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ABSTRACT: A series of evolving frontier energy levels and gaps sulfone-containing thienylenevinylene-based
conjugated copolymers have been synthesized via the Horner—Emmons reactions between 2,5-bisdiethoxyphos-
phorylmethyl-3,4-dihexyl-1,1-dioxothiophene and a series of different donor type dialdehyde comonomers. The
resulting polymers (SF-PTVs) contain alternating donor (benzene or thiophene ring with/without alkoxy
substituents) and acceptor (1,1-dioxothiophene) units. A range of HOMO/LUMO levels and energy gaps (between
1.0 and 2.0 eV) were achieved in these new polymers. The use of oxidized thiophene moiety brings about 0.3 eV
in reduction of energy gap. Computational study on the model oligomers of P(C60TV-SFTV) and related structures
reveals that the reduction is mainly due to the removal of aromaticity of the thiophene. The donor—acceptor
interaction is also responsible for about one-third or less of the energy gap reduction. Theses polymers have very
good thermal stability (dynamically, 258 °C or higher), and their decomposition starts with loss of mass as in
contrast to regular PTVs which decompose initially by cross-linking.

1. Introduction

Availability of stable, processable, functionalizable, and
evolving low energy gap (E,) n-type conjugated polymers is
critical for developing various types of donor—acceptor (D/A)-
based polymer electronic and optoelectronic (OE) devices,'*
for instance, devices made of all-polymer D/A bulk heterojunc-
tions' ~* and donor—acceptor block copolymers.* The latter has
been the focus of our studies.>® One of the great challenges in
D—A block copolymer OE device development is to develop a
series of acceptor polymer blocks having the following features:
(1) The absorption spectrum covers a good portion of visible
solar spectrum (with energy gaps E, in the range of 1—2 eV).
(2) The LUMO level is sufficiently low to enable photoinduced
electron transfer from donor polymers and to maintain air
stability. (3) End-group functionalities allow covalent coupling
with other donor block(s). In general, energy gaps of conjugated
polymers may be reduced by incorporating the following
structural features: aromatic units with low resonance energy,
strongly coupled donor—acceptor substituents, large and copla-
nar sr-systems, high regioregularity of side chains, etc.” Because
of its low resonance energy and good chemical stability, the
thiophene ring has been widely used for developing low energy
gap conjugated polymers. Insertion of a C=C bond between
every two thiophene rings leads to polythienylenevinylenes
(PTVs) with lower E,s in the range of 1.5—1.8 eV.*" "' Our
goal is to develop new PTV-like polymers having not only low
E,s but also low LUMO levels. A series of novel sulfone (SF)-
containing polythienylenetetravinylene repeating unit [P(C60OTV-
SFTV) in Scheme 1] has thus been designed and developed.
These new polymers can be considered as a PTV with the sulfur
in every other thiophene ring being oxidized to sulfone
(—S0O,—). Oxidation of the sulfur not only causes the thiophene
ring to lose its aromaticity but also inserts a strong electron-
withdrawing group in the 77-conjugated main chain.'? Significant
reductions in both E, and LUMO levels have been achieved.
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By using comonomers with different aromatic resonance energy
and with/without electron donating side groups, a series of
sulfone-containing conjugated polymers with a wide range of
energy gaps have been obtained. Furthermore, the terminal
functional groups and chemical schemes of these polymers
would enable block copolymer supramolecular structure devel-
opments.

2. Experimental Section

Starting Materials and Instrumentation. All starting materials,
reagents, and solvents were purchased from commercial sources
(Sigma Aldrich and Fisher-Scientific) and used as received unless
noted otherwise. NMR spectra were obtained from a Bruker
Advance 300 MHz spectrometer with TMS as the internal reference.
Elemental analysis was performed by Atlantic Microlab Inc.
UV—vis data were collected on a Perkin-Elmer Lambda 900
spectrophotometer. Photoluminescence experiments were performed
on an ISA Fluoromax-3 luminescence spectrofluorometer. Dif-
ferential scanning calorimeter (DSC) and thermal gravimetric
analyzer (TGA) data were collected by Perkin-Elmer DSC-6 and
TGA-6. Measurements of polymer molecular weights were done
on a Viscotek GPC system with a UV —vis absorption detector at
ambient temperature using tetrahydrafuran as the solvent. Polysty-
rene standards were used for conventional calibration.

Cyclovoltammetry. Electrochemical studies were performed on
a Bioanalytical (BAS) Epsilon-100w trielectrode cell system. Three
electrodes are a Pt working electrode, an ancillary Pt electrode,
and a silver reference electrode (in a CH;CN solution of 0.01 M
AgNO; and 0.1 M tetrabutylammonium hexafluorophosphonate,
TBA-HFP). The polymer samples were dissolved in hot solvents
(such as o-dichlorobenzene) and then coated onto Pt working
electrode. The measurements were performed in 0.1 M TBA-HFP/
acetonitrile solution purged with nitrogen gas. Between the experi-
ments, the surfaces of the electrodes were cleaned or polished. Scan
rate was 100 mV/s. Ferrocene (2 mM in 0.10 M TBA-HFP/CH;CN
solution) was used as an internal reference standard, and its HOMO
level of —4.8 eV was used in calculations.

