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Donor—Acceptor Copolymers Containing
Phthalazinone-Thiophene Structure Synthesized by
Classical Nucleophilic Aromatic Polymerization

Jianhua Han,“ Kuanyu Yuan,” Cheng Liu,* Jinyan Wang*” and Xigao Jian”

A series of new donor-acceptor copolymers based on a novel monomer containing
phthalazinone and thiophene synthesized by classical nucleophilic
displacement step polymerization reaction, and then were fully characterized. Their thermal,

structure, were
optical, electrochemical properties and quantum chemical calculations were investigated in
details. The comparisons between the linkage of ketone/di-ketone/sulfone groups and
phenyl/naphthalene groups in the resulting polymer backbone were carried out to explore the
relationship of the structure and the properties in the polymer system. The number average
molecular weights of the resulting copolymers are 15kDa-24kDa. All of the copolymers are
stable up to 441 °C, and their 5% weigh loss temperatures are higher than 489 °C. Their
optical band gap and HOMO energy levels are varying from 2.36 eV to 2.76 eV and -5.16
eV to - 5.51 eV, respectively. The soluble copolymers obtained exhibit blue-fluorescence.
Their photoluminescence quantum yield is ranged from 0.04 to 0.28 in N-methyl-2-
pyrrolidone. These non-ether bond polymers may be potential candidates in photoelectric

application.
Introduction

Conjugated polymers have attracted an increasing amount of
attention in recent decades for various organic electronic
devices such as organic light-emitting diodes (OLEDS),organic
field-effect transistors (OFETSs) and polymer solar cells (PSCs),
because of their potential advantages over inorganic and small-
molecule organic semiconductors.! Polymeric materials usually
have better film-forming ability, solution process ability, and
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mechanical properties.” Researchers have been devoting

themselves to develop cheap polymer materials having
excellent photoelectric property.

Our group has been focusing on exploring heat resistant
polymers based on the asymmetric monomer 1, 2-dihydro-4-(4-
hydrox-yphenyl)-1-(2H)-phthalazinone (DHPZ) (Figure 1). As
reported in our previous study, the NH group in DHPZ behaves
like a phenolic OH group with the result that DHPZ can react
with activated dihalo compounds to synthesize high molecular
weight polymers via combined C-N and C-O condensation
reactions.® For example, poly (phthalazinone ether sulfone)s
and poly (phthalazinone ether ketone)s were first successfully
1993 by classical

substitution reactions as shown in Scheme 1.* The rigid

synthesized in nucleophilic aromatic

asymmetric phenyl-phthalazinone structures in the polymer
main chains improve the solubility of the resulting polymers

This journal is © The Royal Society of Chemistry 2013

with maintaining excellent thermostability, high glass transition
properties.”"'  These high
performance polymers have been widely used in industrial

temperature and mechanical
applications, such as optical wave guides films, ultrafiltration

and nanofiltration membranes, and lithium-ion batteries
functional films, anion exchange membrane materials used for
vanadium redox flow battery applications, dielectric energy
storage thin films, and proton exchange membrane materials
for fuel cells.'*'” On the other side, DHPZ can be used as a
acceptor due to the C=N bond and lactam of the phthalazinone
structure.'® Also its sp® hybrid nitrogen atom in DHPZ has
better planarity than classical triphenylamine structure.'® The
special structure of DHPZ makes it attractive for constructing
n-type and donor-acceptor polymers. However,
knowledge, few papers report about the applications of

phthalazinone-containing polymers in optoelectronic materials.

to our

One of the main reasons is that the existence of ether bond in
the polymer main chain interrupts conjugation effect. Thus, to
eliminate the ether bond and prolong the conjugated bond
length in the phthalazinone-containing polymers can broaden
their application into optoelectronic materials field. The
concept of our design is summriezd in Scheme 1.
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sp® hybrid nitrogen
atom: planar structure

Figure 1. Energy-minimized conformation of DHPZ
determined using DFT (calculated by GaussianO9w at the

B3LYP/6-31G**level).
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In this paper, di-NH end-capped monomer M1 was designed
and then synthesized (Scheme 2). Monomer M1 possesses
several virtues: (1) Its NH group can react with various dihalo-
compounds (-F,-CL,-Br,-I) catalyzed by low costly base through
classical nucleophilic aromatic substitution polymerization. (2)
By virtue of the C=N bond and lactam structure, its polymers
enrich the typical imide- and amide-functionalized polymer
semiconductor family, which has the high electron deficiency
and the capability to self-assemble into ordered structures.”® (3)
Its the and 1-
bromododecane greatly exhibits potential blue light emitting

