 1998, 31, 52. (b) Moroni, M.; LeMoigne, J.; Luzzati, S. Macro-
molecules 1994, 27, 562.

(30) (a) McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.;
Lowe, R. D.; Jayaraman, M.; 3. Am. Chem. Soc. 1993, 115, 4910. (b)
Chen, T. -A.; Wu, X.; Rieke, R. D. 3. Am. Chem. Soc. 1995, 117, 233.
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Figure 4. Interdigitated molecular packing diagram of polysquaraine 6g. The calculated d-spacing value for the interdigitated
packing of 6g is 17.6 A, whereas the observed value is 21.0 A (TITAN version 1, MM force field).

2444 RRL SEM

kU X18, 666 1Mm Z446 RRL SEM

Figure 5. SEM pictures of 6d (A) and 6g (B).

revealed an amorphous morphology of the agglomerated
aggregates (Figure 5B).

Conductivity. The intrinsic and doped electrical
conductivities of the polysquaraines 6a—g are listed in
Table 3, which are in agreement with the molecular
packing data obtained from the XRD studies. It is
known that the ordered domains present in the self-
organized microstructures of m-conjugated polymers
have a crucial role in their charge carrier mobility and
photopysical properties.3! In such cases, the interchain
electron hopping will become efficient, which in turn will

enhance the electrical conductivity. The data from the
conductivity measurements of 6a—g are consistent with
the XRD analysis, which is in support of the proposed
molecular packing. As shown in Table 3, the intrinsic
conductivities could be varied from 10~7—10* S/cm by
varying the length of the alkyl side chains. The highest
conductivities were in the order of 10~4 S/cm for 6a and
6b with short side chains, whereas the conductivity
decreased gradually with elongation of the side chains.
The lowest conductivity (6.3 x 1077 S/cm) was observed
for 6g with N- and O-dodecyl chains. Even though the
band gaps of 6a—g are reasonably low in all the cases,
considerable difference in their conductivity could be
seen indicating that molecular packing has a more
decisive role than the band gaps in determining the
conductivity in these polymers. The higher conductivity
of 6a and 6b could be due to an efficient electron
hopping process, which is facilitated by the close inter-
chain packing and the short interlayer m-stacking.
Decrease in the conductivity with steady elongation of
the side chain is due to the disruption of the z-stacking
by the increased d-spacing within the layered as-
semblies. In all cases, exposure of the sample in iodine
vapors enhanced the conductivity, which reached a
limiting value in the order of 1072 S/cm.

Even though we cannot unequivocally rule out the
possibility of any adventitious doping by atmospheric
oxygen, the extent of such doping, if there is any, would
be minimal since we could not observe any considerable
change in the absorption spectra even after bubbling of
oxygen to the solutions of the freshly prepared poly-
squaraines. A comparison of the absorption spectra of
the polysquaraines before and after the conductivity
measurement did not show any considerable change in
the nature of the absorption bands. On the other hand,
addition of iodine to a solution of these polymers
considerably reduced the intensity of their characteristic
absorption bands with the formation of a broad band
between 1200 and 1500 nm through an isosbestic point
at 1111 nm (Figure 6). The sharp absorption around 500
nm could be due to residual iodine. This observation is

(31) (a) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M.
M.; Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H;
Janssen, R. A. J.; Meijer, E. W.; Herwing, P.; de Leeuw, D. M. Nature
1999, 401, 685. (b) McQuade, D. T.; Kim, J.; Swager, T. M. J. Am.
Chem. Soc. 2000, 122, 5885.



418 Chem. Mater., Vol. 14, No. 1, 2002

1.5
885 nm (a) 0 w
"™ 978 nm ) 5 al
1.2 a (c)10
b (d)15
[ {e)20 pl
0.9 d (f) 25l
g . (9) 30,
5 (h)y 35
5 (i) 40l
@ 0.6 (i) 50 i
=1
= I 1111 nm
0.3 4
1
576 nm
0.0

T T T T T T
400 600 800 1000 1200 1400 1600
Wavelength, nm

Figure 6. Changes in the absorption spectrum of 6e in
toluene upon addition of iodine solution (0.07 M in toluene).

comparable to the spectroelectrochemical changes of 6e,
which indicate that the oxidized species in both cases
might be the same.

Conclusions

Strengthening of the donor—acceptor interactions,
along with increasing the conjugation length is a
convenient approach to modulate the electronic absorp-
tion properties of polysquaraines toward low optical
band gap region. We have successfully illustrated this
approach in the design of a series of extremely low Eg
polysquaraines with intense NIR absorption. Incorpora-
tion of an electron-rich 2,5-dialkoxydivinylbenzene as
bridging unit between squaraine moieties showed re-
markable influence in altering the optical and electronic
properties of the resulting polysquaraines. The struc-
tured NIR absorption spectra of the new polysquaraines
suggest a high degree of conjugation and planarization
of the polymer backbone. The onsets of absorption of

Eldo and Ajayaghosh

6a—g in solution are unusually high, and the band gap
obtained for these polymers is one of the lowest ever
reported, when compared to several of the known
conjugated polymers. Length of the alkyl side chain has
considerable influence on the optical and conducting
properties. The present study demonstrates the use of
an organic dye to design low Eg donor—acceptor-type
polymers and the modulation of their optical and
electronic properties by the logical selection of their
molecular components. Conjugated polymers with such
intense NIR absorption and low optical band gaps are
rare in the literature.
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