2,5-Bisbromomethyl-3,4-dihexylthiophene (2). To a 125 mL
round-bottom flask were added 2,5-dihexylthiophene (2.67 g, 10.6
mmol), paraformaldehyde (0.952 g, 31.7 mmol), acetic acid (25
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Scheme 1. Synthesis of PTV Derivatives with Sulfone Embedded in Polymer Conjugated Backbones
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mL), 4.92 g of HBr in 30% acetic acid, and a stirring bar. The
mixture was stirred at room temperature for 3 h. The mixture was
poured into 30 mL of water and 30 mL of hexane in a separation
funnel. Saturated aqueous NaHCO; was added to adjust the water
phase to weakly basic. The top organic layer was collected, dried
with MgSOy, filtered, and condensed by vacuum rotary evaporation
with water bath temperatures controlled near 40 °C. Heating was
stopped immediately once the solvent was mostly removed to
minimize decomposition of the product. The yield was 86% (4 g).
The product could not be purified but was sufficiently pure for use
in the next step. 'H NMR (CDCL3): & (ppm) 0.90 (t, 6H,
—(CH,)4CHj3), 1.33—1.52 (m, 16H), 2.51 (t, J = 7.7 Hz, 4H), 4.65
(s, 4H). (The spectrum is given in the Supporting Information.)
2,5-Di(bisethoxyphosphorylmethyl)-3,4-hexylthiophene (3). In
a glovebox, a mixture of 2,5-dibromomethyl-3,4-dihexylthiophene
(4 g, 9.1 mmol) and triethyl phosphite (6.05 g, 36.4 mmol) was
stirred in a 125 mL round-bottom flask at 135 °C for 6 h. The
remaining P(OEt); was removed by vacuum distillation, and a light
blue oil was obtained: 4.94 g, yield 98%. 'H NMR (CDCls): 6
(ppm) 0.90 (t, J = 6.6 Hz, 6H), 1.35—1.75 (m, 28H), 2.45 (t, J =
6.8 Hz, 4H), 3.28 (d, J = 19.2 Hz, 4H, CH,PO(EtO),), 4.06
(quadruplet, J = 7.3 Hz, 8H). '3C NMR (CDCls): 6 (ppm) 14.10,
16.39, 22.64, 25.6, 27.27, 29.59, 30.65, 31.69, 62.29, 124.15,
139.61. (The spectra are given in the Supporting Information.)

2,5-Di(bisethoxyphosphorylmethyl)-1,1-dioxo-3,4-hexylth-
iophene (4). To a 100 mL round-bottom flask were added 2,5-
di(bisethoxyphosphorylmethyl)-3,4-dihexylthiophene (2.48 g, 4.5
mmol) and m-chloroperoxybenzoic acid (3.165 g, 18 mmol), CH,Cl,
(20 mL), and a stirring bar. The mixture was stirred at room
temperature for about 2 h. CH,Cl, was removed by rotary
evaporation at 40 °C under reduced pressure. The residue was
diluted with 30 mL of hexanes and kept in a freezer for 2 days.
The mixture was filtrated to collect the liquid part which was
transferred into a separation funnel. An aqueous solution of Na,COs
was added to make the water phase very basic. The hexane pha-
se was collected, dried, and condensed. The crude product mixture
was purified by column chromatography (125 mL silica gel, 1:2
ethyl acetate/hexanes) to give 1.3 g of product, 49.4% yield. 'H
NMR (CDCls): 6 (ppm) 0.90 (t, J = 6.6 hz, 6H), 1.32—1.66 (m,
28H), 2.45 (t, J = 6.21 Hz, 4H), 3.00 (d, J = 20.91 Hz, 4H), 4.15
(quintet, J = 7.73 Hz, 8H). '3C NMR (CDCl;): 6 (ppm) 14.01,
16.31, 20.60, 22.49, 26.11, 28.28, 29.53, 31.44, 62.82, 127.55,
142.64. (The spectra are given in the Supporting Information.) Anal.
Caled: C, 53.41; H 8.62; S, 5.48; Found: C, 53.29; H, 8.69; S,
5.62.