derivative M2 from reaction of Ml
with 54% of photoluminescence quantum yield (PLQY),
compared to bi(9,9-diarylfluorene)s with PLQY=70% and
bifluorene series compound with PLQY=60%.>' (4)Its polymers
also have excellent thermal and chemical stability. Thus herein
the di-NH group of M1 polymerized with di-halogenated
compounds by classical nucleophilic aromatic substitution
polymerization to produce a series of “non-ether bond”
polymers (Scheme 3). In order to comparison with traditional
poly(phthalazinone ether)s and commercial poly(aryl ether)s
synthesized by the same polymerization method,?” the common
monomers used in poly(aryl ether)s like M3~M7 were chosen
in our work. Also, weak conjugated groups such as ketone/di-
ketone/sulfone groups give polymers, without alkyl substituents,
enough solubility in organic solvent for spin-coating process.
The thermal properties, optical properties, electrochemical
properties, quantum chemical calculations (B3LYP/6-31G**)
by Gaussian 09 package® and physical properties of the
resulting polymers were investigated in details. In addition, the
comparisons between the linkage of ketone/di-ketone/sulfone
groups and phenyl/naphthalene groups in the backbone of the
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resulting polymers were carried out to explore the relationship
of structure and property in our polymer system.
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Scheme 3.Synthetic Route and Structures of Copolymers

Experimental
Materials

Unless otherwise indicated, starting materials were obtained
from Aldrich or Alfa Aesar and were used without further
purification. Solvent and other common reagents were obtained
from Shanghai Energy Chemical. THF was distilled from
benzophenone and sodium under an inert N, atmosphere prior
to use. Quinoline was purified by distillation under vacuum.
Commercial cuprous chloride was dissolved in concentrated
hydrogen chloride and the resulting solution was filtered
through an acid funnel to remove the insoluble substance. The
liquid obtained was then diluted by pure water then to collect
the white precipitate. The white solid was washed by methanol

and ether, respectively, and then kept in a desiccator.
CuCl/quinolone catalyst was prepared as the literature
reported.’

Methods Instrumentation

'H-.NMR (400 Hz) and "C-NMR (100Hz) spectra were
obtained with a Brucker spectrometer at an operating
temperature of 25 °C using CDCl; as solvents. HPLC-MS
analyses were performed on a HP1100LC/MSD instrument. Gel
permeation chromatography (GPC) analysis was carried out on
a HP 1090 HPLC instrument equipped with 5 pm Phenogel
columns (linear, 4x500 A) arranged in series with chloroform
as solvent and a UV detector at 254 nm. And the values were
calibrated versus polystyrene standard. Matrix-assisted laser

This journal is © The Royal Society of Chemistry 2012
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desorption ionization time-of-flight mass spectroscopy
(MALDI-TOF-MS) analyses were performed on a Micromass
GC-TOF CA 156 MALDI-TOF/MS. Infrared measurements
were performed on a Thermo Nicolet Nexus 470 Fourier
(FT-IR) UV-visible
absorption was measured with a PerkinElmer Lambda 35

transform  infrared spectrometer.
UV-vis spectrometer. Fluorescence spectra were obtained
using a Hitachi F-4500 spectrofluorometer with a xenon lamp
and 1.0 cm quartz cells. Elemental analysis was measured on a
ELIIT CHNOS
Elementaranalysesyteme GmbH. Thermogravimetric analysis
(TGA) of the polymers

TGA/SDTAS851 thermogravimetric analysis instrument in a

Vario Elementaranalysator from

were performed on a Mettler

nitrogen atmosphere at a heating rate of 20 °C/min from 25 to
800 °C. Decomposition temperature (Td) in nitrogen was taken
as the temperature of 5% weight loss. Char yield (Cy) was
calculated as the percentage of solid residue after heating from
25 to 800 °C in flowing nitrogen. The glass transition
temperature (7,) was determined with a Mettler DSC822
differential scanning calorimetry (DSC) in flowing nitrogen at a
heating rate of 10 °C/min from 25 to 350 °C. The T, value was
taken at the inflection point. Cylic voltammetric experiments
were carried out on an electrochemistry workstation with a
BAS100W voltammetric analyzer. A three-electrode setup was
0.1IM
supporting

performed in a  dichloromethane containing
the

electrolyte, used employing platinum working and counter

tetrabutylammonium hexafluoroborate as

electrodes and an Ag/Ag+ reference electrode (containing
0.01M silver nitrate in dichloromethane). Potentials were
recorded relative to the ferrocene/ferrocenium (Fc/Fc+) redox
couple which occurs at a value of +0.07 V under these
conditions. LUMO and HOMO energies were calculated from
the onset of the first reduction peak assuming a formal potential
of Fc/Fc+ of —4.80 eV relative to vacuum level (scan rate 50
mV/s). The optical band gap was calculated from measured at
the onset of absorption. Quantum yield measurements of the
polymers, dissolved in organic solvent, were performed using
quinine sulfate (quantum yield = 0.546, excited at 346 nm, in
0.1 N H2S04) as standards.** DFT calculations were performed
using the Gaussian 09W program at the B3LYP level with a 6-
31G(d,p) basis set.

