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PROJECT STATEMENT OF WORK (SOW)

The contract project awardee (NSU) and sub-awardee (UD) shall perform the following
tasks as a basic obligation of this award:

Task #1. Low Band Gap Polymers

The awardee (Professor Sun’s group at NSU) shall design, synthesis, and
characterize processable, stable, and functional donor or acceptor type polymer
blocks with energy gaps in the range of 0.5-2.0 €V, and aso develop
donor/acceptor block copolymers for potential photovoltaic functions.

Task #2. Quantum Dots Substituted Carbon Nanotubes

The subawardee (Professor Dai’s group at UD) shall develop quantum dots
derivatized carbon nanotubes for both sunlight harvesting and charge transport
functions as described in the proposal.

Task #3. Thin Film Flexible Solar Cells

The awardee shall collaborate with sub-awardee and/or the Air Force Research
Lab to develop and evaluate thin film flexible solar cells or photo detectors
fabricated from the devel oped materials.

Task #4. Other Tasksand Responsibilities

The awardees/subawardees shall report the project generated data and any
progressin atimely manner to the awarding agency as required, typically
annually. In addition, the awardees shall accomplish other scientific and
educational goals/objectives per federal and state general policies or guidelines
for such awards. These may include, but are not limited to, student thesis work,
research exchanges and collaborations with other organizations or |abs,
presentations and publications in the scientific communities or public, patenting,
marketing or commercialization of research generated intellectual properties
where applicable or necessary.



1 NEW POLYMER DEVELOPMENTS (PROJECT TASK #1, NSU)

During the entire project period, significant progresses have been accomplished on the
design, modeling, synthesis, and characterizations of several series functional and
processable electro-active conjugated polymers with evolving frontier orbital energy
levels and energy gaps that appear very promising for optoelectronic applications at VIS
NIR radiation energy ranges. Details of these new functional polymer developments are
described below.

1.1 A New Series of S,S-Dioxo-Thienylenevinylene (SF-TV) Based
Conjugated Copolymers with Taylored Frontier Orbitals and Energy

Gaps

Abstract: A series of evolving frontier energy levels and gaps sulfone-containing
thienylenevinylene-based conjugated co-polymers have been synthesized via the Horner-
Emmons reactions between 2,5-bis(diethoxyphosphorylmethyl)-3,4-dihexyl-1,1-dioxo
thiophene and a series of different donor type dialdehyde co-monomers. The resulting
polymers (SF-PTVs) contain aternating donor (benzene or thiophene ring with/without
alkoxy substituents) and acceptor (1,1-dioxo thiophene) units. A range of HOMO/LUMO
levels and energy gaps (between 1.0 €V to 2.0 eV) were achieved in these new polymers.
The use of oxidized thiophene moiety (sulfone unit) brings about 0.3 €V 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 start with loss of mass as in
contrast to regular PTVswhich decompose initialy by cross-linking.

1.1.1 Introduction

Availability of stable, processable, functionalizable, and evolving low energy gap (Eg) n-
type of conjugated polymers is critical for developing various types of donor-acceptor
(D/A) based polymer electronic and optoelectronic (OE) devices,™ for instances, devices
made of all-polymer D/A bulk heterojunctions,* donor-acceptor block copolymers®. The
later 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. Absorption spectrum covers a good portion of visible
solar spectrum (with energy gaps Ey in the range of 1-2 eV), 2. LUMO level is
sufficiently low to enable photo-induced 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 coplanar m-systems, high
regioregularity of side chains, etc.” Due to its low resonance energy and good chemical
stability, 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 (PTV's) with lower Egsin the range of 1.5-1.8 eV.%™ Our goal is
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to develop new PTV-like polymers having not only low Egs, but also low LUMO levels.
A series of novel sulfone (SF)-containing polythienylenetetravinylene repeating unit
[P(C60TV-SFTV) in Scheme 1.1.1] 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 (-SO»-). Oxidation of the sulfur not only cause the thiophene ring to
lose its aromaticity but also inserts a strong electron-withdrawing group in the
rconjugated main chain.' Significant reductions in both Eq and LUMO levels have been
achieved. By using co-monomers 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 developments.
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Polymer Names:  P(C60TV-SFTV) P(C100PV-SFTV) P(TV-SFTV) P(PV-SFTV)

Scheme 1.1.1 Synthetic scheme of SF-PTV derivatives with sulfone embedded in
polymer conjugated backbones.

1.1.2 Experimental

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. Differential 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. Polystyrene standards were used for conventional
calibration.

Cyclovoltammetry. Electrochemical studies were performed on a Bioanalytical
(BAS) Epsilon-100w tri-electrode cell system. Three electrodes are a Pt working
electrode, an ancillary Pt electrode, and a silver reference electrode (in a CH3CN solution
of 0.01 M AgNO;3 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
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TBA-HFP/acetonitrile solution purged with nitrogen gas. Between the experiments, the
surface of the electrodes were cleaned or polished. Scan rate was 100mV/s. Ferrocene (2
mM in 0.10M TBA-HFP/CH3CN solution) was used as an internal reference standard and
itsHOMO level of -4.8 eV was used in calculations.

2,5-Bis-bromomethyl-3,4-dihexylthiophene (2): To a 125 ml round bottom flask
were added 2,5-dihexyl thiophene (2.67 g, 10.6 mmol), paraformaldehyde (0.952 g, 31.7
mmol), acetic acid (25 ml), 4.92 g HBr in 30% acetic acid, and a stirring bar. The mixture
was dtirred at room temperature for three hours. The mixture was poured into 30 ml of
water and 30 ml of hexane in a separation funnel. Saturated agueous NaHCO3; was added
to adjust the water phase to weakly basic. The top organic layer was collected, dried with
MgSO4, 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% (4g).
The product could not be purified, but was sufficiently pure for use in the next step. *H
NMR (CDCls): & (ppm) 0.90 (t, 6H, -(CH2)4CHs), 1.33-1.52 (m, 16H), 2.51 (t, J=7.7 Hz,
4H), 4.65 (s, 4H). (The spectrum is given in Supporting Information).

2,5-Di(bisethoxyphosphorylmethyl)-3,4-hexylthiophene (3): In a glove box, 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
hours. The remaining P(OEt); was removed by vacuum distillation and a light blue ail
was obtained: 4.94g, yield 98%. 'H NMR (CDCls): & (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, 7.3 Hz, 8H). *C NMR (CDCls): & (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 Supporting
Information).

2,5-Di(bisethoxyphosphorylmethyl)-1,1-dioxo-3,4-hexylthiophene (4): To a 100
ml of round bottom flask were added 2,5-di(bisethoxyphosphorylmethyl)-3,4-
dihexylthiophene (2.48 g, 4.5 mmol) and m-chloroperoxybenzoic acid (3.165g, 18
mmol,), CH,Cl, (20 mL) and a stirring bar. The mixture was stirred at room temperature
for about two hours. 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 two
days. The mixture was filtrated to collect the liquid part which was transferred into a
separation funnel. agueous solution of Na,CO3 was added to make the water phase very
basic. The hexane phase was collected, dried, condensed. The crude product mixture was
purified by column chromatography (125ml silica gel, 1.2 ethyl acetate/hexanes) to give
1.3g product, 49.4% yield. '"H NMR (CDCls): & (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). *C NMR (CDCl3): & (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 Supporting Information). Anal. Calc.: 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 2-neck round bottom flask equipped with a
thermometer were added 3,4-dimethoxythiophene (12.49g, 86.7 mmol), anhydrous
hexanol (35.56g, 0.384 mole), and p-toluenesulfonic acid monohydrate (0.59, 2.61
mmol). The mixture was stirred at 90-95 °C for 25 hours with vacuum applied
occasionally to remove side product methanol to drive the reaction to completion. The
mixture was poured into a 1L separation funnel. Dilute HCl was added to neutralize the
mixture, which was then extracted with 100ml of hexanes. The extract was dried with
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magnesium sulfate, filtered, condensed by rotary evaporation and vacuum distilled to
21.08g product with a 95% yield. 'H NMR (CDCls): same asin ref. 18.

2,5-dibromo-3,4-bishexyloxythiophne (7): To a dirred mixture of 34-
bishexyloxythiophen (7.0 g, 24.6 mmol) and N, N-dimethylformamide (anhydrous, 38
ml) in dark, N-bromosuccinimide (9.63 g, 54.1 mmol) in 100 ml of DMF was added over
two hours from an addition funnel. One hour after the addition, the mixture was
transferred into a 500ml 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 oil with ayield of 61%. *H NMR (CDCl3): & (ppm)
0.90 (t, 6H), 1.32 & 1.45 (m, 16H), 1.72 (quintet, J=6.6 Hz, 4H), 4.05 (t, J=6.8 Hz, 4H).
3C NMR (CDCl3): & (ppm) 14.05, 22.62, 25.53, 29.90, 31.57, 73.94, 95.25, 147.59. The
spectraaregivenin Sl.

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 (anhydrous, 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 usua
workup, the crude product was purified by silica gel column chromatography using 1:17
ethyl acetate: hexanes mixture as the eluent to afford 3.90 g pure product with ayield of
80%. *H NMR (CDCl3): & (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 (CDCls): & (ppm) 182.19,
154.98, 131.17, 75.67, 31.46, 29.83, 25.44, 22.55, 13.99. The spectra are given in Sl. 'H
NMR peaks are same as reported (though the literature data’® was not as detailed as
presented here).

Poly(3,4-bishexyloxythienylenevinylene-S,S-dioxide-3' 4 -

dihexylthienylenevinylene), P(C60TV-SFTV): In a glove box, NaH (20.1 mg, 0.837
mmol) in 10 ml vial with 4 ml THF was added dropwise to a stirred solution of 4 (213.5
mg, 0.365 mmol) and co-monomer 8 (116.4 mg, 0.342 mmol) in 2 mL of THF in a20 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 aday and in vacuum at 65 °C for 24 hours. Yield: 0.135 g, 58%. ‘*H NMR
(CDCl3): 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, J=16Hz, 2H), 7.45 (d, J=16 Hz, 2H). *C NMR (CDCls): & (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 overlapped)
Poly(thienylenevinylene-S,S-dioxo-3',4 -dihexylthienylenevinylene), P(TV-SFTV):
To asolution of 2,5-thiophenedicarboxaldehyde (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 3mL THF was 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 HOACc). The polymer product was collected by filtration, and was dried in
vacuo at 50 °C for 10 h to afford 127 mg black powder. Yield: 81.5%. *H NMR spectrum
isin Figure1.1.1.



Poly(1,4-phenylenylenevinylene-S,S-dioxo-3 4’ -dihexylthienylenevinylene), P(PV-
SFTV): Same procedure as used for P(TV-SFTV) and same amount (in mmol) of
monomers were used. Yield: 133mg, 93.3%. *H NMR spectrum isin Figure 1.1.1.
Poly(2,5-bisdodecyloxy-1,4-phenylenylenevinylene-S,S-dioxo-3' 4’ -
dihexylthienylenevinylene), P(C100PV-SFTV): Same procedure as used for P(TV-
SFTV) and same amounts (# of mmol) of monomers were used. Yield: 205 mg, 80%. *H
and *C NMR spectra are in Figure 1.1.1 and Figure 1.1.2. *"H NMR (CDCls): & (ppm)
0.92 and 0.88 (termina CH3 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=6.6Hz, 4H), 7.03 (s, 2H), 7.30 (d, J=16.5 Hz,
2H), 7.50 (d, J=16.2 Hz, 2H), 10.44 (termina CHO). *C NMR (CDCls): & (ppm) 14.15,
2291, 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. (Severa aliphatic carbon peaks overlapped)

1.1.3 Resultsand Discussions

Synthesis of Monomers and Polymers. The structures of the series of S,S-dioxide-
thienylenevinylene-based polymers [P(C60TV-SFTV), P(C100PV-SFTV), P(TV-SFTV)
and P(PV-SFTV)] and their generic synthetic scheme are shown in Scheme 1.1.1. The
polymers were prepared from two types of co-monomers. 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-dibromothiophene
(Scheme 1.1.2). Compound 1 was synthesized according 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 three hours. 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 1.1.10 in Supporting Information or ‘Sl’) showing a
characteristic singlet peak at 4.65ppm for two —CH,Br groups. 2 is not stable in silica gel
column, so the crude product was used in the next step. Instability of 2 at elevated
temperatures 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 silicagel 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 1.1.10 in Sl) 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 1.1.10 in S, is characterized by a doublet peak at
2.97 ppm for CH,PO(OCH,CHj3), 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."”



Q Cobhsor Q (CHO), Br/\Q/\Br
NidpppCl, 30% HBr

Br Br CeHys Gtz HOAC, RT GoHhia  CoHu

\ Na, MeOH V) SO
Cul, KI, 100°C PTS, 90°C

NBS, DME  B" @ Br B

R o

CHiO  OCiHus GHiO  OGeHis
6 7

8

Scheme 1.1.3 Synthesis of the dialdehyde co-monomer 8.

Synthesis of dialdehyde monomer (8) took four steps using a scheme (Scheme 1.1.3)
different from the one reported in 1999."® Compound 5 was synthesized according to a
literature procedure® Compound 6 was synthesized from 5 by PTS-catalyzed
substitution of methoxy by hexyloxy group at 90 °C. The literature procedure® was
followed except that the reaction was conducted under a reduced pressure (400-500
mbar) in stead of one atmosphere 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 *H NMR spectrum (Figure 1.1.12 in SI).
Finally, the co-monomer 8 was obtained from 7 by diformylation in 80% yield (*H and
13C NMR spectra in Figure 1.1.12 and Figure 1.1.13 in Sl). It is noted that errors are
found in the literature NMR data.?*

The polymerization reaction for P(C60TV-SFTV) was performed inside a glove box.
Initialy, 1 eg. of potassium t-butoxide base was used, the blue color appeared within one
hour, 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 t-BuOK was 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
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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-colored
polymer products could be obtained routinely. For the '"H NMR in Figure 1.1.1 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 doubl et
at 2.97 ppm. The residue aldehyde peak is seen in the spectrum as expected. Two clean
doublets at 6.69 ppm and 7.45 ppm, due to the two non-identical protons in the newly
formed C=C bond, indicate low content of structural defects.