3,4-Bishexyloxythiophene (6). To a two-neck round-bottom flask
equipped with a thermometer were added 3,4-dimethoxythiophene
(12.49 g, 86.7 mmol), anhydrous hexanol (35.56 g, 0.384 mol),
and p-toluenesulfonic acid monohydrate (0.5 g, 2.61 mmol). The
mixture was stirred at 90—95 °C for 25 h with vacuum applied
occasionally to remove side product methanol to drive the reaction
to completion. The mixture was poured into a 1 L separation funnel.
Dilute HCI was added to neutralize the mixture, which was then
extracted with 100 mL of hexanes. The extract was dried with

magnesium sulfate, filtered, condensed by rotary evaporation, and
vacuum-distilled to 21.08 g of product with a 95% yield. 'H NMR
(CDCl3): same as in ref 18.
2,5-Dibromo-3,4-bishexyloxythiophene (7). To a stirred mixture
of 3,4-bishexyloxythiophene (7.0 g, 24.6 mmol) and N,N-dimeth-
ylformamide (anhydrous, 38 mL) in the dark, N-bromosuccinimide
(9.63 g, 54.1 mmol) in 100 mL of DMF was added over 2 h from
an addition funnel. One hour after the addition, the mixture was
transferred into a 500 mL separation funnel and diluted with 30
mL of water. The mixture was extracted with 100 mL of hexanes.
The extract was collected, dried with magnesium sulfate, filtered,
and condensed. The residue was purified by a silica gel column
using hexanes as the eluent to afford 6.64 g of oil with a yield of
61%. 'H NMR (CDCl3): 6 (ppm) 0.90 (t, 6H), 1.32 and 1.45 (m,
16H), 1.72 (quintet, J = 6.6 Hz, 4H), 4.05 (t, J = 6.8 Hz, 4H). 1*C
NMR (CDCl;): 6 (ppm) 14.05, 22.62, 25.53, 29.90, 31.57, 73.94,
95.25, 147.59. The spectra are given in the Supporting Information.
2,5-Dialdehyde-3,4-bishexyloxythiophne (8). To a mixture of
n-BuLi (1.6 M in hexane, 26.7 mL, 42.8 mmol) and THF (67 mL)
cooled in dry ice/hexane bath, a solution of 2,5-dibromo-3,4-
bishexyloxythiophene (6.30 g, 14.3 mmol) in 10.0 mL of THF was
added slowly through a syringe. Two minutes later, DMF (anhy-
drous, 3.33 g, 45.6 mmol) was added, and the mixture was warmed
to room temperature and poured into a separation funnel that
contained 67 mL of water and 67 mL of hexanes. After usual work-
up, the crude product was purified by silica gel column chroma-
tography using 1:17 ethyl acetate:hexanes mixture as the eluent to
afford 3.90 g of pure product with a yield of 80%. 'H NMR
(CDCly): 6 (ppm) 0.91 (t, 6H), 1.33&1.46 (m, 16H), 1.80 (quintet,
J = 6.8 Hz, 4H), 4.27 (t, J = 6.6 Hz, 4H), 10.10 (s, 2H). *C NMR
(CDCly): 6 (ppm) 182.19, 154.98, 131.17, 75.67, 31.46, 29.83,
25.44, 22.55, 13.99. The spectra are given in the Supporting
Information. '"H NMR peaks are same as reported (though the
literature data'® were not as detailed as presented here).
Poly(3,4-bishexyloxythienylenevinylene-S,S-dioxide-3' 4'-dihexy-
Ithienylenevinylene), P(C60TV-SFTV). In a glovebox, NaH (20.1
mg, 0.837 mmol) in 10 mL vial with 4 mL of THF was added
dropwise to a stirred solution of 4 (213.5 mg, 0.365 mmol) and
comonomer 8 (116.4 mg, 0.342 mmol) in 2 mL of THF in a 20
mL flask at room temperature. Twenty-one hours later, a few drops
of acetic acid were added to neutralize the solution. The solution
was dropped into stirred methanol. The resulting dark blue polymer
solid was collected by filtration, washed with methanol many times,
and dried in air a day and in vacuum at 65 °C for 24 h. Yield:
0.135 g, 58%. '"H NMR (CDCls): 6 (ppm) 0.93 (m. 12H), 1.36 (m,
28H), 1.79 (m, 4H), 2.45 (t, 4H), 4.12 (s, 4H), 6.69 (d, / = 16 Hz,
2H), 7.45 (d, J = 16 Hz, 2H). '3C NMR (CDCl;): 6 (ppm) 14.1,
22.63, 25.62, 29.4, 30.07, 31.56, 74.37, 112.29, 123.40, 125.88,
135.50, 138.39, 149.86. (Some aliphatic carbon peaks are over-
lapped.)
Poly(thienylenevinylene-S,S-dioxo-3',4'-dihexylthienylenevi-
nylene), P(TV-SFTYV). To a solution of 2,5-thiophenedicarboxal-
dehyde (50.3 mg, 0.359 mmol) and 4 (200.0 mg, 0.342 mmol) in
THF (2 mL), NaH (18.9 mg, 0.788 mmol) in 3 mL of THF was
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Figure 1. 'H NMR of P(C100PV-SFTV), SF-PTV, P(TV-SFTV), and P(PV-SFTV) in CDCl; at 65 °C. The last two polymers are not fully
dissolved; thus, the solutions have higher content of low-MW polymers and higher content of end groups (—CHO).
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Figure 2. '*C NMR spectra of P(CI0OPV-SFTV) and P(C60TV-SFTV) in CDCl; at 65 °C. The solubilities of the other two polymers are not high

enough to obtain good '3C NMR spectra.