Synthesis of monomers and polymers

4,4'-(thiophene-2,5-diylbis(4,1-phenylene))bis(phthalazin-

1(2H)-one) (M1). To a mixture of 2, 5-
bis(tributylstannyl)thiophene (66.22 mg, 0.1 mmol) and 4-(4-
bromophenyl)phthalazin-1(2H)-one (60.22 mg, 0.2 mmol) in N-
methyl-2-pyrrolidone (NMP) 10mL was added PdCl,(PPh;),
(2.8 mg ,0.4% mmol) under a N, atmosphere. The mixture was
stirred at 110 °C for 42 h. A green precipitate was filtered. The
resulting solid was washed with hot N,N-dimethyl acetamide
(DMACc), NMP and water, and subjected to Soxhlet extraction
successively with ethanol and dried under vacuum. 31.0 mg of
greyish-green product was obtained (yield: 75%). Anal. Calcd

This journal is © The Royal Society of Chemistry 2012
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for C3,H,()N4O,S: C, 73.27; H, 3.84; N, 10.68; S, 6.11. Found:
C, 68.73; H. 3.81; N, 10.06; S, 5.88.
4,4'-(thiophene-2,5-diylbis(4,1-phenylene))bis(2-

dodecylphthalazin-1(2H)-one) (M2). A 50 mL, 3-necked
round-bottomed flask equipped with a Dean-Stark trap,
condenser, inert gas inlet, magnetic stirrer, was charged with
M1 (524.6 mg, 1 mmol), Cesium Carbonate (325.82 mg, 1
mmol), hexamethylphosphoric triamide (HMPA) (6 mL) and
toluene (10 mL). The mixture was heated to 145 °C (oil bath)
under an argon atmosphere and maintained at this temperature
for 4 h to remove water produced during the reaction. After
complete dehydration, the reaction temperature was increased
to 190-195 °C (oil bath) and the toluene was distilled. The
yellow slurry in the flask was cooled to 80 °C. And 1.6405 g (5
mmol) of 1-bromododecane (498.4mg. 2 mmol) was carefully
added. The reaction mixture was then heated to 190-195 °C.
The Cu (I) Cl/quinoline catalyst (0.5 mL) was injected into the
reaction mixture. The resulting mixture was maintained at this
temperature for 17 h, after which time, the color of reaction
solution became dark red, indicating that the potassium salt of
M1 had almost gone into solution. Then the solution was
poured into the water in the presence of some dilute HCI. The
organic compounds were extracted with DCM. The organic
layer was dried over Na,SO, and concentrated in vacuo. The
crude product was purified by column chromatography using n-
hexane as the eluent. 697.6 mg of brown product was obtained
(yield: 81%)."H-NMR (400 MHz, CDCl) & 8.56 (dd, J = 7.8,
1.5 Hz, 1H), 7.87 — 7.72 (m, 5H), 7.66 (d, J = 8.3 Hz, 2H), 7.43
(d,J=11.5Hz, 1H), 4.36 — 4.25 (m, 2H), 1.91 (dt, J = 14.9, 7.6
Hz, 2H), 1.42 — 1.21 (m, 18H), 0.87 (t, J = 6.8 Hz, 3H). *C-
NMR (101 MHz, CDCl;) & 158.98 (s), 146.24 — 146.04 (m),
143.42 (s), 134.90 (s), 134.53 (s), 132.73 (s), 131.36 (s), 130.14
(s), 128.97 (s), 128.35 (s), 127.31 (s), 126.50 — 126.16 (m),
125.81 (s), 124.84 (s), 51.51 (s), 31.94 (s), 29.56 (dd, J = 16.3,
11.9 Hz), 28.66 (s), 26.83 (s), 22.71 (s), 14.15 (s). MALDI-
TOF [M+H]*: Cal. As: Cs¢HegN4O,S; 861.25(m/z). Found:
861.46(m/z).

General Synthesis of Poly(phthalazinone ether)s by
Classical Nucleophilic Aromatic Substitution Reactions. A
typical synthetic procedure of PDSKS82 was described as
follows (shown in Scheme 3). A mixture of M1 (1.0852 g, 2
mmol), M3(0.4594 g, 1.6 mmol), M4 (0.0087 g, 0.4 mmol),
anhydrous Cs,CO; (0.9775 g, 3 mmol), 20 mL HMPA and
40mL toluene was placed in a 100 mL three-necked round-
bottomed flask equipped with a mechanical stirrer, a nitrogen
inlet and outlet. The reaction mixture was constantly stirred and
heated to 142 °C for 3 h, maintained at this temperature for 4 h
to remove water produced during the reaction. After complete
dehydration, the reaction temperature was increased to 190-195
°C (oil bath) and the toluene was distilled. The resulting
mixture was maintained at this temperature for 17 h. Then the
reaction mixture was slowly poured into sufficient ethanol at
the presence of hydrochloric acid in drops. The crude polymer
was washed for six times with hot distilled water to remove
inorganic salts. The dried polymer was purified by dissolving in
NMP, being filtered through a 0.45 mm Teflon micro filter