P(PV-SFTV)
| L.LL J

P(C100PV-SFTV) M
L

P(TV-SFTV)

U

P(C60TV-SFTV)

11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 1.1.1 *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).

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(C60TV-
SFTV). The 'H NMR spectra of these polymers are shown in Figure 1.1.1. 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 ppm and 7.50 ppm (due to the newly formed C=C
bond) are as clean as the aromatic peaks in P(C60TV-SFTV) spectrum. Same
combination of aromatic peaks (one single and two doublets) are 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 corresponding peaks in the spectra of the
other two polymers. This difference is ssmply due to the fact that P(TV-SFTV) and P(PV-
SFTV) have much lower solubility due to less 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(C60TV-SFTV) is good in common organic solvents such as THF
(Img/1mL) and chloroform (2mg/1ml) 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 1.1.2) and correct counts of aromatic carbon peaks are obtained.
The peaks due to terminal units are not observed due to their relatively weak intensities.

P(C60TV-SFTV) LL
| ol b4 ML

P(C100PV-SFTV) LL
SO N V5 DI ¥ S JJ A

Chemical Shift (ppm)

Figure 1.1.2 *C NMR spectra of P(C100PV-SFTV) and P(C60TV-SFTV) in CDCl;
at 65°C. The solubility of the other two polymers are not high enough to obtain good **C
NMR spectra.

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 Rl detector. The
results are listed in Table 1.1.1. Due to the non-stoichiometric use of the two co-
monomers and small scale of the reactions, the MWSs 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. 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 1.62g, the number average MW (Mn) increased to 16800
(calculated from the proton integration ratio of CHO and OCH, peaks), which is very
close to the value (13590) 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 Mw of 47.7K, aMn of 21.7K, and a PDI of 2.20 The
Mn is higher than the result calculated from *H NMR integrations as expected.

10



Table 1.1.1 Molecular weight and thermal properties of the sulfone polymers.

Mw/Mn/PD Onset T of Onset T of Onset T
endothermic exothermic for loss of
decomposition peaks SO,
(DSC) (DSC) (TGA)
P(PV-SFTV) 5350/2880/1.84 280-295 298 292
P(TV-SFTV) 3570/1700/2.10 290 258 258
P(C100PV- 13.6K/5.44K/2.50 290 260 264
SFTV)
P(C60TV- 11.5K/4.34K/2.66 264 - 266
SFTV)

Thermal properties analyzed by DSC, TGA, and NMR. In sulfone-containing
polymers, due to the relatively weak C-S bonds, thermally induced chemical
decomposition usually begins with the loss of SO,.2* DSC, TGA and *H NMR were used
to study the decomposition behaviors of the SF-PTVs. DSC scans of the polymers are
shownin Figure 1.1.3. In the low temperature range (RT — 250°C), P(C10PV-SFTV) and
P(TV-SFTV) undergo a weak exothermic transition at 115°C and 117°C, respectively.
They are most likely due to reorganization of side chains. All polymers except
P(C60TV-SFTV) show an endothermic peak above 250°C with onset temperatures listed
in Table 1.1.1. 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 N, atmosphere to 250°C (at a rate of 30 °C/min) and was
held at this temperature for one minute. After cooling to RT, the sample was till in the
powder form. *H NMR of the sample showed no decomposition. Another sample of
P(C100PV-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 CDCls. *H NMR of the soluble part (Figure 1.1.4)
reveded that the polymer was completely changed (no original aromatic peak seen),
however, C100PV unit and two CgH13 side chains (attached to C=C bond) remained.
These observations suggest that the endothermic peak (with an onset at 264°C) is not due
to melting, but due to disintegration (most likely loss of SO,).
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Figure 1.1.3 DSC curves of four sulfone-PTVs.

TGA experiment of P(C10OPV-SFTV) (Figure 1.1.5) 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 endothermic 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 decomposition
processes (by DSC) are coincident with disintegration (weight loss) processes (by TGA),
indicating that the heat released from crosslinking reactions of C=C bonds can fully
compensate for the heat needed for disintegration reactions (e.g., loss of SO,) (except for
ashort temperature range of 300-310°C in the case of P(PV-SFTV)).

6 5
Chemical Shift (ppm)

Figure 1.1.4 *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 1.1.5 Thermal Gravity Analysis (TGA) for SF-PTVs.

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(C60TV-SFTV), the most electron-rich among the four, was
selected for astatic heating test at 160 °C in air for 30 minutes. The heated sample did not
decompose at al as indicated by its *"H NMR spectrum. From the DSC and TGA data
presented in Table 1.1.1, we conclude that the sulfone-based polymers are dynamically
stable to temperatures as high as 258°C.

Optical and electrochemical properties. Figure 1.1.6 top shows the absorption
spectra of the SF-PTV solutions of the same nominal concentration (0.1mM in
chloroform, boiled, then cooled to RT). The absorption tails of P(C100PV-SFTV) and
P(C60TV-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 solubility of 0.034 mM (15
mg/L) and 0.024 mM (9.7mg/L) for P(TV-SFTV) and P(PV-SFTV) respectively.
Normalized absorption spectra of four polymers solutions (fully dissolved or filtered) are
shown in Figure 1.1.6 bottom. The absorption ranges of four polymers span over the full
visible range. The absorption Ams and optical energy gaps (Eg™s, calculated from
absorption cutoff wavelengths) are listed in Table 1.1.2. The energy gap decreases as the
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donor unit changes from simple phenylene al the way to 3,4-bishexyloxythienylene, with
agood correlation with aromatic resonance energy and electronic richness of the aromatic
unit.

3.5
P(TV-SFTV)
3 P(C60TV-SFTV)
----- P(PV-SFTV)
25 = = =P(CL00PV-SFTV)

Absorbance

300 400 500 600 700 800 900

P(TV-SFTV)
P(C60TV-SFTV)
----- P(PV-SFTV)

= P(C100PV-SFTV)

Absorbance

0 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 1.1.6 Top: UV-vis Absorption spectra of SF-PTV chloroform solutions with
nominal concentration of 0.1mM without filtration. The later 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 um filter.
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Table 1.1.2 Electronic properties of SF-PTVs

Amax (NM) Amax Aot/ EQ™ Onset Redox LUMO/
(CHClg/film)  (nm) of  (nm/eV) Potentials HOMO/EgE®
PL in (V vs. (eV)
CHCl; Ag/Ag+)
P(PV-SFTV)  528/495 550 608/2.04  -1.26/0.80  -3.48/-5.54/2.06
P(C100PV- 578/595 - 684/1.82 --/0.49 --/-5.23/--
SFTV)
P(TV-SFTV)  594/635 - 708/1.75  -1.18/0.62  -3.56/-5.36/1.80
P(C60TV- 663/616 - 806/1.54  -1.20/0.42  -3.54/-5.16/1.62
SFTV)

Photoluminescent measurements were performed for both solutions and films of the
polymers; no PL signal was detected for any of the samples. This result isin consistence
with non-fluorescent nature of various PTV-based polymers.**+?*

Electrochemical measurements were performed for SF-PPVs in thin films coated on
Pt working electrode (Figure 1.1.7). LUMO/HOMO levels are estimated from the redox
potentials (Table 1.1.2) and corresponding electrochemical energy gaps (EgECs) are also
listed in Table 1.1.2. The LUMO levels of all SF-PTVs are very close (with differences
< 0.1 eV). Thisis consistent with the fact that the acceptor unit is same for all SF-PTV's
and that LUMO level is mostly affected by electron withdrawing group(s) of the =-
conjugated systems.”® The SF-PTVs are similar to the well known acceptor polymer
CN-PPV? in terms of LUMO level, and are likely to function as acceptors when paired
with electron-rich n-conjugated polymers. Due to the fact that SF-PTV's have lower E;s
and are not luminescent, photoluminescence quenching may not be soly used to confirm
the photo induced charge transfer in blend of SF-PTV with commonly used donor
polymers. Other types of experiments (such as ESR, PIA, and photo conductivity) should
be conducted to confirm the acceptor nature and photovoltaic potentials of these
polymers (especially the two soluble polymers).
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Figure 1.1.7 Cyclic voltamograms of SF-PTV films coated on Pt wire. Reference
electrode: Agin 0.1M AgNOs/MeCN.

Computational Study of HOMO/LUMO Levelsand Energy Gaps

Design of model structures. Optical energy gap of P(C60TV)-SFTV) is1.54 eV (in
chloroform), which is ~0.3 eV lower than the regular monoalkyl-substituted PTV.° The
reduction in Eg 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 n-conjugated system.” To determine which
factor is dominant, we conducted computational study on three series of model oligomers
(Figure 1.1.8): (MeOT-TV),, (MeOT-4V)n=14 and (MeOTV-SFTV),=1.4. The later two
can be considered as the derivatives of the first structure. (MeOT-4V), will allow us to
see how much reduction in Eg could be produced by removing aromaticity of the second
thiophene ring. (MeOTV-SFTV), has the same backbone as P(C60TV-SFTV).
Computation of energy gaps of this series of model oligomers will allow us to find how
much additional reduction in energy gap can be obtained by replacing the CH, unit with a
SO, unit.
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(MeOTV-SFTV),

Figure 1.1.8 Model structures for DFT computational study.

Computational method. HOMO/LUMO energy levels and Egs were obtained by
guantum mechanical calculation of oligomers with increasing length, and followed by
extrapolation of calculated values to infinite chain length.?” Hybrid exchange-correlation
functional B3LY P in the Density Functional Theory (DFT) formalism was used for both
geometry optimization and energy calculation, where B3LYP stands for Becke's three
parameter hybrid functional using the Lee-Yang-Parr (LYP) correlation functional.® As
shown by Yang et a,* B3LYP (for both geometry optimization and energy level
calculation) is one of the best methods for estimating Egs for PTV polymers under an
appropriate computational cost. Considering the computational power available, small
basis set 3-21G* was used and implemented in Gaussian 03.° The Egs of polymers were
obtained by plotting the Egs 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).*®

Computational results and discussion. The results of HOMO/LUMO and Egs for
the three series of oligomers are listed in Table 1.1.3. The Ey values are plotted in Figure
1.1.9 as functions of 1/m, where mis the number of C=C double bonds in the oligomers.
Extrapolation of the linear fitting lines results in Egs of polymers (n=c) which are also
listed in Table 1.1.3. The obtained Eg 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 Ey lower than experimental results for
PTV and other conjugated systems. The Eg of (MeOTV-4V), is smaller than that of
(MeOT-TV), by 0.2 eV, suggesting that the removal of aromaticity is effective in
reducing Eg. But from (MeOTV-4V), to (MeOTV-SFTV),, Eg only decreases by 0.097
eV. The results suggest that the low Ey of P(C60TV-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 Eg,
it does bring LUMO down significantly by ~0.7 eV with respect to those of (MeOTV-
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4V),, making SF-PTVs potentialy useful as electron acceptors in variety of polymer
electronic and optoel ectronic applications.

Table 1.1.3. Results of DFT calculations.

(MeOT-TV),

(MeOT-4V),

(MeOTV-SFTV),

n=1
n=2
n=3
n=

Nn=oo

—00

n=

N=o0

LUMO
(eV)

-1.496
-1.9856
-2.176
-2.2576

-1.4416
-1.9312
-2.0944
-2.176

-2.2848

-2.8288
-2.992
-2.992

HOMO (eV) Eg(eV)

-4.76

-4.3792
-4.2432
-4.1888

-4.5152
-4.1072
-3.9712
-3.9168

-5.2496

-4.9504
-4.7872
-4.5968

3.264

2.3936
2.0672
1.9312
1.4855

3.0736
2.176

1.8768
1.7408
1.2784
2.9648

2.1216
1.7952
1.6048
1.2313
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Figure 1.1.9 Plots of calculated energy gaps versus 1/m where m is the total number of
C=C double bonds in each oligomer. Linear fitting of the data points of each series and
extrapolation of the fitting lines are also shown.

1.1.4 Conclusonsand Summary

A series of conjugated main chain termina functionalized and evolving energy gap
sulfone-containing thienylenevinylene-based co-polymers have been developed and
studied. The HOMO/LUMO energy gaps of these polymers were in a range of 1.5-2.0
eV. Oxidation of one of every two thiophene units brings about 0.3 €V 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/optoelectronic applications.  Lowering
HOMO/LUMO levels also improve the air stability of the materials. The sulfone
polymers have dynamic stability at 258°C or higher, and the decomposition 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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1.1.5 Supporting Information (Sl): *H and *C NMR spectra of al the
precursors to the two monomers are listed here.
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Figure1.1.10 *H NMR spectra of the diphosphonate monomer and its precursors.
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Figure 1.1.11 **C NMR spectrum of the diphosphonate monomer.
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Figure1.1.12 *H NMR spectra of the dialdehyde monomer 8 and its precursor.
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Figure 1.1.13 **C NMR spectra of the dialdehyde monomer 8 and its precursor.
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1.2 A New Series of Sulfone-Derivatized Phenylenevinylene (SF-PV)
Based Conjugated Copolymers with Taylored Frontier Orbitals and
Energy Gaps

Abstract: A new series of stable and processable sulfone-derivatized phenylenevinylene
based conjugated polymers (SFPVs) containing different donor-type co-monomers have
been synthesized and characterized. The polymer main chains are consisted of an
electron-accepting  unit  [2-(decane-1-sulfonyl)-5-(decyloxy)-4-(diethoxyphosphoryl-
methyl)bezyl]phosphonic acid diethyl ester, coupled with an electron donating unit which
is derived from one of the dialdehyde comonomers based on benzene, thiophene, and
pyrrole (with or without alkoxy side chains). The optical energy gaps of the polymers (in
solvent) were in a range of 1.9-2.3 eV, with the lowest energy gap obtained from the
polymer containing pyrrole as the donor unit. By using a combination of strong donor
unit (such as pyrrole) and a relatively weak acceptor unit (sulfone-substituted phenylene),
energy gaps of conjugated polymers can be engineered to below 2 eV, while the vinylene
bounds are still chemically stable to strong bases as compared to the S,S-dioxo-thiophene
based PTV polymers, a property critical for the incorporation of such vinylene-based
polymersinto block copolymers.