added dropwise. No immediate color change upon NaH addition
was observed. Twenty-two hours after addition, the blue reaction
solution was dropped into MeOH (30 mL, acidified with 60 mg of
HOACc). The polymer product was collected by filtration and was
dried in vacuo at 50 °C for 10 h to afford 127 mg of black powder.
Yield: 81.5%. The '"H NMR spectrum is shown in Figure 1.

Poly(1,4-phenylenylenevinylene-S,S-dioxo-3',4'-dihexylthienyle-
nevinylene), P(PV-SFTV). The same procedure as used for P(TV-
SFTV) and the same amount (in mmol) of monomers were
used. Yield: 133 mg, 93.3%. The '"H NMR spectrum is shown
in Figure 1.

Poly(2,5-bisdodecyloxy-1,4-phenylenylenevinylene-S,S-dioxo-
3',4'-dihexylthienylenevinylene), P(C100PV-SFTV). The same
procedure as used for P(TV-SFTV) and same amounts (no. of
mmol) of monomers were used. Yield: 205 mg, 80%. 'H and *C
NMR spectra are in Figures 1 and 2. 'H NMR (CDCls): 6 (ppm)
0.92 and 0.88 (terminal CHj; of hexyl and dodecyl respectively, m,
12H), 1.1—1.7 (m, 44H), 1.90 (m, 4H), 2.50 (t, 4H), 4.06 (t, J =
6.6 Hz, 4H), 7.03 (s, 2H), 7.30 (d, J/ = 16.5 Hz, 2H), 7.50 (d, J =
16.2 Hz, 2H), 10.44 (terminal CHO). '*C NMR (CDCls): ¢ (ppm)
14.15, 22.91, 26.46, 26.72, 29.60, 29.76, 29.89, 29.93, 31.90, 32.20,
69.94, 114.58, 116.97, 127.51, 131.39, 136.73, 138.88, 152.59.
(Several aliphatic carbon peaks overlapped.)

3. Results and Discussion

3.1. Synthesis of Monomers and Polymers. The structures
of the series of S,S-dioxide-thienylenevinylene-based polymers
[P(C60TV-SFTV), P(CI00PV-SFTV), P(TV-SFTV), and P(PV-
SFTV)] and their generic synthetic scheme are shown in Scheme
1. The polymers were prepared from two types of comonomers:
the diphosphonate 4 and aromatic dialdehydes (8, 9, 10, and
11) via the Horner—Emmons reaction. The diphosphonate
monomer (4) was synthesized in four steps from 3,4-dibro-
mothiophene (Scheme 2). Compound 1 was synthesized ac-
cording to the literature procedure.'* Compound 2 was obtained
from bromomethylation of 1 under reaction condition similar
to what was recently reported.'* Better yield (86% vs 75%) was
obtained as a result of more detailed study of the reaction. We
found that the reaction was very fast and was completed in less
than 3 h. However, care must be taken during work-up because
the product 2 is highly unstable and can decompose during
solvent rotary evaporation when the temperature was above 50
°C. The crude product was pure enough to give a neat 'H NMR
spectrum (Figure 1 in the Supporting Information (SI)) showing
a characteristic singlet peak at 4.65 ppm for two —CH,Br
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Scheme 2. Synthesis of the Diphosphonate Comonomer 4
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groups. 2 is not stable in silica gel column, so the crude product
was used in the next step. Instability of 2 at elevated temper-
atures did not cause any problems in the next step in the
Michaelis—Arbuzov reaction'” run at 135 °C. Product 3 has a
characteristic doublet at 3.20 ppm in the '"H NMR spectrum.
Purification of 3 by silica gel column chromatography was
attempted, but decomposition happened in the column, as a
substantial amount of new substance (not present in crude
product) was found in collected fractions.'® The crude product
(95% pure, see '"H NMR in Figure 1 in SI) was oxidized at the
sulfur atom using a literature procedure'” to give product 4,
which was stable and was purified by column chromatography
to give pure product at 49% overall yield for three steps. The
'"H NMR spectrum of 4, also shown in Figure 1 in the
Supporting Information, is characterized by a doublet peak at
2.97 ppm for CH,PO(OCH,CH3), which was shifted from 3.20
ppm in 3 due to vanishing of the deshielding effect of the
thiophene ring as a result of loss of aromaticity of the thiophene
ring.!”