J. Name., 2012, 00, 1-3 | 3
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before pouring into ethanol, and subsequently washed six times
with hot deionized water. The polymers were purified by
Soxhlet extraction with ethanol and acetone sequentially. The
purified polymer was dried at 120 °C under vacuum for 24 h.
The product was obtained in yield 74 % (1.11 g). "H-NMR (400
MHz, CDCl;) 8 8.59 (s, 1H), 8.12 — 7.92 (m, 4H), 7.92 — 7.74
(m, 5H), 7.67 (s, 2H), 7.43 (t, ] = 13.5 Hz, 1H). "*C-NMR (101
MHz, CDCl;) 8 175.04 (s), 158.72 (s), 147.79 (s), 145.81 (s),
143.22 (s), 139.54 (s), 135.14 (s), 133.67 (s), 132.03 (s), 130.33
(d, J =40.2 Hz), 130.08 (s), 129.59 (s), 129.09 (s), 128.67 (s),
128.06 (d, J = 28.3 Hz), 127.92 — 127.65 (m), 126.84 (s),
125.60 (t, J = 34.6 Hz), 12498 (s). GPC: M,=16.5 kDa,
M=54.5 kDa, PDI=3.3.

Others copolymers with different monomers were prepared
using the similar procedures as outlined above and
characterized as follow.

PDS. Yellow product. Yield: 73 %. 'H-NMR (400 MHz,
CDCl;) 6 8.59 (s, 1H), 8.11 — 7.90 (m, 4H), 7.88 — 7.72 (m, 4H),
7.67 (s, 2H), 7.52 (d, J = 1.7 Hz, 1H), 7.41 (d, J = 7.5 Hz,
1H)."*C-NMR (101 MHz, CDCly) & 175.09 (s), 158.74 (s),
147.82 (s), 145.86 (s), 143.20 (s), 139.51 (s), 135.11 (s), 133.67
(s), 132.10 — 131.90 (m), 130.13 (s), 129.39 (s), 128.64 (s),
128.21 (s), 127.24 — 126.62 (m), 125.92 (s), 125.07 (s). GPC:
M,=24.4 kDa, M,,=92.7 kDa. PDI=3.8.

PDSKSS5. Black product. Yield: 79 %. Calc. for
Cy55sH300N40030815: C, 74.98; H, 4.15; N, 7.69; O, 6.59; S, 6.60.
Found: C, 67.61; H, 3.60; N, 6.54; S, 5.68.

PDSKKS2. Brown product. Yield: 79 %. 'H-NMR (400
MHz, CDCl;) 8 8.57 (s, 1H), 8.13 — 7.90 (m, 4H), 7.90 — 7.46
(m, 9H), 7.41 (s, 1H)."*C NMR (101 MHz, CDCl3) & 175.19 —
175.05 (m), 158.80 (s), 145.90 (s), 143.31 (s), 139.78 — 139.51
(m), 135.46 — 135.05 (m), 133.74 (s), 132.11 (s), 12991 (d,J =
48.9 Hz), 129.63 — 129.43 (m), 129.17 (s), 128.51 (d, J = 48.1
Hz), 127.99 — 127.84 (m), 127.55 (s), 126.93 (s), 125.60 (t, J =
449 Hz), 111.18 (s). GPC: M,=15.5 kDa, M,=60.5 kDa,
PDI=3.9.

PDSKKSS. Black product. Yield: 74 %. Calc. for
Cu50H320N40035S15: C, 74.98; H, 4.20; N, 7.29; O, 7.28; S, 6.25.
Found: C, 67.39; H, 5.54; N, 7.24; S, 5.54.

PDNS. Yellow product. Yield: 70 %. 'H-NMR (400 MHz,
CDCl5) 6 8.80 (t, J =9.7 Hz, 1H), 8.59 (d, ] = 9.9 Hz, 2H), 7.96
—7.70 (m, 7H), 7.69 — 7.48 (m, 4H), 7.36 (d, J = 4.1 Hz, 1H).
3C NMR (101 MHz, CDCly) & 175.21 (s), 159.44 (s), 147.99
(s), 144.35 (s), 143.38 (s), 137.30 (s), 135.29 (s), 133.84 (d, J =
27.4 Hz), 132.35 (s), 130.48 (d, J = 31.8 Hz), 130.02 (s), 129.60
(s), 129.16 (d, J = 31.3 Hz), 128.35 (d, J = 51.0 Hz), 128.09 (s),
128.09 (s), 127.26 (s), 125.94 (s), 124.38 (d, ] = 37.8 Hz). GPC:
M,=24.6 kDa, M,,=91.0 kDa, PDI=3.7.

PDNK. Brown product. Yield: 74 %. '"H-NMR (400 MHz,
CDCl;) & 8.65 (s, 1H), 8.21 (s, 1H), 8.04 — 7.86 (m, 5SH), 7.73 (t,
J = 13.4 Hz, 7H), 7.57 (s, 2H), 7.38 (s, 1H). '3C NMR (101
MHz, CDCl;) 6 171.58 — 171.03 (m), 155.08 (s), 144.15 (s),
142.17 (s), 139.58 (s), 136.54 — 136.11 (m), 135.89 (s), 131.50
(s), 130.03 (s), 128.39 (s), 126.68 (d, J = 40.2 Hz), 126.44 (s),
125.95 (s), 125.45 (s), 125.02 (s), 124.42 (d, J = 28.3 Hz),
124.28 — 124.01 (m), 123.20 (s), 121.96 (t, J = 34.6 Hz), 121.34

4| J. Name., 2012, 00, 1-3

Journal Name

(s), 121.09 — 120.82 (m). GPC: M,=16.5 kDa, M,=59.4 kDa
PDI=3.6.