1.2.1 Introduction

Research and development of conjugated electroactive polymers have become
intensive in recent years due to their potential applicationsin a variety of next generation
flexible, lightweight, and high speed/capacity optoelectronic (OE) devices such as in
organic photovoltaic cells (OPVCs) and photo detectors, organic light emitting diodes
(OLEDS),%" organic field effect transistors (OFETs)® etc. The frontier orbital
(HOMO/LUMO) levels and excitation energy gaps (Eg) of the conjugated polymers are
vital for electronic and optical properties of the polymers and the OE devices made of
those polymers. In general, a donor moiety on the conjugated polymer backbone would
increase the HOMO and LUMO levels toward the vacuum level, and an acceptor moiety
on the conjugated backbone would decrease the HOMO and LUMO levels away from the
vacuum level. When both donor and an acceptor moieties were coupled to each other in
a conjugated backbone, excitation energy gaps of resulting conjugated polymers could be
reduced substantially.* In an earlier work, we used such strategy and developed severa
vinylene-based conjugated polymers containing an oxidized thiophene unit (S,S-dioxo-
thiophene).”” However, one disadvantage of S,S-dioxo-thiophene based polymers is that
the vinylene bonds in the polymers are relatively reactive and particularly susceptible to
the attack of nucleophiles via the Michael addition reaction, making it hard to produce
defect-free conjugated polymers, particularly the end-functionalized polymer blocks for
further block copolymer synthesis. In another study, we found that when a sulfone
acceptor group is attached to a benzene ring, it does not reduce the chemical stability of
vinylene unit in PPV copolymers.*® However, the resulting conjugated polymers (SF-
PPV's) have wide energy gaps (> 2.4 €V) as the (substituted) phenylene donor units used
are not good donors. In this work, we tune the frontier orbital levels and excitation
energy gaps of SF-PV based copolymers via the usage of more electron-rich donor
moieties such as thiophenes and particularly a pyrrole unit, which has rarely been used in
vinylene-based and DA coupled conjugated copolymers. The synthesized polymers
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exhibit better chemica stability than S,S-dioxothiophenevinylene based polymers, and
good thermal properties and processability for a variety of potential optoelectronic
applications.

1.2.2 Experimental

Starting Materials and Instrumentation: All starting materials, reagents, and solvents
were purchased from commercia sources (Sigma Aldrich and Fisher-Scientific) and used
without further purification unless noted otherwise. NMR spectra were obtained from a
Bruker Advance 300 MHz spectrometer with TMS as the internal reference. Elemental
analysis were done at Atlantic Microlab Inc. UV-Vis spectra were collected on a Perkin
Elmer Lambda 900 Spectrophotometer. Differentia scanning calorimetric (DSC) and
therma gravimetric analysis (TGA) data were collected on Perkin Elmer DSC-6 and
TGA-6 systems. Photoluminescence experiments were performed on an ISA Flouromax-
3 luminescence spectrofluorometer in solution (THF).

Cyclovoltammetry: Electrochemical studies were performed on a Bioanalytical (BAS)
Epsilon-100w tri-electrode cell system. Tree electrodes are a Pt working electrode, an
ancillary Pt electrode, and a silver reference electrode (in a CH3CN solution of 0.01 M
AgNO; and 0.10 M tetrabutylammonium hexafluorophosphonate, TBA-HFP). Polymer
samples were typically dissolved in hot solvent (typically o-Dichlorobenzene) and then
coated onto Pt working electrode. The measurements were performed in 0.10 M TBA-
HFP/acetonitrile solution purged with nitrogen gas. Between the experiments, surfaces
of electrodes were cleaned or polished. Scan rate was 100mV/s. Ferrocene (2 mM in 0.10
M TBA-HFP/CH3CN solution ) was used as internal reference standard, and its HOMO
level (-4.8 eV) was used as the reference level 24

Gel permeation Chromatography. Polymer molecular weights were measured by a
Viscotek GPC system using a UV-VIS absorption detector at ambient temperature,
tetrahydrafuran (THF) as the solvent, and polystyrene standards for conventional
calibration.’>#%

N-(n-hexyl)pyrrole (1). The procedure by Thorsten™ was modified as follows: To a 250
ml 2-necks round bottom flask were added pyrrole (10g, 149mmol), 1-bromohexyl
(149mmol, 24.69), (n-Bu)sNBr (149mmol, 48.03g), 100 mL CH,Cl,.The mixture was
cooled to 0°C in a nitrogen atmosphere. 100 mL of 50% NaOH was dropped into the
mixture. The mixture was refluxed for 26 hours. The mixture was cooled to room
temperature, diluted by 50 mL of water, and extracted with CH,Cl,. The CH,Cl, extract
was dried with MgSO,, and filtered. The crude product was purified by column
chromatography with silicagel and (2:3, CH,Cl,: Hexane) to give 12.99 g of yellow pure
product. Yield: 57.7 %. *H NMR (CDCls): & (ppm) 0.88 (t, J=6.17 hz, 3H), 1.00-1.68
(m, 8H), 1.74 (quintet, J=6.40 Hz, 2H), 3.85 (t, J=7.16 Hz, 2H), 6.13 (t, J=1.32 Hz, 2H),
6.64 (t, J=2.07Hz, 2H). The spectra are given in the Supporting Information (Sl).
N-(n-hexyl)-2,5-dibromopyrrole (2). The procedure by Thorsten' was modified as
follows: To a50 ml 2-necks round bottom flask were added (1) (1.96g, 0.0130mol), and
anhydrous (20mL) THF. The flask was then cooled to -78 °C. NBS powder (0.026mol,
4.6259) was added. The resulting the mixture was stirred for 10 minutes, then warmed to
room temperature, and stirred for one hour. After routine workup with hexane, the
solvent was removed by vacuum rotatary evaporation to afford 3.99g crude product.
Yield:100%. The crude product was used in next step. *H NMR (CDCls): & (ppm) 0.88 (t,
J6.17 hz, 3H), 1.00-1.68 (m, 8H), 1.74 (quintet, J=6.40 Hz, 2H), 3.95 (t, J=6.78 Hz,
2H), 6.15 (d, J=1.70 Hz, 2H). The spectra are given in the Supporting Information (Sl).
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N-(n-hexyl)-2,5-dialdehydepyrrole (3). To a 50 mL two-neck round bottom flask were
added (2) (3.99g, 0.013mol) and anhydrous THF (20ml).The mixture was cooled to -78
°C. n-BuLi (13 mL, 2.5 M) in 10ml THF was cooled to -78°C and added drop-wise into
the mixture. Five minutes later, DMF (0.039 mol, 2.85 g) was added. The mixture was
stirred for 10 more minutes and poured into the separation funnel containing pure hexane
(50 mL) and tap water (50 mL). The hexane extracts were combined and dried with
MgSO., and filtered. The crude product was purified by column chromatography with
silica gel and ethyl acetate /hexane (1/450) to give 1.04 g of pure liquid product (yield
53.5%). *H NMR (CDCl3): & (ppm) 0.88 (t, J=6.17 hz, 3H), 1.00-1.68 (m, 8H), 1.71
(quintet, J=5.65 Hz, 2H), 4.74 (t, J=9.72 Hz, 2H), 6.96 (d, J=3.01 Hz, 2H), 9.83 (s, 2H).
3C NMR (CDCl3): & (ppm) 13.67, 22.07, 25.91, 31.14, 31.37, 46.55, 121.70, 135.78,
181.72. And. Cdlc.: C, 69.54; H 8.27; N, 6.76; Found: C, 69.01; H, 8.28; N, 6.69. The
spectra are available in the Supporting Information (SI).
Poly(N-hexylpyrrolenevinylene-sulfonephenylenevinylene), P(pyrrole-SFPV). To a
solution of 3 (100 mg, 0.4824 mmol) and 8 (381.37 mg, 0.5065 mmoal) in 3mL of THF in
aglove box was added t-BuOK (124 mg, 1.109 mmol in 2 mL of THF) over two minutes.
The mixture was stirred for 15 more minutes, neutralized with a few drops of acetic acid,
and dropped into methanol (50 mL). 250 mg of dark red polymer solid was obtained after
filtration, methanol washing, and vacuum drying at 60 °C for 24 hours. Yield: 84.4%. *H
NMR (CDCls): § (ppm) 0.95 (m, 12H), 1.50-2.00 (m, 40 H), 3.12 (t, J=5.65 Hz, 2H),
3.85 (t, J=4.15 Hz, 2H), 4.20 (m, 4H), 6.68 (d, J=16.0 Hz, 2H), 6.95 (d, J=16.0 Hz), 2H),
7.10 (s, 2H), 7.18 (s, 1H), 8.18 (s, 1H) . (*H NMRin Figure 1.2.1).
Poly(thienylenevinylene-sulfonephenylenevinylene), P(TV-SFPV). To a solution of 6
(100 mg, 0.714 mmol) and 8 (564.1 mg, 0.749 mmol) in 3 mL of THF in a glove box was
added t-BuOK (193.4 mg, 1.723 mmol in 2 ml of THF) over two minutes. The mixture
was stirred for one more hour, and the solution was taken out the glove box, neutralized
with a few drops of acetic acid, and dropped into 50 mL of methanol. Dark red polymer
solid was obtained after filtration, methanol and ethanol washing, and vacuum drying at
60 °C in 24 hours, yield: 300mg, 77.3%. *H NMR (CDCl3): & (ppm) 0.95 (m, 12H), 1.50-
2.00 (m, 32 H), 3.12 (t, J=5.65 Hz, 2H), 3.85 (t, J=4.15 Hz, 2H), 4.12 (quintet, 2H), 4.20
(m, 4H), 7.10 (s, 2H), 7.18 (s, 1H), 7.45 (d, J=16.0 Hz, 2H), 7.88 (d, J=16.0 Hz), 2H),
8.18 (s, 1H) . (*H NMRin Figure 1.2.1).
Poly(3,4-hexyloxythienylenevinylene-sulfonephenylenevinylene), P(OC6TV-SFPV).
To asolution of 4 (100mg, 0.2937mmol) and 8 (323.2mg, 0.3231mmoal) in 3mL of THF
in a glove box was added t-BuOK (79.6 mg, 0.7093 mmol in 2 mL of THF) over two
minutes. The mixture was stirred for 30 more minutes, then taken out the glove box,
neutralized with a few drops of acetic acid, and dropped into 50 mL of methanol. Dark
red polymer solid was obtained after filtration, methanol and ethanol washing, and
vacuum drying at 60 °C in 24 hours, yield: 150 mg, 65.9%. 'H NMR (CDCl3): & (ppm)
0.95 (m, 12H), 1.50-2.00 (m, 32 H), 3.12 (t, J=5.65 Hz, 2H), 3.85 (t, J=4.15 Hz, 2H), 4.20
(m, 4H), 7.18 (s, 1H), 7.45 (d, J=16.0 Hz, 2H), 7.88 (d, J=16.0 Hz), 2H), 8.18 (s, 1H) .
(*HNMR in Figure 1.2.1).

26



1.2.3 Resultsand Discussion

Synthesis of Monomers and Polymers.

The structures of all five sulfonylphenylenevinylene based copolymers (SFPVS)
synthesized in our lab are shown in Scheme 1.2.1. All polymers have been synthesized
from the acceptor type sulfone-phenylene diphosphonate monomer 8 **# and different
donor type dialdehyde co-monomers 3-7. Two of them, P(OC10PV-SFPV) and P(PV-
SFPV), have been reported by us recently.’® The dialdehyde 4 and 6 were synthesized
based on literature procedures.”?* The dialdehyde 3 was prepared in three steps from
pyrrole as shown in Scheme 1.2.2. Compound 1 was synthesized from pyrrole according
to a literature procedure™*®*° with a hexyl side chain instead of a dodecyl side chain.
Compound 2 was obtained from bromination of 1 using a literature procedure.*>?°
Purification of 2 was not performed due to limited stability of 2 in air. However, the
crude product was pure enough to give a neat *H NMR spectrum (See Figure 1.2.9 in
supporting information) after a careful work-up. Finally, the monomer 3 was obtained
from 2 by adi-formylation reaction (Figure 1.2.7 in supporting information).

ClOHZl 0,5~ C10H21
PO(OEt),
P PO(OEY),
CioH21 + oM. o tBuOK LBUOK i) op
(Et0).0P SC‘ZOZH THF C10H21
2 ~
8 107121 o) C10H21
?6H13 C6H13\O O’C6H13 C10H21\O
o.M.__o_ /U\ oﬂo \/Q/\ o/\@/\o o\/@/\
S
O=CioHa21
3 4 5
Polymer names: P(Pyrrole SFPV) _ P(OC6TV-SFPV) P(OC10PV-SFPV) P(TV- SFPV) P(PV- SFPV)

Scheme 1.2.1 Synthetic schemes of SFPVs from a common acceptor unit sulfone-
substituted phenylene and five different donor units. P(OC10PV-SFPV) and P(PV-
SFPV) were reported by us earlier.
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Scheme 1.2.2 Synthetic scheme of the dialdehyde monomer 3.

The polymerization reactions for P(pyrrole-SFPV), P(OC6TV-SFPV), and P(TV-SFPV)
were performed inside an inert gas glove box. The 5% excess of diphosphonate co-
monomer was used to control the molecular weight of polymers. In*H NMR spectrum,
Figure 1.2.1, the dialdehyde monomer was fully consumed as evidenced by the
disappearance of the peaks at 9.83ppm, 10.10ppm, and 10.04ppm for 3, 4, and 6
monomers, respectively (See 'NMR spectra in Figures 1.2.7, 1.2.11, and 1.2.12 in
Supporting Information). The diphosphonate peak (-CH,-PO(OEt),;, a doublet) of
P(pyrrole-SFPV) polymer can be seen at 3.85 ppm in the spectrum as expected (enlarged
"HNMR spectrum, Figure 1.2.14a in Supporting Information), and the diphosphonate
peaks of P(OC6TV-SFPV) and P(TV-SFPV) polymers are seen at 3.32 ppm as expected
(enlarged *H NMR spectrum, Figure 1.2.14b-c in Supporting Information). In the 'H
NMR spectrum of P(pyrrole-SFPV), two singlets at 7.18 ppm and 8.18 ppm represents
two non identical phenyl protons, a singlet at 7.10 ppm corresponds to two identical
pyrrole protons, and two doublets at 6.68 ppm and 6.95 ppm correspond to the newly
formed C=C bond. In the '"H NMR spectrum of P(OC6TV-SFPV), two singlet at 7.18
ppm and 8.18 ppm correspond to two non identical phenyl protons, and two doublets at
7.45 ppm and 7.80 ppm represent the newly formed of C=C bond. In the *H NMR
spectrum of P(TV-SFPV), two singlet at 7.18 ppm and 8.18 ppm correspond to two non
identical phenyl protons, a singlet at 7.08 ppm represents two identical thienyl protons,
and two doublets at 7.45 ppm and 7.88 ppm corresponds to the newly formed C=C bond.
Three conjugated co-polymers have formed cis and trans structures,’ and their solubility
were not high enough to obtain a clear **C NMR spectrum.
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Figure 1.2.1 "H NMR spectra of the new SFPVs.