Synthesis of dialdehyde monomer (8) took four steps using
a scheme (Scheme 3) different from the one reported in 1999.'%
Compound 5 was synthesized according to a literature proce-
dure."® Compound 6 was synthesized from 5 by PTS-catalyzed
substitution of methoxy by a hexyloxy group at 90 °C. The
literature procedure®” was followed, except that the reaction was
conducted under a reduced pressure (400—500 mbar) instead
of 1 atm to constantly remove the side product methanol from
the reaction system. With this modification we were able to
improve the yield from 54% to 95%. Compound 7 was
synthesized from 6 by dibromination and was characterized by
the disappearance of the peak at 6.15 ppm in the 'H NMR
spectrum (Figure 3 in Supporting Information). Finally, the
comonomer 8 was obtained from 7 by diformylation in 80%
yield ('"H and '3C NMR spectra in Figures 3 and 4 in Supporting
Information). It is noted that errors are found in the literature
NMR data.?!

The polymerization reaction for P(C60OTV-SFTV) was per-
formed inside a glovebox. Initially, 1 equiv of potassium tert-
butoxide base was used, the blue color appeared within 1 h,
the reaction progress was followed by '"H NMR analysis, and
>30% of both monomers remained no matter how long the
reaction was allowed to run. Clearly, the base was partially
consumed by side reactions. When more and more -BuOK was
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added, the characteristic blue-green color of formed oligomers/
polymer started to fade even before aldehyde and phosphonate
were completely consumed. The color change and NMR data
suggested that the double bonds formed in the earlier stage of
the reaction were destroyed extensively by the base (now acting
as a neucleophile) through the Michael addition reaction (a
nucleophilic conjugate addition). The similar side reaction was
reported in the synthesis of CN-PPV.?> We found that the
decomposition could be avoided by using sodium hydride of
strictly controlled amount. The deep green polymer products
could be obtained routinely. For the '"H NMR in Figure 1
(bottom), 5% excess of aldehyde monomer was used to control
the molecular weight. The phosphonate monomer is fully
consumed as indicated by the disappearance of the doublet at
2.97 ppm. The residue aldehyde peak is seen in the spectrum
as expected. Two clean doublets at 6.69 and 7.45 ppm, due to
the two nonidentical protons in the newly formed C=C bond,
indicate low content of structural defects.

The other three polymers were synthesized from monomer 4
and dialdehydes 9° 10, and 11, respectively, using similar
condition as used for the synthesis of P(C6OTV-SFTV). The
'"H NMR spectra of these polymers are shown in Figure 1. In
the spectrum of P(C100PV-SFTV), a singlet at 6.98 ppm (due
to two identical phenyl protons) and two doublets at 7.30 and
7.50 ppm (due to the newly formed C=C bond) are as clean as
the aromatic peaks in the P(C6OTV-SFTV) spectrum. The same
combination of aromatic peaks (one single and two doublets)
is seen for the other two polymers, P(TV-SFTV) and P(PV-
SFTV), with different chemical shifts. However, the peaks due
to the terminal aromatic units and aldehyde groups in the spectra
of P(TV-SFTV) and P(PV-SFTV) are stronger than the corre-
sponding peaks in the spectra of the other two polymers. This
difference is simply due to the fact that P(TV-SFTV) and P(PV-
SFTV) have much lower solubility due to fewer side chains,
and the dissolved portions in the NMR sample tubes are mostly
of low MW and had higher content of terminal units. The
solubility of P(C60OTV-SFTV) is good in common organic
solvents such as THF (1 mg/l mL) and chloroform (2 mg/1
mL) at room temperature. P(C100PV-SFTV) is about half as
soluble as P(C60TV-SFTV). Decent '*C NMR spectra were
obtained for these two polymers (Figure 2), and correct counts
of aromatic carbon peaks are obtained. The peaks due to terminal
units are not observed due to their relatively weak intensities.

Molecular weights of SF-PTVs were measured by GPC. It
was found that the refractive index detector signal was severely
distorted by the strong absorption of SF-PPVs. An absorption
detector was then used in place of the original RI detector. The
results are listed in Table 1. Because of the nonstoichiometric
use of the two comonomers and small scale of the reactions,
the MWs are not high. In the case of P(PV-SFTV) and P(TV-
SFTV), measured MWs were particularly low because only the
low-MW fractions were dissolved and tested. The reaction scale
also affects molecular weight of synthesized polymers, as the
amount of NaH is very small for small scale reactions. In a
larger scale synthesis of P(C60TV-SFTV), in which the amount
of diphosphonate 4 was increased from 231 mg to 1.62 g, the
number-average MW (M) increased to 16 800 (calculated from
the proton integration ratio of CHO and OCH, peaks), which
is very close to the value (13 590) calculated from the feed ratio
of the two monomers (1.05:1 was used) since some of the low-
MW fraction was lost during the precipitation/filtration process.
GPC measurement gave a M,, of 47.7K, a M, of 21.7K, and a
PDI of 2.20. The M, is higher than the result calculated from
"H NMR integrations, as expected.