Results and discussion

Monomers.
Monomers synthesis

For designing ‘“non-ether bond” poly(phthalazinone ether)
synthesized by classical nucleophilic aromatic substitution
reactions, the monomer M1 was prepared by Stille coupling as
showed in Scheme 2. The reactive monomer 2,5-
bis(tributylstannyl) thiophene 1 was synthesized as literature
reported.”> During Stille coupling reaction, the target monomer
M1 was obviously precipitated out from the reactive medium
NMP at 110 °C. Unconverted reactants and some by-products,
detected by HPLC-MS in NMP (Figure S11), were removed by
successively treated with hot DMAC, NMP and water, and then
Soxhlet extracted with ethanol for 24 h. Unfortunately, the
sufficient characterizations of M1 ('H-NMR, "“C-NMR and
MALDI-TOF) were hard to carry out owing to its insolubility
in organic solvent. Due to large molecular conjugated structure,
melting point (measured by DSC) of M1 (Figure S10) was not
detected from 30 to 350 °C. And only elemental analysis and
Fourier transform infrared spectrometry (Figure S8) were
obtained.

For the detailed characterizations of M1, its long-chain alkyl
substituted derivative M2 was synthesized. As we expected, M2
has excellent solubility in organic solvent. Thus 'H-NMR, "*C-
NMR (Figure S1) and MALDI-TOF (Figure S7) of M2 were
easily measured. The 'H-NMR, "*C-NMR spectra of M2
obtained all displayed the expected signals with no discernible
peaks corresponding to impurities. Thus the structure of M1
was confirmed by the unambiguous spectral characterization of
M2. The optical electrochemical properties and quantum
chemical calculations (B3LYP/6-31G**) by Gaussian09
package were also investigated as follows.

Molecular Orbital Computation.

Figure 2.Calculated LUMO and HOMO orbits for M2 (the
hexyl group replaced the dodecyl group)

For further understanding electronic structure of M1, quantum
chemistry calculations by DFT (B3LYP/6-31G**) method were
performed (the hexyl group replaced the dodecyl group). As
shown in Figure 2, due to the electron-withdrawing group such

This journal is © The Royal Society of Chemistry 2012
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as C=N and C=O in phthalazinone group, the LUMO orbits of
M2 are delocalized along phthalazinone-thiophene axis and
mainly localized at the phthalazinone core. While its HOMO
orbits are delocalized on the thiophene core because of
electron-rich of thiophene unit. If M2 is excited, its electrons
will transfer from the thiophene core to phthalazinone-
thiophene core. The calculated HOMO-LUMO gap of M2 was
found to be 3.64 eV. In addition, a couple of sensitive and
reversible redox peaks were obtained from the cyclic
voltammograms (CV) (details in Figure S9). The CV-calculated
HOMO and LUMO were -5.87eV and -2.79eV, respectively.
This indicates that M1 has the strong electron-withdrawing
ability and can be used as acceptor to build conjugated
polymers.

Optical properties

UV/vis absorption spectra of M2 were studied in different
solvent (Figure 3). The UV/vis absorption of M2 showed slight
bathochromic shift effect with the increase in the polarity of
solvents. The maximum absorption wavelength of M2 in
solution ranged from 345 nm to 353 nm, and its long
wavelength of the absorption tails reached to 393 nm to 413 nm,
respectively.

—— benze

—— diethyl ether

—— n-hexane

—— triethylamine

—— ethyl acetate
——dichloromethane

—— N-methyl-2-pyrrolidinone

Normalized Absorbance(a.u)

350 400 450 500 550 600 650
Wavelength(nm)

Figure 3. UV-vis absorption spectra for M2 in different solvent.
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Figure 4. Emession spectra of M2 in different solvent

Fluorescence spectra of M2 in different solvent are shown in
Figure 4. M2 showed two emission peaks, and bathochromic
shift effect was also observed with the increase in the polarity
of solvents. Its second peak intensity increased with the polarity
of solvents. In NMP, the emission peak became broadened by
virtue of intermolecular charge transfer (ICT) effect of Donor-
Acceptor structure (phthalazinone-thiophene). In addition, M2
exhibited a strong emissivity (Table 1) and was different from
other oligothiophenes’ and polythiophenes’ weak-to-moderate

This journal is © The Royal Society of Chemistry 2012
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emitters, due to the heavy atom effect of sulfur to enhance the
inter system. We suppose that intercrossed-excited-state (LE
and CT) effect of M2 lead to the strong blue emissivity, which
was confirmed by the DFT calculation below (Table 4) of the
obvious twist angle between the phenyl, phthalazinone and
thiophene units .6