Chemical stability. These polymers are much more stable than similar vinylene-based
polymers that have an S,S-dioxo-thiophene unit as the acceptor.” They are stable to the
presence of t-BuOK and hydroxide bases, while S,S-dioxo-thiophene polymers can be
easily bleached by these bases. Although both series of polymers carry sulfone (SO,)
groups, the later series of polymers have the sulfones directly attached on non-aromatic
C=C bonds, making the C=C bonds much more electron-deficient and much more
susceptible to Michael addition reactions.

Thermal Properties. DSC and TGA were used to study the decomposition behaviors of
SFPV’s. The DSC scans of polymers are shown in Figure 1.2.2. In the temperature
range of room temperature (RT) to 300°C, none of the polymers exhibits a glass
transition. P(pyrrole-SFPV) and P(OC6TV-SFPV) exhibit endothermic peaks at 265 and
285 °C and the onset decomposition peaks at 270 and 290°C, respectively. P(TV-SFPV)
exhibits a decomposition peak with onset temperature of 310°C. No melting behaviors of
these polymers were observed before decomposition. The TGA analyses of these
polymers are shown on Figure 1.2.3. The weight loss onset temperatures of P(pyrrole-
SFPV), P(OC6TV-SFPV), and P(TV-SFPV) are a 302°C, 292°C, and 300°C,
respectively. Therma as well as molecular weights data are also tabulated in Table
1.2.2.
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Figure 1.2.2 Differential Scanning Calorimetric (DSC) curves of the new SFPV's.

Figure 1.2.3 Thermal Gravity Anaysis (TGA) of the new SFPVs.

Electrochemical and Optical Properties. UV-VIS spectrometer was used to obtain
absorption peak wavelength (A..), and optical energy gaps (Eg™, calculated from
absorption cutoff or onset wavelengths) of the polymers in THF solutions (Figure 1.2.4).
Electrochemica energy gaps are calculated from the HOMO (based on the oxidation
peak onset) and LUMO (based on the reduction peak onset) energies measured by cyclic-
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voltammetry (Figure 1.2.6). These data are shown in Table 1.2.1. The optical energy
gap decreases by 0.51 eV from P(PV-SFPV) to P(pyrrole-SFPV) due to both increasing
electron donating ability of the donors from benzene to pyrrole, as well as the decreasing
resonance energy of the donor moieties from pyrrole (22 Kcal/mol), thiophene (29
Kcal/mol), to benzene (36 Kcal/mol).’? Alkoxy side groups enhance the electron-
donating ability of the donor unit and result in a decrease in optical energy gap (0.11 eV)
from P(TV-SFPV) to P(OC6TV-SFPV). The smilar effect was also observed in two
related polymers P(PV-SFPV) and P(OC10PV-SFPV) (see Scheme 1.2.1 for structures
and Table 1.2.1 for energy gaps).

Photoluminescence in solution and GPC measurements. Molecular weights of these
polymers were measured by GPC. M, M,, and polydispersity (PD) data are shown in
Table 1.2.2. PL spectra of these polymers in THF solution are shown in Figure 1.2.5.
The different excitations (536, 485, and 480) were used to excite P(pyrrole-SFPV),
P(OC6TV-SFPV), and P(TV-SFPV) polymers, respectively. The PL peak wavelengths of
P(pyrrole-SFPV), P(OC6TV-SFPV), and P(TV-SFPV) are 620, 610, 590 nm,
respectively.

- = = = P(TV-PPV)
1 o e %
2 — - =P(OCBTV-SFPV)
oy B
ff rﬁ"v. -:_\l\ -P(Pyrolle-SFPV)
08 - ‘r d \‘.
- g > L TR W T P(OCLOPV-SFPV)
g r ®a L e
= v 3 L\ —— - P(PV-SFPV)
(3=} ) “ = P - : .: x
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Figure 1.2.4 UV-vis spectra (normalized) of all SFPVsin THF.
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Figure 1.2.5 Normalized photoluminescence spectra of the new SFPVsin THF.
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Figure 1.2.6 Cyclic Voltamograms (CV) of the new SFPV films coated on Pt wire.
Reference electrode: Agin 0.1M AgNOs/MeCN.
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SFPV- A m | Aot | EX | Oxid. Redn. Electrical
Polymers In THE (nm) (eV) Onset/ Onset Energy
solution | Onset HOMO /LUMO gaps

level level Eq, (6V)
(V/ev) (V/eV)

P(pyrrole- 536 640 194 | 0.10/-4.88 | -1.94/-2.84 2.04

SFPV)

P(OC6TV- 485 501 210 | 0.45/-5.23 | -1.70/-3.08 2.15

SFPV)

P(TV-SFPV) 480 562 221 | 056/-5.34 | -1.68/-3.10 2.24

P(OC10PV- 465 535 232 | 0.54/-5.32 | -1.90/-2.88 2.44

SFPV)

P(PV-SFPV) 409 506 | 2.45 | 0.69/-5.54 | -1.78/-3.03 251

Table 1.2.1 Summary of optical properties and frontier orbital energy levels of all
SFPVs.

SFPV-Polymers Mw/Mn/PD DSC Onset T(°C) TGA Onset
Endothermic T(°C)
peaks/Decomposition
P(pyrrole-SFPV) 18099/7188/2.52 265/270 302
P(OC6TV-SFPV) | 15457/4183/3.70 285/290 292
P(TV-SFPV) 5407/3364/1.61 --/310 300

Table 1.2.2 Summary of molecular weights and thermal properties of the new SFPV's.

1.2.4 Conclusionsand Summary

A new series of more stable and processable sulfone acceptor derivatized
phenylenevinylene-based conjugated polymers (SFPV's) containing different donor type
comonomers have been successfully synthesized and characterized by the Horner-
Emmons reaction. The solution optical energy gaps of these polymers are in the range of
1.94 - 2.48 eV, and the electrical energy gaps of these polymer thin films are in the range
of 2.04-2.51 eV. This study shows that pyrrole is very effective in reducing energy gap
due to a stronger electron donating ability of the nitrogen atom in the pyrrole ring, as well
asitslower aromatic resonance energy compared to thiophene. The energy gap decreases
by 0.51 eV from P(PV-SFPV) to P(pyrrole-SFPV) due to the increasing el ectron donating
ability of the donors from benzene to pyrrole. The energy gap narrowing were also due
to the decreasing resonance energy of the donor moieties from benzene (36 Kcal/mol),
thiophene (29 Kcal/mol), to pyrrole (22 Kcal/mol). It is aso shown that alkoxy
substitution on the donor aromatic units has a significant effect on energy gap, e.g., a
reduction of 0.11 eV from P(TV-SFPV) to P(OC6TV-SFPV). In this work, we
demonstrate an effective chemical strategy to lower energy gap in D-A coupled
conjugated polymers without using a strong acceptor unit such as the S S-dioxo-
thiophene based comonomers. This strategy reduces the chance of certain unwanted side
reactions, e.g., Michael addition reaction to highly electron-deficient C=C bonds or its
reactive proton, and therefore allows easier incorporation of such polymers into block
copolymers for avariety of supramolecular optoelectronic device applications.***
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1.2.5 Supporting Information (SI): *H and **H NMR spectra of al the precursors and
the monomers:

a

[

CIH 2-CgH11

a
OHC N CHO
A

CDCI 3 U TMS
A LA - |
' 1o 3 3 7 ; 3 : 3 3 ] 7 ppm
Figure 1.2.7 'H NMR of N-(n-hexyl)-2,5-dialdehydepyrrole 3.
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Figure 1.2.8 ®C-NMR of N-(n-hexyl)-2,5-dialdehydepyrrole 3.
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Figure 1.2.9 'H NMR of N-(n-hexyl)-2,5-pyrrole.
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Figure 1.2.10 '"H NMR of N-(n-hexyl)pyrrole.



Figure 1.2.11 *H NMR of 2,5-dialdehydethiophene 6.

Figure 1.2.12 'H NMR of 2,5-dialdehyde-3,4-bisdihexyloxythiophene 4.
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Figure 1.2.13 *H NMR of [2-(Decan-1-sulfonyl)-5-(decyl oxy-4-(diethoxyphosphoryl-
methyl))benzyl]phosphonic Acid Diethyl Ester 8.
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Figure 1.2.14 Enlarged *H NMR spectra of SFPVs.
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1.3 Poly(3-Dodedyl-2,5-Thienylenevinylene) Based Low Energy Gap
Conjugated Polymers (C12-PTV) with Taylored Regio Regularity

Abstract: Regioregular (RR) conjugated polymers are critical for electronic and
optoelectronic properties of polymer based semiconducting devices. Monosubstituted
polythienylvinylene (PTV), a relatively low band-gap conjugated polymer, has been
reportedly synthesized using the Stille coupling reaction between 3-dodecyl-2,5-
dibromothiophene and (E)-1,2-bis(tributylstannyl)ethylene. Although a small fraction of
the product shows good (~90%) regioregularity, the whole product (S-C12-PTV) is
consisted of mostly unidentified structures. To gain better control of the polymer
structure and regioregularity, a difunctionalized C12-thiophene monomer, 3-dodecyl-5-
formyl-thiophen-2-yIlmethyl)-phosphonic acid diethyl ester, has been polymerized in near
guantitative yield via the Horner-Emmons reaction. The full (100%) regio-regularity of
the resulting polymer (HE-C12-PTV) has been confirmed by its *H and **C NMR spectra.
The full regio-regularity is also reflected in its strong tendency to crystallize and
practically no solubility in boiling hexane, in sharp contrast to S-C12-PTV. UV-vis
absorption spectroscopy, fluorescence spectroscopy, Cyclovoltammetry, thermal analysis
(DSC & TGA) and X-ray diffraction have been used to characterize both polymers. UV-
vis absorption spectra of the HE-C12-PTV chloroform solutions of different
concentrations show well-resolved vibronic structures with an absorption maximum at
577 nm and a prominent shoulder at 614 nm. The optical band gaps are 1.80 eV in
chloroform solution and 1.65 eV in film. The HOMO/LUMO energy levels of the HE-
C12-PTV film were found to be a -4.98 eV and —2.88 eV, respectively. The
electrochemical band gap of the polymer in the film is estimated to be 2.1 eV. The DSC
curve shows a pronounced melting peak at 205°C. XRD study shows that a decent
crystalline structure is formed without any annealing of the as-cast films.

1.3.1 Introduction

Polythienylenevinylenes (PTVs) are an important class of low band gap polymers and
have been investigated for optoelectronic applications.” Substituted PTVs have been
synthesized using several methods, including Ni-catalyzed Grignard coupling of 1,2-
bis(3,4-dibutoxythiophene)ethylene with 1,2-dichloroethylene? precursor polymer route
via bis(sulfoxomethyl) derivative of 3,4-dialkoxythiophenes,® Stille coupling reactions’
Heck coupling reaction,*® and Horner-Emmons reaction.” Most of the reported substituted
PTVs have two side chains on each thiophene unit. Disubstitution improves solubility,
but, tends to prohibit tight n-stacking® which is crucial to some opto-electronic
applications such as photovoltaic and LED.

Mono n-dodecyl-substituted PTVs have been reportedly synthesized by the Stille
coupling reaction between dibromothiophene and 1,2-bis(tributyltin)ethylene and by the
Heck coupling reaction (Scheme 1.3.1).** The Stille coupling was considered a better
method in terms of structural regioregularity.** However, even with this method, a decent
regioregularity (~90%) was reported only for asmall fraction (9.5%, hexane-insoluble) of
the Stille coupling product (S-C12-PTV).*#

The Horner-Emmons reaction has been widely used to synthesize vinylene-based
polymers, including symmetrically substituted poly(p-phenylenevinylene)s (PPVs),’
regioregular RO-PPVS® and 3,4-disubstituted PTV®. In this work, this highly reliable
reaction is utilized to synthesize monosubstituted C12-PTV (HE-C12-PTV) from a
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difunctionalized monomer, 3-dodecyl-5-formyl-thiophen-2-ylmethyl)-phosphonic acid
diethyl ester (Scheme 1.3.2) in a nearly quantitative yield. This unsymmetrically
functionalized monomer, plus the high reliability of the reaction, leads to full head-to-tail
regioregularity. Full content S-C12-PTV is also synthesized using the literature
procedure.”® HE-C12-PTV and S-C12-PTV are compared by using a number of analysis
techniques, including NMR, UV -vis absorption, thermal analysis, Cyclovoltammetry, and
XRD. The results indicates that S-C12-PTV has very low structural regularity, much
lower crystallinity (in film) and contains structural defects that cause the polymer to
decompose at much lower temperatures. The chemistry reported here for fully
regioregular C12-PTV can be modified for the synthesis of regioregularity-controllable
C12-PTV which alows for further investigation of this polymer for optoelectronic
applications.’°

Sille coupling method:

Brﬁ 4 ST Ridas PAs s ST
S NMP, 100C

CioHos
SCI12-PTV
Heck coupdling method:

S s PHOAQRoOtd)s [ s T,
Q_/ NBUz, NMP, 100G, 12h | 4

CioHos CioHos

Scheme 1.3.1 Literature synthesis of C12-PTV.*

S\ —Br s s S S
" 1.Mg THF ~o NaBH on SOCl, (@ POBt)s  { om
\ \ / 4 \ 2 3 W (OEY),
cats 2 DMF QcA EtOH cas CHCly S 1400C, 4.5 Car
1 2 3 4 5

S
Cl,CHOMe O/\Q/\PO(OEUZ t-BuOK w
_— \ / n _ _
T|CI4 CizHas THF, RT, <30m|n - HE C12 PTV

Scheme 1.3.2 Synthesis of the fully regioregular C12-PTV.
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1.3.2 Experimental

Starting materials, instrumentation, and general methods

All starting materials, reagents and solvents were purchased from commercial sources
(mostly from Sigma-Aldrich and Fisher-Scientific) and used directly unless noted
otherwise. NMR spectral data were obtained from a Bruker Avance 300 MHz
spectrometer with TMS as the internal reference. Elemental analysis is performed by
Atlantic Microlab Inc. UV-vis absorption data were collected on a Varian Cary-5
spectrophotometer. Thermal analysis is performed on a Perkin-ElImer TGA6/DSC6
system. The polymer molecular weights were measured on a Viscotek T60A/LR40 triple-
detector GPC system at ambient temperature. Polystyrene standards were used for
calibration.