3.2. Thermal Properties Analyzed by DSC, TGA, and
NMR. In sulfone-containing polymers, due to the relatively
weak C—S bonds, thermally induced chemical decomposition



Macromolecules, Vol. 42, No. 3, 2009

S,S-Dioxothienylenevinylene-Based Conjugated Polymers 667

Table 1. Molecular Weight and Thermal Properties of the Sulfone Polymers

onset 7 (K) of endothermic

onset 7 (K) of exothermic onset 7 (K) for loss

M, /M, /PDI decomposition (DSC) peaks (DSC) of SO, (TGA)
P(PV-SFTV) 5350/2880/1.84 280—295 298 292
P(TV-SFTV) 3570/1700/2.10 290 258 258
P(C100PV-SFTV) 13.6K/5.44K/2.50 290 260 264
P(C60TV-SFTV) 11.5K/4.34K/2.66 264 266

usually begins with the loss of S0,.2* DSC, TGA, and 'H NMR
were used to study the decomposition behaviors of the SF-PTVs.
DSC scans of the polymers are shown in Figure 3. In the low
temperature range (RT—250 °C), P(C10PV-SFTV) and P(TV-
SFTV) undergo a weak exothermic transition at 115 and 117
°C, respectively. They are most likely due to reorganization of
side chains. All polymers except P(C6OTV-SFTV) show an
endothermic peak above 250 °C with onset temperatures listed
in Table 1. To determine whether the endothermic process is
due to melting or decomposition (loss of SO,), we selected
P(C100PV-SFTV) for detailed study because its good solubility
allows for easy NMR analysis. First, a sample of this polymer
was heated quickly in DSC under a N, atmosphere to 250 °C
(at a rate of 30 °C/min) and was held at this temperature for 1
min. After cooling to RT, the sample was still in the powder
form. 'H NMR of the sample showed no decomposition.
Another sample of P(CI00PV-SFTV) was heated to 290 °C

(the completion temperature of the endothermic peak) and was
let cool immediately. The sample was found still in powder
form but was only partially soluble in boiling CDCl;. 'H NMR
of the soluble part (Figure 4) revealed that the polymer was
completely changed (no original aromatic peak seen); however,
C100PV unit and two CgH;3 side chains (attached to C=C
bond) remained. These observations suggest that the endother-
mic peak (with an onset at 264 °C) is not due to melting but
due to disintegration (most likely loss of SO,).

The TGA experiment of P(C100PV-SFTV) (Figure 5) shows
a weight loss onset temperature of 264 °C, matching well with
the endothermic onset temperature. In the DSC curve of
P(C100PV-SFTV) as well as that of P(TV-SFTV), the endo-
thermic process was overpowered by an exothermic transition
(due to reactions involving unsaturated bonds). In the case of
P(PV-SFTV) and P(C60TV-SFTV), the exothermic decomposi-
tion processes (by DSC) are coincident with disintegration
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Figure 3. DSC curves of four sulfone-PTVs.
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Figure 4. '"H NMR (CDCls) spectrum of a P(C100PV-SFTV) sample heated to 290 °C (DSC, N,, heating rate 10 °C/min, no stay at 290 °C).
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Figure 5. Thermal gravity analysis (TGA) for SF-PTVs.

(weight loss) processes (by TGA), indicating that the heat
released from cross-linking reactions of C=C bonds can fully
compensate for the heat needed for disintegration reactions (e.g.,
loss of SO,) (except for a short temperature range of 300—310
°C in the case of P(PV-SFTV)).

No melting behaviors of these polymers were observed
before their decomposition temperatures. The electron-
withdrawing sulfone group should impart good oxidation
stability to these polymers. P(C60OTV-SFTV), the most
electron-rich among the four, was selected for a static heating
test at 160 °C in air for 30 min. The heated sample did not
decompose at all as indicated by its 'H NMR spectrum. From
the DSC and TGA data presented in Table 1, we conclude
that the sulfone-based polymers are dynamically stable to
temperatures as high as 258 °C.