Table 1.Fluorescence Property of M2

excitation emission
Solvent wavelength(nm) wavelength(nm) PLQY

chloromethane 345 413.2,430.4 0.45

diethyl ether 345 407.6,426.6 0.54

n-hexane 345 406.8,426.0 0.52

Methyl-2- 345 420.4,434.6 0.53
pyrrolidinone

Polymer

Polymer synthesis

Ten polymers were then prepared by the classical nucleophilic
between di-NH capped
monomer M1 and various activated di-halogenated compounds
with the yield being 70~79% (Table 2). A strong base (Cs,COj3)
and strong polar, high boiling solvent (hexamethylphosphoric
triamide: HMPA) were used in order to obtain high molecular
polymers in our polymerization system. The number-average

aromatic substitution reactions

moleculars (Mn) of the obtained polymers were varying from
15.0 kDa to 24.6 kDa. Their polydispersity index (PDI), and N%
(the N content of the polymers, measured by elemental analysis)
are summarized in Table 2. The values of N% showed good
agreement between calculated and measured. All resulting
polymers had a much broader distribution of molecular weight,
presumably due to monomer’s (M1) poor solubility to lead to
the rather high viscosity of the reaction mixture and make the
heating and mixing of the reactants uneven.”’ All polymers’
solubility in organic solvents are shown in Table S1. PDSKS55
and PDSKKS55 were insoluble in organic solvent due to the
high content of linear rod-like structure (ketone groups) in the
polymer’s chain. PDK and PDKK, prepared from 4,4'-difluoro
diphenylmethanone (monomer M4) or 4,4'-difluorobenzoyl
benzene (monomer MS5), respectively, were precipitated during
Table 2.Synthetic Data of Copolymers

Polymer  Mn (kDa) PDI N%(Cal/Found) Yield (%)
PDS 244 3.8 7.73/7.74 73
PDSK82 16.5 33 7.75/7.49 74
PDSKS55 --- --- 7.69/6.54 79
PDSKK82 15.5 3.9 7.53/8.47 79
PDSKKS55 --- --- 7.29/7.24 74
PDNS 24.6 3.7 6.79/7.47 70
PDNK 16.5 3.6 6.16/6.54 74

“Isolated after precipitation and purification.
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polymerization. However, naphthalene series of polymers
(PDNS and PDNK) had better solubility in organic solvent than
phenyl series of polymers. This can be explained by the
optimized molecular geometries obtained by DFT as shown in
Table 4. The big twist angle 65 in the main chain of naphthalene
series of the polymers results in its excellent solubility in
organic solvent.

The structures of the resulting polymers were analyzed using
'"H-NMR (Figure 5) and '*C-NMR. The single peak splitting
and shifting downfield at 8.59 ppm was attributed to the typical
peri-position signal of the phthalazinone, which is always used
as the reference signal to assign the other atom except PDNS.
For PDNS, the chemical shift of the peri-position proton in the
phthalazinone was shifted to lower field about 8.78-8.80 ppm
due to the sulfone group and naphthalene. The chemical shift of
the protons of the thiophene core appeared at about 7.40 ppm.
The spectroscopic dates in Figure 5 are in agreement with the
proposed structures.

Furthermore, their *C-NMR pictures are shown in Figure 6.
A detailed chemical shift assignment of our copolymer products
are figured out. It is revealed that the PDNS and PDNK can be
clearly distinguished from other polymers. For the PDSKS82 and
PDSKKS82 copolymers, their different signals from PDS were
attributed to M2 and M3 units, which is successfully in
agreement with the copolymer structures as we designed.

Other chemical shifts of 'H-NMR and *C- NMR spectra
were also found to be well in accord with the chemical
structures of the polymers, as listed in Experimental Sections.
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The structure of the polymers obtained was also confirmed
by Fourier transform infrared (FTIR) spectroscopy as depicted
in Figure 7. A asymmetric stretching vibration band at 1300cm’
' to 1350cm™ and a symmetrical stretching vibration band at
1120cm™ to 1160 cm™ from O=S=O0 stretch were observed for
PDS, PDSK and PDSKK polymers containing sulfone groups,
also for PDNS. The ketone groups of the polymers could be
confirmed by C-C stretch on C=0O group at 1260 cm™".

This journal is © The Royal Society of Chemistry 2013
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Thermal Properties.

Table 3.Thermal Properties of Copolymers

Polymers Tg(°C) T5%(°C) Cy (%)
PDS >350 492 63
PDSK82 326 495 67
PDSKS55 288 441 74
PDSKK82 272 489 68
PDSKKS55 261 460 74
PDNS 267 496 72
PDNK 213 495 75
Ml - 403 33

Thermal stability of all polymers was investigated by using
thermogravimetric analysis (TGA) with a heating ramp rate of
20 °C/min under a N, atmosphere (Figure S12).The 5% weigh
loss temperatures (Tgs4) of all soluble polymers (after purified)
were above 489 °C after removing a small amount of residual
water, HMPA and NMP below 250 °C, demonstrating the
excellent thermal stability of these polymers. Due to the
insolubility of PDSK55 and PDSKKS5S5, they were not purified
(only Soxhlet extracted by ethanol) in the result that the Tysq, of
PDSKS55 and PDSKKSS5 was only 441 and 460 °C because of
the residual low molecular weight oligomers. In addition,
naphthalene series of polymers exhibited higher char yield
(72%~T75%) than phenyl series of polymers (63%~68%). The
char yield of the investigated polymers in the nitrogen
atmosphere was in the range of 63-75% at 800 °C, confirming
their excellent thermal stability.