Electrochemical studies were performed on a Biocanalytical (BAS) Epsilon-100w tri-
electrode cell system. Three electrodes are a Pt working electrode, an ancillary Pt
electrode, and a silver reference electrode (in a CH3CN solution of 0.01 M AgNO; and
0.1 M 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 solution in acetonitrile. Between the experiments, the
surface of the electrodes were cleaned or polished. Scan rate is 100mV/s. Ferrocene (2
mM in 0.10M TBA-HFP/CH3CN solution) is used as an internal reference standard and
itsHOMO level of -4.8 eV isused in calculations.

3-Dodecylthiophene-2-carboxaldehyde (2). A literature procedure'® is used with
minor modifications. A mixture of 2-bromo-3-dodecylthiophene (64.76 mmol, 21.45 g),
Mg (1.652 g) and anhydrous THF (60 mL) is heated under reflux. Methylmagnesium
bromide solution (3M in ether, 3 mL) is added to initiate the reaction. 2.5 h later, the
mixture is cooled to RT, and DMF (5.5 mL, anhydrous) is then added via a syringe over 5
minutes. Fifteen minutes later, the reaction mixture is poured into a stirred mixture of
hexanes (200 mL) and 2N HCI (70 ml). The hexanes is separated and washed with water
two times and with agqueous NaHCO3 solution one time. The hexanes extract is dried with
MgSQO,, and then condensed. The crude product is purified by silica gel column
chromatography using EtOA c/hexanes mixture (starting from pure hexane to 1:50 v/v) as
the eluent. Yield: 92.4%. *H NMR (CDCls): Same as reported for 3-decylthiophene-2-
carboxaldehyde, except the expected difference in aliphatic proton count.

3-Dodecyl-thiophene-2-methanal (3).  3-Dodecylthiophene-2-carboxaldehyde
(8.93g, 31.8 mmol) is dissolved in 50 mL of ethanol. A solution of 222 mg of potassium
hydroxide and 0.3612 g of NaBH, in 2 ml of water is added while the reaction mixture is
stirred vigorously. One hour later, an NMR analysis of the reaction mixture showed that
40 % of the starting material remained. An additional solution of 222 mg of KOH and
0.3612 g of NaBH,4in 2 ml of water is added. The organic layer is separated with hexanes
(50 ml x 3) and dried over anhydrous MgSO,. The solvent is removed by rotary
evaporation. Yield: 99%. 'H NMR spectrum of the crude product showed that the purity
is 96%. The crude product is used in the next reaction. *H NMR (CDCls): Same as
reported for 3-decylthiophene-2-methanol,*® except the expected difference in aliphatic
proton count.

2-Chloromethyl-3-dodecylthiophene (4). Thionyl chloride (2.36 ml, 36.43 mmol) is
added over 1.5 minutes to a solution of 3-dodecyl-thiophene-2-methanol (8.23 g, 29.2
mmol), triethylamine(12.9 mL, 87.5 mmol) and methylene chloride (50 mL) cooled in an
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ice bath. The solution is stirred for 30 minutes, then, poured to ice/hexanes. The mixture
is acidified with 30 mL of 2N ag. HCI. The hexanes extract is washed with water to
neutral, dried with MgSO,, and condensed to give 9.40 g of crude product (theoretical
yield: 8.76 g), >95% pure by both proton and carbon NMR spectra. *H NMR (CDCls): &
0.88 (t, 3H, J=7.4Hz), 1.2-1.4 (m, 18H), 1.63 (m, 2H), 2.61 (t, 2H, J 7.4Hz), 4.77 (s, 2H,
CH.Cl), 6.85 (d, 1H, J=5.1Hz), 7.22 (d, 1H, J=5.1Hz). *C NMR (CDCls): & 14.13, 22.71,
28.22, 29.55 (a few peaks overlapped), 30.90, 31.94, 46.20, 125.13, 129.00, 132.66,
142.49. The product is used in the next step without further purification (due to limited
stability in silicagel column).

(3-Dodecyl-thiophen-2-ylmethyl)-phosphonic acid diethyl ester (5). A mixture of
2-chloromethyl-3-dodecylthiophene (9.40 g crude, 29.2 mmol) and triethyl phosphite
(8.10 g, 44.4 mmol) is stirred at 140 °C for 4.5 hours. *H NMR analysis of the reaction
mixture indicated that the reaction is complete and neat. Excess triethyl phosphite is
removed by vacuum distillation. The crude product, showing only little impurities in
aromatic region, is purified by column chromatography on silica gel using 1/12 (v/v)
ethyl acetate/hexanes mixture as eluent. Yield: 5.0 g, 43%. Some product may have
decomposed in the column during the long separation process. *H NMR (CDCl5): & 0.88
(t, 3H, JF=7.4Hz), 1.1-1.4 (m, 24H), 1.58 (m, 2H), 2.56 (t, 2H, J=7.5Hz), 3.25 (t, 2H,
J20.7Hz, -CH,P), 4.04 (m, 4H, P-O-CH,-), 6.80 (d, 1H, J5.3Hz), 7.06 (d, 1H,
J5.3Hz). *C NMR (CDCl3): § 13.81, 16.20/16.27 (d, OCH,CHs), 25.61, 27.53, 28.35,
29.21, 28.45, 29.5, 30.34, 32.84, 62.11 (d, J=7.1Hz), 122.95 (d, J=4.4Hz), 126.05 (d,
J=11Hz), 128.40 (d, J=3.8Hz), 140.64 (d, J=9.9Hz). And. Calcd.: C, 61.37; H, 9.13; S,
7.45. Found: C, 61.09; H, 9.22; S, 7.31.

3-Dodecyl-5-for myl-thiophen-2-ylmethyl)-phosphonic acid diethyl ester (6).
Titanium tetrachloride (1.20 ml, 10.9 mmol) is added dropwise to aice-cooled mixture of
(3-dodecyl-thiophen-2-ylmethyl)-phosphonic acid diethyl ester (1.07 g, 2.66 mmol), oo
dichloromethyl methyl ether (0.321 g, 2.81 mmol) and methylene chloride (10 ml) over
10 minutes. The solution is stirred in the ice bath for 3.5 h, and then transferred into a
separation funnel with NaHCO3 solution and hexanes already added. The hexane phaseis
washed with brine two times and dried over anhydrous MgSO,. The solvent is removed
by rotary evaporation. Proton NMR of crude product showed no side reactions, and the
yield is quantitative. Still, a slica gel column chromatography using ethyl
acetate/hexanes mixture as eluent (with Ry = 1/8~16 for the product) is performed to
ensure high purity for the product (>99% by NMR, supported by the elemental analysis
result). '"H NMR (CDCls): & 0.88 (t, 3H, J=7.4Hz), 1.1-1.4 (m, 24H), 1.58 (m, 2H), 2.60
(t, 2H, J=7.0Hz), 3.34 (d, 2H, J=21.66Hz, -CH,P), 4.10 (m, 4H, P-O-CH,-), 7.55 (s, 1H),
9.81 (s, 1H, CHO). **C NMR (CDCls): & 14.13, 16.41 (d, J=6.0Hz, CH.P), 22.69, 26.44,
28.20, 28.34, 29.35, 29.44, 29.49, 29.58, 29.64, 29.67, 30.18(d, J=1.6Hz, OCH,CHs),
31.92, 62.62 (d, J=6.1Hz, OCH,CHs), 137.70 (d, J=4.4Hz), 138.11 (d, J=12.1Hz), 141.14
(d, J=3.8Hz), 142.65 (d, J=8.8Hz), 182.57. And. Cadcd. C, 61.37; H, 9.10; S, 7.32.
Found: C, 61.09; H, 9.22; S, 7.31.

C12-PTV In aglove box, a solution of t-BuOK (1.2 eq, 88.6 mg) in THF (3mL) is
added over 3 min to a solution of 3-dodecyl-5-formyl-thiophen-2-ylmethyl)-phosphonic
acid diethyl ester (263 mg, 0.611 mmol) in THF (10 mL) at room temperature. The
solution became blue almost immediately after addition of the base, and polymer
precipitate appeared in less than five minutes. Thirty minutes after addition, the reaction
mixture is dropped into methanol. The polymer product is collected by filtration. Yield:
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0.157g, 93%. 'H NMR (CDCls): & 0.88 (t, 3H), 1.2-1.4 (m, 18H), 1.62 (m, 2H), 2.62 (t,
2H), 6.77 (s, 1H), 6.86 (d, 1H, J=15.8Hz), 6.98 (d, 1H, J=15.8Hz). *C NMR (CDCl3): &
14.05, 22.73, 28.54, 29.41, 29.45, 29.57 (two peaks overlapped here), 29.68, 29.73,
29.77, 30.84, 32.01, 120.07, 121.03, 129.17, 135.63, 140.65, 142.49.

1.3.3 Resultsand Discussion

Synthesis of C12-PTVs.

HE-C12-PTV is synthesized in six steps (Scheme 1.3.2) from 2-bromo-3-
dodecylthiophene™ (1). The selectivity of the reaction for 2-bromination is 97%
according to the *C NMR analysis of the crude product. After the bromide is converted
into carboxaldehyde, the two isomeric adehydes were separated by column
chromatography. Conversion of 3 into 4 is very fast and neat with thionyl chloride at
~10°C. However, due to the similarity between the NMR spectra of 3 and 4, misjudgment
of the reaction progress can happen if the '"H NMR spectrum of the reaction product is
not examined carefully. 4 is converted via the Arbuzov reaction into the phosphonate 5
which is formylated by Cl,CHOMe/TiCl, to give the monomer 6 in a quantitative yield."
Polymerization of monomer 6 is very fast at room temperature with t-BuOK as the base
and is completed in less than half an hour. Yields above 90% are routinely obtained.
However, it is found that the reverse addition resulted in no polymer product or
incompl ete reaction. This can be explained in the following: when the monomer is added
to the base, al monomer molecules are deprotonated at the Th-CH,-P carbon
immediately, and the CHO group in a deprotonated 6 is no longer reactive toward the
carbanion in another monomer or an oligomer.

S-C12-PTV is synthesized using the literature procedure.”® The full content of the
product (ppt in MeOH, 65% yield) is used in the characterization and comparison below.

Characterization of HE-C12-PTV and S-C12-PTV

Solubility. S-C12-PTV is amost completely soluble in hexane, while HE-C12-PTV
is only soluble in solvents such as chloroform and 1,2-dichlorobenzene (DCB). At
elevated temperatures (e.g. 90°C), HE-C12-PTV can be dissolved in 1,2-dichlorobenzene
at a concentration of 2 wt/vol%, sufficiently high for film casting. However, the polymer
crystallizes as soon as the solution is applied onto glass substrates. This high tendency for
crystallization is a result of its high structural regularity and high purity as discussed
below.

NMR spectra and regioregularity. The polymerization for HE-C12-PTV only
involves one monomer with unsymmetrical difunctionalities. This, coupled with high
reliability of the Horner-Emmons reaction,” ensured head-to-tail linkage and full
regioregularity. Thisis supported by the appearance of a clean singlet for the thienylenic
proton (c) and two sets of clean doublets for the two ethenic protons (aand b) in *H NMR
spectrum (Figure 1.3.1) and only six peaks in the aromatic region of the *C NMR
spectrum (Figure 1.3.1). Although the Horner-Emmons reaction is known to produce cis
C=C bond (as a minor product) in certain polymers such as PPV,’ only trans C=C bond
exists in the synthesized HE-C12-PTV. This is supported by two observations. 1. only
one Th-CH, peak is seen in the '"H NMR spectrum. 2. The 'H NMR peaks in the
aromatic region matches with the main peaks of C12-PTV produced via the Heck
coupling reaction, which is known to produce predominantly trans C=C bond (and,
unfortunately, a significant amount of o-linkage).*
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Figure1.3.1 *H and **C NMR spectra of HE-C12-PTV in CDCl; at 60°C.
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Figure 1.3.2 *H NMR spectrum of S-C12-PTV in CDCl; at room temperature.

In the 'H NMR spectrum of S-C12-PTV (Figure 1.3.2, an NMR spectrum of full-
content Stille C12-PTV, not available in the literature), athough three peaks at 6.77, 6.88
and 6.93 ppm from the regioregular segments in the polymer can be seen (corresponding
to protons ¢, a and b), a broad bump, where the three peaks sit on, is dominant in the
aromatic region. This bump and the broad Th—CH, peak (proton d) around 2.65 ppm are
indications of structural complexity in the polymer.

Molecular weight (MW) by GPC. Due to the limited solubility of HE-C12-PTV in
THF at the ambient temperature, the polymer product precipitates from the reaction
mixture. The number average MW (M,) of HE-C12-PTV s relatively low (7.2K). Its
polydispersity is 2.9. On the other hand, S-C12-PTV has a M,, of 8.7K and polydispersity
of 2.4.