3.3. Optical and Electrochemical Properties. Figure 6 (top)
shows the absorption spectra of the SF-PTV solutions of the
same nominal concentration (0.1 mM in chloroform, boiled, then
cooled to RT). The absorption tails of P(CI0OPV-SFTV) and
P(C60OTV-SFTV) vanishes quickly at the long wavelength side,
indicating that the two polymers were fully dissolved. The peak
absorbance of the two polymer solutions are 3.11 and 3.27, very
close to each other with a difference of +2.5% from the average
value. In the spectra of the other two polymers, the absorption
peaks sit on a slope. The slope, higher at the short wavelength
side, is due to light scattering by insoluble polymer particles or
precipitate. The two solutions were then filtered with 0.2 um
filters, and absorption spectra of the resulting solutions were
obtained. By comparing the peak absorbance (1.10 and 0.753)
of the filtered solutions with the average peak absorbance (3.19)
of the two fully dissolved polymers, we get estimated solubi-
lity of 0.034 mM (15 mg/L) and 0.024 mM (9.7 mg/L) for
P(TV-SFTV) and P(PV-SFTV), respectively. Normalized ab-
sorption spectra of four polymers solutions (fully dissolved or
filtered) are shown in Figure 6 (bottom). The absorption ranges
of four polymers span over the full visible range. The absorption
Amax and optical energy gaps (E,*'s, calculated from absorption
cutoff wavelengths) are listed in Table 2. The energy gap
decreases as the donor unit changes from simple phenylene all
the way to 3,4-bishexyloxythienylene, with a good correlation
with aromatic resonance energy and electronic richness of the
aromatic unit.

Photoluminescent measurements were performed for both
solutions and films of the polymers; no PL signal was detected
for any of the samples. This result is consistent with the
nonfluorescent nature of various PTV-based polymers.”'!-**

Electrochemical measurements were performed for SF-PPVs
in thin films coated on Pt working electrode (Figure 7). LUMO/
HOMO levels are estimated from the redox potentials (Table
2) and corresponding electrochemical energy gaps (E,“Cs) are
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Figure 6. Top: UV—vis absorpton spectra of SF-PTV chloroform
solutions with nominal concentration of 0.1 mM without filtration. The
latter two polymers are not fully dissolved. Scattering of light by the
polymer particles is evident in the spectra of these two polymers.
Bottom: normalized UV—vis absorption spectra of above solutions.
P(TV-SFTV) and P(PV-SFTV) solutions were filtered with 0.1 xm filter.

also listed in Table 2. The LUMO levels of all SF-PTVs are
very close (with differences <0.1 eV). This is consistent with
the fact that the acceptor unit is the same for all SF-PTVs and
that the LUMO level is mostly affected by electron-withdrawing
group(s) of the m-conjugated systems.”* The SF-PTVs are
similar to the well-known acceptor polymer CN-PPV?° in terms
of the LUMO level and are likely to function as acceptors when
paired with electron-rich sz-conjugated polymers. Because of
the fact that SF-PTVs have lower E,s and are not luminescent,
photoluminescence quenching may not be soly used to confirm
the photoinduced charge transfer in the blend of SF-PTV with
commonly used donor polymers. Other types of experiments
(such as ESR, PIA, and photoconductivity) should be conducted
to confirm the acceptor nature and photovoltaic potentials of
these polymers (especially the two soluble polymers).

3.4. Computational Study of HOMO/LUMO Levels and
Energy Gaps. 3.4.1. Design of Model Structures. The optical
energy gap of P(C60TV)-SFTV) is 1.54 eV (in chloroform),
which is ~0.3 eV lower than the regular monoalkyl-substituted
PTV." The reduction in E, could be attributed to two factors:
(1) the loss of aromaticity of the second thiophene unit and (2)
the donor—acceptor interaction between the sulfone acceptor
and alkoxy-substituted thiophene donor in the s-conjugated
system.” To determine which factor is dominant, we conducted
computational study on three series of model oligomers (Figure
8): MeOT-TV),, MeOT-4V),=1—4, and MeOTV-SFTV), = 4.
The latter two can be considered as the derivatives of the first
structure. (MeOT-4V), will allow us to see how much reduction
in E, could be produced by removing aromaticity of the second
thiophene ring. (MeOTV-SFTV), has the same backbone as
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Table 2. Electronic Properties of SF-PTVs