Differential scanning (DSC) was implemented at a scan rate
of 10 °C/min to investigate the phase transition of all polymers,
as shown in Figure S14 and Table 3. The glass transition
temperatures (7,) of these polymers were recorded in exceed
213 °C. Among the investigated polymers, PDS displayed the
highest 7T, value exceed 350 °C. The reasonable explains are
that the strongest interaction of the polymer chains of PDS with
the introduction of polar sulfone groups to hinder the

This journal is © The Royal Society of Chemistry 2012
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movement of polymer chains. In addition, the 7, values of the
detected polymers decreased gradually with the increasing
content of ketone groups in the main chain of the polymers for
the above reasons.®

Molecular Orbital Computation.

dipole moment:
p=4.0009D

p=4.9400D

p=4.3647D

Figure 8. Calculated dipole moment, HOMO and LUMO
orbitals of polymers. The black arrow shows the magnitude and
direction of the dipole moment.
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To receive the information on the electronic states of the
synthesized polymers, we performed the theoretical calculation
using density-functional theory (DFT) at the B3LYP/6-
31G(d,p)//B3LYP/6-31G(d,p) (Figure 8). PDS and PDSKS82
have better extension of the conjugated system through the
polymer main chains than PDSKK82, PDNS and PDNK.
Meanwhile, a big twist angles of di-ketone and naphthalene unit
in the polymer backbone resulted in weak extension of the
conjugated system. This leads to the limitation of the
conjugation effects of PDSKKS82, PDNS and PDNK into only
one segment. Also, the LUMO electrons clouds of the polymers
containing ketone groups were distributed at ketone groups,
which are different from those of PDS and PDNS containing
sulfone groups. That indicates that N-H side in phthalazinone
unit has excellent conjugated effect.

The dihedral angles (deg) along the conjugated backbone for
the optimized molecular geometries are also shown in Table 4.
The dihedral angles between benzene and thiophene rings (0;)
were 19~24°.Comparing with 0,=41~44°, the naphthalene
linked with benzene rings increased steric hindrance. Similarly,
0; increased with the increasing steric hindrance from
naphthalene with benzene rings (phenyl series of polymers) to
naphthalene with naphthalene rings (naphthalene series of
polymers). Also the dipole moment of the polymers is listed out
in Figure 8. The influence on optical properties and
electrochemical properties in more details would be discussed
as follows.

Table 4. Dihedral Angles (deg) along the Conjugated Backbone for
the Optimized Molecular Geometries Obtained by DFT Evaluated at
B3LYP/6-31G(d,p) Level

°
2,5
M {c-/.\\\
i ) 05 s
i ::>§ . 857~cf CE
Y 8,

0

Polymer 0,(deg) 0,(deg) 0;(deg)
PDS 22.7 434 29.3
PDSKS82 229 42.8 28.9
PDSKK82 23.4 44.4 30.2
PDNS 19.2 41.1 60.0
PDNK 24.6 43.2 62.2

Optical properties.

The UV-vis absorption and fluorescence spectra of all polymers
were recorded in NMP at a concentration of 1mg/mL and in
drop-coated thin film. The UV-vis absorption and fluorescence
spectra are shown in Figure 9 and Figure 10 .All data are
summarized in Table 5.

The maximum absorption wavelength of PDS in solution was
348 nm (354 nm shoulder peak), which is 8 nm blue-shifted
relative to PDSK82 (356 nm) and 1 nm blue-shifted relative to
PDSKKS82 (349 nm). Their dihedral angles had no obvious
change. So the blue shift of absorption for PDS could be

8 | J. Name., 2012, 00, 1-3

Table 5.Optical Properties of Polymers
Amax(nm) Aem(nm) Stokes PL
polymers : shift
solution | film 5012“0 film gy QY
PDS 348,354 402 448 496 94 0.20
PDSK82 356 366 443 493 87 0.28
PDSKKS82 349 <350 443 496 94 0.17
PDNS 341,350 365,377 436 501 86 0.19
PDNK 346 364 434 495 88 0.04
PDS
5 1.0 /‘ty\ e PDSK82
o 7 ¥\ \ PDSKK82 in NMP
kg 0.8 /! \ \ PDNS
2 / | PDNK |
S | —=—PDS
S 0.64) |
2 \ o PDSKs2 | in thin flim
< 0.4l ' v PDNS
- ¥ + PDNK
N
g 0.2 A\
BN
£ 0] NS SO
300 400 500 600 700

Wavelength(nm)

Figure 9. UV-vis absorption spectra for the polymers in NMP
and thin film.