Optical and Electrochemical Properties. UV-vis absorption spectra of HE-C12-
PTV in chloroform solution (which has a violet blue color) of different concentrations
(0.01 mM and 1 mM in chlolroform) and in thin film (drop-cast from the o-
dichlorobenzene solution) are shown in Figure 1.3.3. The absorption curves of the
solutions of two concentrations show maxima at the same wavelength (577 nm) and both
have a prominent shoulder at 614 nm. A shoulder peak in the absorption spectrum of the
high concentration (1mM) is seen at 665nm, which is absent when the concentration is
low. The shoulder peak is attributed to aggregation of the polymer in chloroform
solution,®® and matches well with the similar shoulder peak in the film absorption
spectrum (666 nm). The thin film has a Amax 0f 574 nm, and a band edge at 752nm (1.65
eV), red-shifted by 62 nm (0.15eV) from the band edge (690 nm, 1.80 €V) of the
chloroform solution (0.01 mM).
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Figure 1.3.3 UV-vis absorption spectra of HE-C12-PTV in chloroform and film.

UV-vis absorption spectra of S-C12-PTV chloroform solutions (which have a violet
color) and film are shown in Figure 1.3.4. No fine structure is seen and a 22-nm blue
shift in the peak wavelength is observed for the optical absorption in the film as
compared to that in the chloroform. The blue shift is an indication of lack of n-«
interaction in the solid state, likely a result of poor regularity and structural defectsin the
polymer. Compared to the absorption peak of HE-C12-PTV (574nm) or the hexane-
insoluble fraction of S-C12-PTV (576nm) in chloroform,* the Ama Of S-C12-PTV in
chloroform is blue shifted by 22-24 nm. This indicates that the absorption peak of
hexane-soluble fraction of S-C12-PTV is at a shorter wavelength and dominates the
absorption profile of the whole product. Accordingly, the absorption band edge of the
film (735nm, 1.69eV) is blue-shifted by 17 nm as compared to that of the HE-C12-PTV
film.
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Figure 1.3.4 UV-vis absorption spectra of S-C12-PTV in chloroform solutions and film.

C12-PTVs have very weak photoluminescence, not measurable on a commercial
florescence spectrometer. No PL spectrum has been reported in the literature. Using an
ISA Fluoromax-3 luminescence spectrofluorometer and a customary photoinduced
absorption spectroscopic setup, which consists of a Newport Oriel Cornerstone 1/4 m
monochromator together with various diffraction gratings and optical filters to span the
spectrum from 0.2 to 3.0 eV, PL spectrum of HE-C12-PTV was successfully obtained
(Figure 1.3.5) from its dilute solution in o-dichlorobenzene. The shoulder peaks on the
long wavelength slope are due to the vibronic structures of the polymer. Aggregation of

the polymer, another possible origin of the shoulder peaks, is ruled out as the
concentration of the solution is below 0.01 mM.
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Figure 1.3.5 Photoluminescence spectrum of HE-C12-PTV. The photo excitation is
provided by acw Ar+ laser (488 nm, 2.54 eV).

Cyclovoltammetry (CV) is used to identify the HOMO/LUMO energies based on the
correlation between oxidation/reduction potentials and the HOMO/LUMO levels. The
CV scan of C12-PTV film coated on Pt working electrode is shown in Figure 1.3.6. The
HOMO/LUMO values were found to be -4.98 eV and -2.88eV respectively. The
electrochemical energy gap (E,q) is estimated to be 2.07 eV, which is larger than the
optical band gap (1.65 eV) Eyq is larger because the electrode potential must be lower
than the HOMO of the neutral polymer for the oxidation to happen and must be higher
than the LUMO of the neutral polymer for the electron to transfer from the electrode into
the LUMO orbital. The redox of the polymer in the potential range of 0 to 0.8V is
completely reversible at least for nine cycles performed, while in the range of 0 to —2.2V,
the redox isirreversible. Thisindicates that the polymer is stable at oxidized state and not
stable at the reduced state. The CV behavior of S-C12-PTV is similar to HE-C12-PTV
(theresultsarelisted in Table 1.3.1).
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Figure 1.3.6 Cyclovoltammograph of HT-HT C12-PTV film coated on Pt wire.
Reference electrode: Agin 0.1M AgNO:s.
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Figure 1.3.7 Cyclovoltammograph of S-C12-PTV film coated on Pt wire. Reference
electrode: Agin 0.1M AgNO:.
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Table 1.3.1 Properties of C12-PTVs

M/PDI | A E™ | ExEgonset | HOMO/LUMO | T4 (°C)
CHCIfilm | (film) | (V) and Egq (€V)
(film)
HE-C12-PTV | 7.2K/29 | 577/574 165 | 0.16/-1.94 2.07 326
SCI12-PTV 8.7K/2.4 | 552/530 169 | 0.22/-1.76 1.98 158

Thermal Analysis and Stability Tests. The phase transition and thermal stability
were examined by differential scanning calorimetry (DSC), thermal gravimetric analysis
(TGA) combined with NMR analysis. The DSC curve (Figure 1.3.8) shows a
pronounced melting peak at 205°C for HE-C12-PTV. The melting is confirmed by visual
inspection of a sample heated to a temperature (230°C) above the melting range. *H
NMR analysis of a sample heated at 280°C both for 10 minutes in the DSC under N>
atmosphere shows no decomposition. So, the endothermic slope between 230°C and
280°C is not due to a chemica reaction process, but rather a physical transition
(presumably atransition from liquid crystal phase to isotropic liquid). The onset at 326°C
of an exothermic transition (with a peak at 358°C) indicates the beginning of chemical
decomposition of the polymer, most likely crosslinking reactions involving non-aromatic
C=C bonds as confirmed by the insolubility of the sample after heating at 350°C. The
weight loss onset temperature is determined from TGA scan (Figure 1.3.9) to be 373 °C.
In the DSC curve of S-C12-PTV, no melting peak can be seen. Its TGA curve shows an
early weight loss with an onset temperature at about 158 °C and 10% weight loss at 219
°C. It was aso found that the polymer becomes insoluble after 3 months of storage at
room temperature in dark (not observed for HE-C12-PTV under the same condition). The
fact that S C12-PTV has a much lower therma stability suggests that S-C12-PTV
contains significant amount of structure defect which is not stable and can cause the
polymer to crosslink even at room temperatures.
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Figure 1.3.8 DSC curve of HT-HT C12-PTV power sample in N, at a scan rate of 10
°C/min.

Figure 1.3.9 TGA curve of HT-HT C12-PTV powder sample in N, at a scan rate of
10°C/min.

X-Ray diffraction (XRD) measurements. Wide angle out-of-plane diffraction
pattern is obtained on XRD Spectra are recorded using Rigaku X-Ray Diffractometer
(Model D/max-2200) (Cu Ko radiation, A=1.5406A) for as-cast C12-PTV films on glass
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substrate from hot o-dichlorobenzene solution (Figure 1.3.10). The average thickness of
the filmsis~2 um. Similar peaks are seen for both HE- and S- C12-PTV films. However,
the peaks for S-C12-PTV film is much weaker, in agreement with the lack of distinct
melting peak in the DSC scan. A calculation based on the first diffraction peak (100)
gives an interlayer spacing of 17.6 A, which is smaller than the d-spacing of 27.19 Ain
HT-poly(3-dodecylthiophene) (P3DDT) film' by a factor of 1.54. The distance is
consistent with structural models, where the side-chains of C12-PTV are interdigitated or
closed packed and tilted toward the backbone.

Figure 1.3.10 Wide angle X-Ray diffraction pattern of an as-cast C12-PTV film
(thickness ~2 um) drop-cast from o-dichlorobenzene solutions.

Mobility Measurement. S-C12-PTV films of 300 nm thickness was spin-coated from 2
its 2wt% solution in 1,2-DCB onto ITO/glass sides. The active area is ~4 mm? of
thermally deposited Au film (50 nm thick). Under the step voltage of 20 V, the transient
current is dominated by SCLC as demonstrated in the insert of Figure 1.3.11(b). The
time elapse at peak transient current (t;) is about 20 ps. The circuit response time (t=RC,
R=1 Kohm, and C=0.3 nF) is about 0.3 ps, much smaller than t;. The mobility (u)*is

calculated to be ~2x10°® cm?/V's from withd =300 nm, t; =20 pus,andV =
20V.

The mobility measurement was also attempted for HE-C12-PTV, however, the
polymer crystallizes so fast during film casting that good quality films could not be
prepared and reliable/meaningful data could not be obtained. The chemistry to control the
regioregularity and processibility of HE-C12-PTV has been developed.® More
systematic investigation of the effect of regioregularity on mobility and solar cell device
performance is currently underway.
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Figure 1.3.11 The measurement circuit and the plot of the transient current as a function
of time. A step voltage (20 V with duration time of 1 ms and repetition rate of 100 Hz.)
from signal generator (SRS model DS345) is applied to device as an input voltage (Viy).
The transient current is measured through a serial resistor of 1K Ohm. The correspondent
output voltage (Vou) iSthen sent to adigital oscilloscope (Tektronix TDS360).



1.3.4 Conclusonsand Summary

Fully regioregular HT-HT C12-PTV has been synthesized and characterized by
NMR, UV-vis absorption spectroscopy, fluorescence spectroscopy, cyclovoltammetry,
therma analysis and XRD. Full regioregularity is ensured by a combination of three
measures. the polymerization scheme which only involves one monomer with
asymmetric difunctionalities, high reliability of the Horner-Emmons reaction, and the
high purity of the monomer. UV-vis absorption spectra of the HT-HT C12-PTV
chloroform solutions of different concentrations show well-resolved vibronic structure
with an absorption maximum at 577 nm and a prominent shoulder at 614 nm. The band
edge is 690 nm (1.80 eV, optical band gap). The band edge of the electronic transition in
thin film is 752nm (1.65 eV). The PL intensity of C12-PTV is very weak with a peak at
662 nm. The HOMO/LUMO energy levels of the C12-PTV film were found to be -5.03
eV and -3.63eV respectively. The electrochemical band gap is estimated to be 1.4 eV.
The DSC curve shows a pronounced melting peak at 205°C followed by an endothermic
transition of LC phase to isotropic liquid in the temperature range of 242-280°C. The
onset temperature of chemical decomposition of the polymer is about 326°C by DSC,
while the onset temperature of polymer disintegration is about 373°C as determined by
TGA.

The polymerization scheme adopted here alows systematic tuning of regioregularity
by smply adding a certain amount of co-monomer which is an isomer of compound 6.
Systematic studies on the effect of regioregularity control versus C12-PTV solubility,
film morphology, and performance of solar cells are currently under way and to be
reported separately.
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14 Development of A Novel DBA Type Block Copolymer for
Potential High Efficiency Optoelectronic Applications

1.4.1 Introduction

Donor-Bridge-Acceptor (DBA) (Scheme 1.4.1) type block copolymers (where D is a
conjugated donor block, A is a conjugated acceptor block, and B is a non conjugated
flexible bridge unit) have the potentia to form a D/A bicontinuous phase separated
nanostructures that are very promising for high efficiency polymer optoelectronic
particularly photovoltaic detector and solar cell applications. In an earlier work, we
developed and reported a (DBAB)N type of conjugated block copolymer system.*? A
major disadvantage of the (DBAB)n type of block copolymer system is that it is not easy
to form a large uniform domain of D/A bicontinuous nano morphology due to block size
differences between each blocks, either D or A blocks. However, in a DBA system, even
if the D or A block sizes are different as a result of the polymer polydispersity character,
due to free intermolecular spaces between each individual DBA block copolymer unit,
the difference of the donor or acceptor block sizes can be easily compensated or
accommodated by the same block unit of the other DBA units, or ssimply by the free D or
A blocks intentionally added.®> The synthesis of DBA turns out to be much more
challenging than the (DBAB)n primarily due to the need for different functionalized D
and A monomers and mono end functionalized polymer blocks.

BT =)

Scheme 1.4.1 Schematic of aDBA block copolymer. D isa conjugated donor block with
higher LUMO/HOMO energies, and A is an acceptor block with lower LUMO/HOMO
energies compared to A. B isanon-conjugated and flexible short linkage unit.

1.4.2 Synthesisof donor and acceptor blocks

The synthetic route shown in Scheme 1.4.2 was designed for the synthesis of PPV -based
donor and acceptor blocks. Monomers are di-functionalized with aldehyde on one side
and phosphonate groups at the other side of the monomer, and these monomers can be
polymerized via the Horner-Emmons reaction. Phosphonate terminators will be used to
ensure that the phosphonate group isin slight excess so that the polymers will only have
phosphonate end group to couple with the aldehyde bridge units. The amount of the
terminator can be adjusted to control molecular weight of resulting polymer blocks.
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Scheme 1.4.2 Genera synthetic schemes for PPV based donor and acceptor blocks.

Synthesis of the donor block
The synthesis of donor block involves three sub-tasks: 1) Synthesis of donor monomer, 2)
Synthesis of terminators, and 3) Polymerization.

The synthesis of monomer 1 is shown in Scheme 1.4.3. The 2-ethylhexyl is used instead
of astraight alkyl group as regioregular C100-PPV was found not soluble. The NMR

spectrum of monomer 1 isshownin Figure 1.4.1.
EH

EH‘O EH\O EH\O 0
OH
5 NaoH © HBr/HOAC ©»Br P(OEY)3 ©/\po(OEt)2 CHCI,0Me Ov@”PO(OEt)2
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3 4 1

Scheme 1.4.3 Synthesis of the donor monomer 1.

Figure 1.4.1 *H NMR of donor monomer 1.

Polymerization of monomer 1 in presence of terminator 5. When t-BuOK was added
to a solution of 5 and 1 in THF, a high molecular weight polymer (judged by the way it
precipitated in MeOH) was obtained. However, no phosphonate group was seen in its
NMR spectrum. Presumably, the P-CH; group in the terminator cannot compete for t-
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BuOK added, and therefore, does not participate in polymerization. In an effort to avoid
the problem, the solution of 5 and 1 was added to an excess of t-BUOK/THF solution. A
phosphonate-terminated donor polymer was obtained, however, the amount of
phosphonate was less than expected. Likely, t-BuOK is not strong enough to fully
deprotonate terminator 5 and therefore the terminator:monomer ratio is smaller than the
feed ratio.

It became clear that a good terminator of higher acidity should be used. A new
terminator was designed to have an electron-withdrawing fluorine substituted at the para
position (compound 8) and was successfully synthesized (Scheme 1.4.4, Figure 1.4.2).

socl PoEy,  F{ )
NeBH, ¢ Q 2 F PO(OEt),
FOTO MeOH OH Cl
8
6 7

Scheme 1.4.4 Synthesis of the donor monomer 8.