Amax (NM) Amax (NM) Acutoft/ Eg™ onset redox potentials LUMO/HOMO/
(CHCly/film) of PL in CHCls (nm/eV) (V vs Ag/Ag") ESEC (eV)
P(PV-SFTV) 528/495 550 608/2.04 —1.26/0.80 —3.48/—5.54/2.06
P(C100PV-SFTV) 578/595 684/1.82 —/0.49 —/—5.23/—
P(TV-SFTV) 594/635 708/1.75 —1.18/0.62 —3.56/—5.36/1.80
P(C60TV-SFTV) 663/616 806/1.54 —1.20/0.42 —3.54/-5.16/1.62
P(C60TV-SFTV). Computation of energy gaps of this series Table 3. Results of DFT Calculations
of model oligomers will allow us to find how much additional LUMO (eV) HOMO (eV) E, (eV)
rec}uctl.on in energy gap can be obtained by replacing the CH, (MeOT-TV), =1 .49 “476 3,064
unit with a SO, unit. n=2 —1.9856 —43792  2.3936
3.4.2. Computational Method. HOMO/LUMO energy levels n=3 ~2.176 —4.2432 2.0672
and E,s were obtained by quantum mechanical calculation of n=4 —2.2576 —4.1888 1.9312
oligomers with increasing length and followed by extrapolation n=o 1.4855
of calculated values to infinite chain length.?” Hybrid exchange- (MeOT-4V), n=1 —14416 —45152 3.0736
correlation functional B3LYP in the density functional theory n= 2 —19312 —4.1072 XA
(DFT) formalism was used for both geometry optimization and " 3 :2'0944 :3'9712 1.8768
. n=4 2.176 3.9168 1.7408
energy calculation, where B3LYP stands for Becke’s three- n= oo 1.2784
parameter hybrid functional using the Lee—Yang—Parr (LYP) (MeOTV-SFTV), n=1 —2.848 —5.2496 2.9648
correlation functional.®® As shown by Yang et al.,”” B3LYP n=2 —2.8288 —4.9504 2.1216
(for both geometry optimization and energy level calculation) n=3 —2.992 —4.7872 1.7952
is one of the best methods for estimating Es for PTV polymers n= i —2.992 —4.5968 igg‘l‘g
n= .

under an appropriate computational cost. Considering the
computational power available, small basis set 3-21G* was used
and implemented in Gaussian 03.%° The E,s of polymers were
obtained by plotting the E,s of monomers through tetramers
against reciprocal of the number of double bonds on the main
chain and extrapolating the fitting line to the infinite number of
double bonds, according to the free-electron molecular orbital
model (FEMO).*

3.4.3. Computational Results and Discussion. The results of
HOMO/LUMO and E,s for the three series of oligomers are
listed in Table 3. The E, values are plotted in Figure 9 as
functions of 1/m, where m is the number of C=C double bonds
in the oligomers. Extrapolation of the linear fitting lines results
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Figure 7. Cyclic voltamograms of SF-PTV films coated on Pt wire.
Reference electrode: Ag in 0.1 M AgNO3;/MeCN.
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Figure 8. Model structures for DFT computational study.

in E,s of polymers (n = o) which are also listed in Table 3.
The obtained E, for (MeOTV-SFTV),— is 1.19 eV, smaller
than the experimental value of 1.54 eV obtained for P(C60TV-
SFTV) in chloroform solution. The underestimation is consistent
with the literature report®’ that the combination of B3LYP/
B3LYP at DFT level usually produces E, lower than experi-
mental results for PTV and other conjugated systems. The E,
of (MeOTV-4V), is smaller than that of (MeOT-TV), by 0.2
eV, suggesting that the removal of aromaticity is effective in
reducing E,. But from (MeOTV-4V), to MeOTV-SFTV),, E,
only decreases by 0.097 eV. The results suggest that the low
E, of P(C6OTV-SFTV) is mainly due to the loss of the
aromaticity of the thiophene. Since the donor units in other three
synthesized polymers are less electron rich, the contributions
from D—A interactions should be even less. Although the
sulfone group in (MeOTV-SFTV), is not very effective in
reducing E,, it does bring LUMO down significantly by ~0.7
eV with respect to those of (MeOTV-4V),, making SF-PTVs
potentially useful as electron acceptors in variety of polymer
electronic and optoelectronic applications.
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Figure 9. Plots of calculated energy gaps versus 1/m where m is the
total number of C=C bonds in each oligomer. Linear fitting of the
data points of each series and extrapolation of the fitting lines are also
shown.
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4. Conclusions

A series of conjugated main-chain terminal functionalized
and evolving energy gap sulfone-containing thienylenevinylene-
based copolymers have been developed and studied. The
HOMO/LUMO energy gaps of these polymers were in the range
1.5—2.0 eV. Oxidation of one of every two thiophene units
brings about 0.3 eV in reduction in energy gap. Two-thirds or
more of the energy gap reduction can be attributed to the
removal of aromaticity of the thiophene ring, and the rest is
due to the donor—acceptor interaction between the sulfone and
RO-substituted thiophene ring. The sulfone group greatly lowers
both HOMO/LUMO levels, making these polymers potential
electron acceptors (n-type) for polymeric electronic/optoelec-
tronic applications. Lowering HOMO/LUMO levels also im-
prove the air stability of the materials. The sulfone polymers
have dynamic stability at 258 °C or higher, and the decomposi-
tion starts with loss of polymer components in contrast to regular
PTVs which decompose initially by cross-linking. The well-
defined terminal functional groups (aldehyde or phosphonate)
make these polymers potentially ideal acceptor polymer blocks
for the development of D—A block copolymer supramolecular
nanostructures.’
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