Figure 1.4.2 'H NMR of terminator 8

Polymerization of monomer 1 in presence of terminator 8. With the use of new
terminator 8, standard mixing of reactants (t-BuOK added to a solution of 4 and 7)
worked well and yielded a donor polymer block with sufficient amount of CH,-
PO(OEt),. (see NMR spectrum the donor block in Figure 1.4.3).

Figure 1.4.3 'H NMR spectrum of phosphonate-terminated donor block.
59



Synthesis of the acceptor block

It turned out that the acceptor monomer is much more difficult to obtain than expected.
Several schemes were investigated before a working scheme was identified.
Unsuccessful schemes will be discussed shortly before the working scheme is presented.

Scheme 1.4.4 was first investigated and failed at the last step. Compound 9 has been
reported by us earlier [2]. The selectivity of the mono reduction of dialdehyde 9 was
very high (81.5%) and the monomer isomeric product can be removed by silica gel
column chromatography. Unfortunately, Arbuzov reaction of 11 with triethyl phosphate
to produce 2, one of the most frequently used reaction in our lab, did not work under
different conditions. Severe side reactions happened.

CmHm\ C1°H21\ C10H21\ ClOHZl CioH21-SO C10H21\502
2
OAc OAc KOH/M eOH OH ~o
SEC I e
HOAc O— CH2CI2 0.
° "CioHa C1°H21 C10H21 CioHay O\Cme CioH21

C10H21\ C10H21\ C10H21\
ﬁ ﬁ ﬁ""“’%
OCyoHa OCoHa OCioHa
10 1 2

Scheme 1.4.4 Thefirst failed scheme for acceptor monomer synthesis.

We then attempted Scheme 1.4.5 to synthesize unsymmetrically functionalized dimer 16
from reaction of isomeric mixture (13) (prepared from mono-protection of dialdehyde 12
[2]) and diphosphonate compound 14 [3]. Unexpectedly, only trimer 15 was obtained
which were not desired. Clearly, the desired product 16 is much more acidic than 14, and
therefore, continued to react with remaining 13 to give 15.

CroHar
C12H25\So2 C12H25\SOZO C12H25\502 o tohorng g, O
o 0" CiqHog S0 t-BUOK/THF Mg, O p/OEt
[eN — Oy § O «
0. 0. O O CioHore 0
Crazs CazHzs CiqHog Cuotas l‘oT g0, 2 & Oc 1 C10H21
CiqHog 127725
12 EtO/R OEt CuH CioHas
13 OFt O t CuaHzo 5
10H21 15

(in large excess)
14
Scheme 1.4.5 The second failed scheme for acceptor monomer synthess.

The third scheme for acceptor monomer synthesis (Scheme 1.4.6) failed as the step 1

product mixture (mono-bromo compounds) decomposed during purification in the silica
gel column.
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Scheme 1.4.6 The third failed scheme for acceptor monomer synthesis.

The successful synthesis of the acceptor monomer was eventually established via
Scheme 1.4.7. This scheme was not considered first as it was believed that the
phosphonate group could not survive wildly different and very harsh reaction conditions
used in the long sequence of reactions. 1. Strong acid (HBr at 60C for 7h), 2. Wet polar
solvent at 90°C, 3. Oxidizing/acid condition/high temperature (H202/HOAc/90C), 4.
Strong base/adlcohol (KOH/EtOH).  With careful control of reaction times, the
phosphonate survive all the conditions. Mono bromomethylation and the Arbuzov
reaction of 17 produces phosphonate compound 18 (Purification was only possible after
the phosphonate step). The NMR data of acceptor monomer 22 is shown in Figure 1.4.4.

C10H21 C..H
C10H2{. \S (CHZO)n CioHa1 S/ 107121
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0
0 Ac0 ClonfO Clonfo CioHaf
19 20

CioHai
17 18

CioH> CioH21

C10H21 C10H21 S 0,5

0, PCC OAQ
HO
nPO(OEt nPO(OEt npo@ﬂb POOR:

pe)
ClonfO CroMai

C1OH21

C10H21 & \p 21 22

Scheme 1.4.7 The successful scheme for acceptor monomer synthess.

Figure 1.4.4 NMR data of the acceptor monomer 22.

1.4.3 Synthesisof the DBA Block Copolymer

The donor block was first reacted with 15 times excess dialdehyde bridge unit 23 to be
end-capped with a bridge unit as shown in Scheme 1.4.8. The H spectrum of the
product (DB) is shown in Figure 1.4.5. It is clearly seen that the phosphonate group is
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gone, and an adehyde group emerged. DB was further reacted with the acceptor block to
give the final product: DBA. The adehyde group and phosphonate group at the end of
the acceptor are no longer seen in the *H spectrum of DBA (Figure 1.4.5).

O/_\O /O
23

In large excess

t-BuOK

Scheme 1.4.8 The scheme for DBA synthesis.
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Chemical shift (ppm)

Figure1.4.5 *H NMR spectrum of the donor block D, donor + bridge DB, acceptor A,
and DBA block polymer.

DBA Block Copolymer Synthetic Procedures

1,4-Bis-(2-ethyl-hexyloxy)-benzene (3): To a 1L round-bottom flask were added DM SO
(300mL), hydroquinone (20 g) and 2-ethylhexyl bromide (95.19g, 0.49 mole). A solution
of NaOH (23.3g)/water (22g) was then added drop wise to the vigorously stirred mixture
heated in 90 °C qil bath. After addition, the reaction mixture was stirred for another 30
min. The product was extracted with hexane and washed with water. The crude product

was purified with aflash silicagel column to afford 52g pure product. Yield: 86%.

2-Bromomethyl-1,4-bis-(2-ethyl-hexyloxy)-benzene (4): A mixture of 1,4-bis-(2-ethyl-
hexyloxy)-benzene 3 (50.88g, 0.152 mol), paraformaldehyde (5.48g, 0.183 mol), glacial
acetic acid (110g) and 30% HBr/HOAc (82 mL) was heated in 60 °C ail for 4h. The
product was extracted with hexane and washed with water and sodium bicarbonate
solution. The hexane extract was dried with magnesium sulfate and then condensed for
use in the next step without separation of 1,4-bis-(2-ethyl-hexyloxy)-benzene (15% by *H
NMR spectrum), mono bromomethylated (77%) and dibromomethylated (8%) products.
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[2,5-Bis-(2-ethyl-hexyloxy)-benzyl]-phosphonic acid diethyl ester (5): A mixture of
above crude product 4 (30.26g, 70.8 mmol) and triethyl phosphite (16.47g, 99.1 mmol)
was stirred and heated in a 140 °C oil bath for 2.5 h. The remaining triethyl phosphate
was removed by distillation. The residue was purified with asilicagel column using 1:6
EtOA c/Hexanes as the eluent to afford 24.0g colorless oil 5. Yield 70% (for two steps).

[2,5-Bis-(2-ethyl-hexyloxy)-4-for myl-benzyl]-phosphonic acid diethyl ester (1): To an
ice bath —cooled solution of [2,5-bis-(2-ethyl-hexyloxy)-benzyl]-phosphonic acid diethyl
ester 5 (4.847g, 10 mmol), methylene chloride (30 mL) and a-dichloromethyl methyl
ether (1.38g, 12 mmoal), titanium tetrachloride (6.64g, 35 mmol) was added drop wise
over two minutes. The color changed to dark red instantly. One hour later, 'H NMR
analysis of the reaction mixture indicated the complete of the reaction. The reaction
mixture was then poured into a stirred mixture of K,COs (8.429), water (200 mL) and ice
(50g) in a 1L beaker. The product was extracted with 200mL hexanes, and purified with a
silicagel column. Yield: 48%.

The donor block. In aglove box, to avigorously mixture of [5-(decane-1-sulfonyl)-2-
decyloxy-4-formyl-benzyl]-phosphonic acid diethyl ester 1 (3 mmol, 1.538g SC), 1/20
€q, (4-fluoro-benzyl)-phosphonic acid diethyl ester 8 (36.9 mg, 0.150 mmol) and THF
(15 mL) was added drop wise a solution of t-BuOK (469mg, 1.20 eq)/THF (23 mL).
After the addition, the solution was stirred for five minutes, and was dropped into MeOH.
Polymer was collected by filtration and dried. 1.113g, yield: 93.45%.

2-Bromomethyl-1-decyloxy-4-decylsulfanyl-benzene (An intermediate). A mixture of
1-decyloxy-4-decylsulfanyl-benzene 17 (8.044 g, 19.78 mmol), paraformaldehyde (2.37
g, 4 mol eq), glacial acetic acid (8 g), acetic anhydride (4g) and 33% HBr/HOACc (139)
was stirred at 90°C for two hours. The reaction mixture was diluted with 100 mL water,
then extracted with hexanes. The hexanes extract was washed with water, then dilute
agueous NaHCOg, dried and condensed to give brown oil which was used in the next step

without purification.



(2-Decyloxy-5-decylsulfanyl-benzyl)-phosphonic acid diethyl ester (18). Inaglove
box, a solution of all crude 2-bromomethyl-1-decyloxy-4-decylsulfanyl-benzene and
triethyl phosphate (4.58 g, 1.4 eq) was stirred at 125°C for 14h. After remove remaining
phosphate, the crude product was purified by asilicagel column using hexane/ethyl
acetate as eluent to give 7.70 g colorless ail. Yield: 69.9%.

(4-Bromomethyl-2-decyloxy-5-decylsulfanyl-benzyl)-phosphonic acid diethyl ester
(19). A vigoroudly stirred mixture of (2-decyloxy-5-decylsulfanyl-benzyl)-phosphonic
acid diethyl ester 18 (5.65 g), paraformaldehyde (2 g), trifluroacetic acid (10 mL),
trifluoroacetic anhydride (3.5 g) and 33% HBr/HOAc (6 mL) was stirred at 60 °C for
6.5h. The hexanes extract was washed with water, then dilute aqueous NaHCO;3, dried

and condensed to give brown oil which was used in the next step without purification.

(2-Decyloxy-5-decylsulfanyl-4-hydr oxymethyl-benzyl)-phosphonic acid diethyl ester
(20). A vigoroudly stirred mixture of crude (4-bromomethyl-2-decyloxy-5-decylsulfanyl-
benzyl)-phosphonic acid diethyl ester 19 obtained in the procedure above, sodium
bicarbonate (2.5g), 1-methyl-pyrolidinone (50 g) and water (5 g) was heated in a 90 °C
oil bath for two and half hours. The reaction mixture was diluted with 100 mL water, then
extracted with hexanes. The hexanes extract was washed with water, dried with MgSO,
and condensed by rotary evaporation. Purification by silica gel chromatograph afforded
3.2 9 (95% pure).

[5-(Decane-1-sulfonyl)-2-decyloxy-4-hydr oxymethyl-benzyl]-phosphonic acid diethyl
ester (21). A mixture of (2-decyloxy-5-decylsulfanyl-4-hydroxymethyl-benzyl)-
phosphonic acid diethyl ester 20 (3.2g, 95% pure), 50% H,0, (1.3 g), and glacial HOAc
(3mL) was stirred for twenty minutes at RT, then at 90 °C for 35 min. HOAc and H,0»
was removed under 100mbar at 90 °C for 10m. The product was extracted by hexanes
(40mLx2). The extract was then washed with agueous Na,CO3, and water once, dried
with MgS04, and condensed to give 3.666g crude product. The crude product was treated
with a mixture of KOH (3 g)/water (7g)/EtOH (40mL) at RT for two and half minutes.
After adding NaHCO;s (6 g), the mixture was condensed on arotary evaporator in 40 °C

water bath under reduced pressure. The residue was extracted with ether. The extract was
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dried and condensed to give 3.35g crude product which was pure enough to be used in
the next step.

[5-(Decane-1-sulfonyl)-2-decyloxy-4-for myl-benzyl]-phosphonic acid diethyl ester
(2). A mixture of [5-(decane-1-sulfonyl)-2-decyloxy-4-hydroxymethyl-benzyl]-
phosphonic acid diethyl ester 21 (3.35 g), methylene chloride (12 mL) and pyridinium
chlorochromate (1.5 g) was stirred at RT for 4 h. Solvent was removed by rotary
evaporation under 500 mbar until the solution become sticky. Hexane extract of the
residue was washed with agueous NaHCO3, and dried and condensed. Purification by
silicagel column chromatograph using 1/6 EtOA c/Hexanes as the eluent afforded 1.85 g
pure product. Yield: 57.9 % for three steps from (2-decyl oxy-5-decylsulfanyl-4-
hydroxymethyl-benzyl)-phosphonic acid diethyl ester (3.2g, 95% pure).

The acceptor block. Inaglove box, a mixture of [5-(decane-1-sulfonyl)-2-decyloxy-4-
hydroxymethyl-benzyl]-phosphonic acid diethyl ester 2 (1.000 g) + (4-fluoro-benzyl)-
phosphonic acid diethyl ester 8 (19.6mg , 1/20 eq) and THF (6mL) in 100 mL flask was
vigorously stirred while t-BuOK (1.05 eq)/THF (5mL) was added over two minutes.
Three minutes after the addition, the reaction mixture was dropped into stirred MeOH.
Polymer product was collected by filtration and dried at 60°C in vacuum for two days.
735 mg, 95.5%

Phosphonate-terminated DEH-PPV + bridge: In a glove box, a mixture of the donor
polymer block (0.43g), the bridge compound (0.164 g) and THF (7.5 mL) was heated
until the polymer was fully dissolved. After being cooled for five minutes, t-BuOK (38
mg)/THF (1mL) was added over ten seconds. After being stirred for 30 s. The reaction
was quenched with 30% HOAc (0.1 mL) MeOH. The mixture was dropped into MeOH
and the polymer product was collected by filtration: 415mg.

DBA Block Copolymer, CBP3.1a. In aglove box, to a stirred mixture of the donor-
bridge (300 mg), the acceptor polymer (400 mg) and THF (13 g) was added t-BuOK
(65.8 mg/1 g THF). After being stirred for five minutes after the addition, the reaction
mixture was dropped into stirred MeOH. Polymer product was collected by filtration and
dried at 60°C in vacuum for two days. Yield: 684mg.
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1.4.4 Physical Characterizations of the New DBA Block Copolymer

The UV-VIS absorption spectrum of the donor, acceptor and DBA block
copolymer isshown in Figure 1.4.6. Since it appears the DBA UV-VIScurveisasmple
overlap of the donor and acceptor UV-VIS curves, no ground state charge transfer or
“chemical doping” occurs between the donor and the acceptor block. A photovoltaic
polymer should be a “chemica doping” system. Figure 1.4.7 exhibits
photoluminescence (PL) spectra of donor block (D), acceptor block (A), and DBA block
copolymer in chloroform solution. From concentration correlated calculations, it is found
that at least 56% PL is quenched in DBA solution as compared to pristine donor, while
no quenching is detected in 1JuM D/A blend solution. These preliminary PL data
provided evidences of photo induced electron transfer from the donor block to the
acceptor block via the bridge unit! Figure 1.4.8 exhibit the DSC data of the three
polymer systems where there is no clear glass transition observed before the polymer
decomposes at about 300°C, these are common in conjugated polymers. Figure 1.4.9
exhibits the thermal gravimetric analysis (TGA) results and shows the DBA is thermally
stable up to about 300°C. Figure 1.4.10 exhibit the CV data of the D and A. Combined
UV-VIS and CV data revea the donor D has a LUMO/HOMO of -3.1eV/-5.3eV, and A
hasaLUMO/HOMO of -3.0eV/-5.5eV.

Figure 1.4.6 UV-VIS absorption spectrum (Donor EQ: 2.21€V; Acceptor Eg: 2.53eV).
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Figure 1.4.7 Photoluminescence (PL) spectraof D, D/A blend, and DBA block

copolymer in CHCI3 solution. It isfound that 56% PL is quenched in DBA solution,
while no quenching is detected in ZuM D/A blend solution.
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Figure 1.4.8 DSC curves of (a) donor, (b) acceptor and (c) DBA.
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Figure 1.4.9 TGA curves of (a) donor, (b) acceptor and (c) DBA.
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Figure 1.4.10 Cyclic Voltammetry (CV) curves of (a) donor and (b) acceptor.

1.45 Conclusonsand Summary

The successful synthesis and characterization of the first DBA conjugated block
copolymer system opened a new opportunity of controlling the morphology (and
therefore the electronic/optical properties) of the polymer semiconductors at the
molecular scale. Such block copolymer systems are essential for a variety of polymeric
electronic and optoel ectronic applications where the molecular orientations and pathways
are essential.

1.4.6 Notesand Referencesfor Part 1.4

1. Zhang C, Choi S, Haliburton J, Cleveland T, Li R, Sun S, Ledbetter A, Bonner C.
Macromolecules. 2006, 39, 4317-4326.

2. Sun, S.-S.; Zhang, C.; Ledbetter, A.; Chai, S.; Seo, K.; Bonner, J., C. E.; Drees,
M. and Sariciftci, N. S. Appl. Phys. Lett. 2007, 90, 043117.

3. Zhang, C and Sun, S., “Organic and Polymeric Photovoltaic Materials and
Devices’, in Introduction to Organic Electronic and Optoelectronic Materials
and Devices, eds. Sun, S. and Dalton, L., CRC Press/Taylor & Francis. Boca
Raton, Florida, USA, 2008, Chapter 14, pp 401-420.
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2. QUANTUM DOTSCRAFTED CARBON NANOTUBES (TASK #2, UD)

Sub-awardee (UD) developed and studied quantum dots crafted carbon nanotubes for
potential optoelectronic applications. Specifically, Figure 2.1(a) shows a typical SEM
image of the CAS-MWNTs nanocomposites, which clearly reveals the coupling of CdS
guantum dots (QDs) along the MWNTSs. Although the diameters of these QDs are in the
range of 10-30 nm, most of the particles have a diameter of about 15 nm. It is aready
known that inorganic semiconducting quantum dots (QDs) have a different band gap with
a size distribution, hence, emitting color can be controlled by size of QDs in light
emitting diodes (LEDs). It is known that 15 nm size of CdS quantum dots has a 4.5 eV of
electron affinity with a 2.4 eV of bandgap. A low lowest unoccupied molecular orbital
(LUMO) vaue of CdS quantum dots can help electron transfer by reducing the energy
barrier between 1-(3-methoxycarbonyl)propyl-1-phenyl(6,6)-methanofullerene (PCBM)
and cathode (Al). Additionally, 6.9 eV of highest occupied molecular orbital (HOMO)
value of CdS can force holes to transfer to anode not to reach cathode, as shown in
Figure 2.1(c). Figure 2.1(b) showed UV-vis absorption spectra of CAS-CNT composites
in methanol suspension.
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Figure 2.1 (a) SEM image of CdAS-MWNTs composites, (b) UV-vis absorption spectra of
MWNT, CdS, and CdAS-MWNT nanocomposites in methanol, and (c) energy diagram of

active materials including two electrodes in PV Cs.

While MWNTs gave a featureless absorption, pure CdS and CdS-MWNTs
nanocomposites exhibited the maximum peak at 485 nm and 497 nm, respectively, which
implies charge transfer happens between CdS QDs and MWNTSs in the ground state.
Additionally, 12 nm of red shift from CdS-MWNTs nanocomposites may be due to
electron delocalization property from MWNTSs. Figure 2.1(c) shows the energy diagram
of active materials including two electrodes for fabrication of solar cells. As mentioned
before, CdS quantum dots can not only help the electron transfer by reducing energy
barrier between PCBM and cathode but also force holes not to reach cathode derived
from low HOMO value, after charge separation. Due to excellent electrical properties and
large surface area, moreover, MWNTSs can improve charge carrier mobility and increase
exciton dissociation area.
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3. PRELIMINARY OE DEVICE STUDIES (PROJECT TASK #3)

Project awardee (Professor Sun’'s group at NSU) has collaborated with sub-awardee
(Professor Dai’s group at UD, now at CWRU, and Dai’s co-workers/collaborators) on
fabricating and studying a number of optoelectronic solar cell devices using NSU
developed polymers (polymer samples include 55-C12-PTV, SFPTV or P(C60TV-
SFTV), and “CBP’ or the (-DBAB-), block copolymer system developed at NSU earlier)

with QD-CNTs developed from Dai’s group. Figures 3.1-8 exhibit preliminary data of
such studies.

Performance of Solar Cells with Low Bandgap Polymers-
C12PTV-0.5 % (CdS-CNT)
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Figure 2. Performance of solar cells with the low bandgap polymer (C12PTV, spin coating,
400/1000 rpm, ~40 s) and 0.5 % CdS-CNT.

Figure 3.1 Preliminary results of the 55-C12-PTV/CdS-CNT solar cells photo J-V data
(CNT concentrations of 0.5% by weight).
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Performance of Solar Cells with Low Bandgap Polymers-
SFPTV-0.5 % (CdS-CNT)
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Performance of solar cells with the low bandgap polymer (SFPTV, spin coating, 400/1000
rpm, ~40 s) and 0.5 % CdS-CNT.

Figure 3.2 Preliminary results of the SF-PTV/CdS-CNT solar cells photo JV data (CNT

concentrations of 0.5%).
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Performance of solar cells with the low bandgap polymer (CBP, spin coating, 400/1000
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Figure 3.3 Preliminary results of the CBP/CAS-CNT solar cells photo JV data (CNT

concentrations of 0.5%).
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Absorption of Solar Cells with Low Bandgap Polymers and 0.5
% (CdS-CNT)
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Figure 3.4 Absorption of the Polymer/CdS-CNT solar cells (CNT concentrations of
0.5%).
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Figure 6. Performance of solar cells with the low bandgap polymer (C12PTV, spin coating,
400/1000 rpm, ~40 s) plus 1, 2 and 5 % CdS-CNT under the thermal annealed condition.

Figure 3.5 Preliminary results of the 55-C12-PTV/CdS-CNT solar cells photo JV data
(CNT concentrations of 1-5%).
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Absorption of Solar Cells with Low Bandgap Polymers and 1,
2 and 5 % (CdS-CNT)

1% 2% 5%
1.0 1.0 1.0
——C12PTV. ——C12PTV ——C12PTV
S 08 S 08 S 08
< < <
g 06 g 06 g 06
c c c
[ © ©
2 04 2 04 2 04
(=] o o
8 8 8
< 02 < 02 < 02
Oo T T T T 1 oo T T T T 1 Oo T T T T 1
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Absorption of solar cells with the low bandgap polymers and 1, 2 and 5 % CdS-CNT.

Figure 3.6 Absorption of the 55-C12-PTV/CdS-CNT solar cells (CNT concentrations of

1-5%).
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Performance of solar cells with the low bandgap polymer (C12PTV, spin coating, 400/1000 rpm,
~40 s) plus 0.5 and 1 % CNT under the thermal annealed condition.

Figure 3.7 Preliminary results of the 55-C12-PTV/CNT (no QD) solar cells photo JV
data (CNT concentrations of 0.5-1%).
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Absorption of Solar Cells with Low Bandgap Polymers and
0.5and 1 % CNT
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Figure 9. Absorption of solar cells with the low bandgap polymers plus 0.5 and 1 % CNT.

Figure 3.8 Absorption of the 55-C12-PTV/CNT solar cells (CNT concentrations of 0.5-
1%).

Polymer/QD-CNT cell fabrication and characterization procedures: The indium tin
oxide (ITO) substrates were cleaned by ultrasonic treatment in detergent, deionized
water, acetone and isopropyl alcohol sequentially, each for ten minutes, followed by O,
plasma treatment for 30 min. The PEDOT:PSS thin layer was spin-coated on cleaned
I TO substrates at a spin speed of 2000 rpm for 30 s. Substrates were then baked at 140°C
for 20 min. Samples were transferred to the glove box to deposit active layers for
Polymer/(CdS-CNT) blends. The sample of 2.5 mg (CdS-CNT) was put into 1 ml CHCl3
and sonicated for two hours. 10, 20, 40 or 100 pl of such solution was added into 1 ml
polymer solution (5 mg/ml in CHCI3) to make polymer/QD-CNT blend cells (with 0.5, 1,
2 or 5% wt CdS-CNT loaded cells). The blend active layer was deposited on top of
PEDOT:PSS layer via spin-coating at 400/1000 rpm for ~ 40 s. LiF (8 A) and Al (200
nm) layers were then evaporated on top of active layer in vacuum. Thermal annealing
was carried out at 80 "C for about one hour in the glove box. The current—voltage JV
characteristics were measured via a Keithley 2400 source-measure unit. A solar
simulator with Xenon lamp (Newport, ~100 mW/cm? AM 1.5) was used as the light
source to characterize the solar cells performances. The absorption spectra were
measured on an Agilent 8453 UV-Vis spectrophotometer.

In summary: from preliminary and no yet optimized OE device experimental results, it
appears 0.5-1% wt QD-CNT or CNT with 55-C12-PTV polymer cells exhibit typical
photo diode JV curves, while all other cells exhibit non-diode (or typical resistor type)
curves. While we are still investigating the causes of the non-diode behavior, there are
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several possible contributing factors. For instance, it may be due to probable short
circuits caused by the metallic CNTs connecting two electrodes, as it is well known that
typical CNT samples contain a mixture of metallic and semiconducting CNTSs.
Additionally, the semiconducting charge mobility of the SF-PTV and (DBAB)n block
copolymer could be much smaller compared to the RR-C12-PTV. The high resistance of
SFPTV is possibly due to the presence of the sulfone unit on thiophene ring which may
negatively affect the electronic coupling or conjugation on the main chain. The high
resistance of the (DBAB)n block copolymer is possibly due to not yet optimized
chemical structures particularly the solid state packing or morphology. Of the 0.5-1%
C12-PTV based diode cells, we do see some improvements of the photo currents of the
C12-PTV/QD-CNT cells (~30 pA/cm?, and 0.45 Volt) versus the C12-PTV/CNT cells
without QDs (~25 pA/cm?, and 0.37 Volt). We are still investigating detailed causes and
aternatives and ways to improve these type of OE device performances.

We believe high efficiency organic or polymer based optoelectronic devices based on
polymer/CNT materials systems could be achieved with following further optimizations:
1) Readily availability of pure semiconducting phase of CNTs including QD-CNTSs; 2)
Readily availability of a variety of energy gaped and side group derivatized conjugated
polymers (Eg between 1.0-1.8eV) with chemical structures in such away that they could
be easily self assembled into highly ordered and desired morphology at nano scale for
efficient exciton dissociation and charge transport. 3) The frontier orbitals of both
polymers and the CNTs or QD-CNTs should also be optimized for efficient charge
separation but inefficient charge recombination.
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4, OTHER ACCOMPLISHMENTS (PROJECT TASK #4)

4.1 Students/Staff Training and Educational Activities

In addition to research accomplishments, at least five graduate students and over five
undergraduate students at NSU were trained and/or benefited from this project award
(though most students are supported by NSU or other sources), as all research students
are part of the PI's research team and they contribute fully or partialy to the project
related research and training activities. Specifically, during the project period, at least
three NSU graduate students in the research team successfully defended their M.S. thesis
related to the project in the materials science M S program, and two of them have entered
into NSU’s Materials Science and Engineering (MSE) Ph.D. program. So far, three
graduate students in the PI’s research team aready passed Ph.D. qualifying exams and
two students already passed the Ph.D. research project proposal defenses, i.e., both arein
their fina Ph.D. degree candidacy status. One new graduate student joined the NSU
research team during spring 2010 and has been fully involved in the supported research
activities during summer 2010. Most graduate students have been actively participating
and presenting their research findings at national/international scientific meetings, and
most of them co-authored refereed journal publication articles. During each semester or
summer, between two to four NSU chemistry major undergraduate senior level students
will participate our funded research projects, and their research are generally supervised
or assisted directly by the graduate students. Almost al of the NSU chemistry major
students continued working for advanced degrees or find jobs in science, technology, and
engineering areas. Also during the project period, one research faculty in the NSU team
has become a tenure-track faculty member in the chemistry department of the university.
In Co-PI’s team at UD, at least one Ph.D. student who participated this project obtained
his Ph.D. degree in 2009.
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