ascribed to weaker electron-withdrawing property of ketone
group in PDSK82 and PDSKKS82. From the other side, the
ketone group in PDSKS82 and PDSKKS82 has stronger electron-
donating ability to DHPZ core. This phenomenon also appeared
for PDNS and PDNK. Moreover, due to the big dihedral angle
of two naphthalene groups (63 in Table 4), the maximum
absorption wavelength of PDS and PDSK82/KK82 (phenyl
series) appeared at longer wavelength than PDNS and PDNK
(naphthalene series). The maximum absorption peaks of the
most polymers exhibited red shift effect than M2 (346 nm),
indicating that the conjugated length of the polymers could be
prolonged along the polymeric backbones due to cutting off the
ether bond in the main chain of the polymers although prepared
by classical nucleophilic displacement polycondensation
reaction. In the solid state, the absorption spectra of all
were broadened; shifted and exhibited a
distinguishable structure. Especially, the absorption spectra for

polymers red
sulfone-containing polymers broadened and red shifted more
than the polymers containing ketone and di-ketone segments.
This is attributed to strong chain interaction of sulfone group
than that of ketone group. Moreover, 0;=29~30° for phenyls
series of polymers was smaller than 6;=60~62° for naphthalene
series of polymers. Phenyl series of polymers like PDS have
stronger intermolecular interaction than naphthalene series of
polymers like PDNS. So the maximum absorption wavelength
of PDS in film state was 402 nm, longer than that of PDNS
(365nm, 377nm). All these above observations are usually
associated with possible charge transport applications.

This journal is © The Royal Society of Chemistry 2012
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Figure 10. Emission spectra of polymer in NMP (a) and thin film (b).

Generally, oligo-, polythiophenes and heteroaromatic
polymers are weak-to-moderate emitters owing to the heavy
atom effect of sulfur enhancing the intersystem crossing? and
the heterocyclic compounds with nitrogen heteroatoms spin-
forbidding n-m*. As a surprise, herein we observed that
PDSK82 (PLQY= 28 %) containing fused thiophene ring and
nitrogen-heterocyclic structure exhibited a strong
photoluminescence, higher than PDS (PLQY= 20%) and
PDSKKS82 (PLQY= 17%). We speculate that PDSKS82
containing ketone group has different localization manners
between LUMO and HOMO than PDS and PDSKKS2 in the
result of better emission originated from the intermolecular
charge transfer (ICT) states.?%? However, PDSKK82 and
PDNK containing di-ketone group exhibited weak emissive.
The reason can be found that the two ketone groups interrupt
their conjugated structure in the main chain to hinder the
electron transport along the polymer backbone in Figure 8. It is
worth noting that due to the strong torsion between phenyl-
phthalazinone core and naphthalene in M6 and M7, phenyl
series of polymers show longer wavelength emission than
naphthalene series of polymers in NMP.

Electrochemical Properties.

The electrochemical properties of the synthesized polymer are
in Table 6. The frontier molecular orbits
determined by CV (Figure S14) is compared to the predict
energies using DFT with a 6-31G** basis set as shown in
Figure 11. M2 showed two reversible oxidation processes and

summarized

one irreversible redox processes during negative scan. Its
energy levels were estimated to be -2.79 eV for the LUMO and
-5.87 eV for the HOMO. And its energy band was 3.08 eV. All

This journal is © The Royal Society of Chemistry 2012
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Table 6. Electrochemical Data of Polymers

polymer LUMOC(eV) HOMO(eV) Eg(eV)
PDS  -2.75% -2.11° -551* -5.60° 2.76° 2.82° 3.49°
PlggK 264 205 -535 -555 271 273 350
P Dng 268 223 -536 -559 268 286 336
PDNS 280 -2.09 -5.16 -559 236 275 3.0
PDNK -2.73 -232 -527 -555 254 288 323

Calculated by Cyclic voltammograms.
® Calculated by Gaussian 09.
¢ Calculated by UV-vis absorption spectra

polymers derived from M2 exhibited a narrower electrical
energy band than M2, indicating di-NH end-caped monomer
could prolong conjugated length in the polymeric backbones. In
addition, weak CT effect of sulfone and ketone groups resulted
in the broad electrical energy band of all polymers than most
conjugate D-A polymers.*® PDSK82 showed the most narrow
optical energy band among these polymers. The reasons could
be explained by DFT calculation in Figure 8. It has been proved
that a molecule having different localization manners between
the frontier orbits often exhibits the broad emission in the long
wavelength region originated from the intramolecular charge
transfer (ICT) states. The optical energy band of five soluble
polymers were varies from 2.73 eV to 2.88 eV.

As showed in Figure 11, the sulfone-containing polymer has
deeper LUMO level than the ketone-containing analogue
because of the strong electron-withdrawing ability of sulfone
group. For instance, -2.75eV for the LUMO of PDS was deeper
than -2.64eV (PDSKS82) and -2.68 eV (PDSKKS82). The
electron energy band of naphthalene series of polymers like
PDNS (2.36 eV) and PDNK (2.45 eV) was smaller than that of
phenyl series of polymers like PDS (2.76 eV), PDSK82 (2.71
eV) and PDSKKS82 (2.67 eV). However, PDNS and PDNK
containing naphthalene segments showed the big dihedral angle
in the polymer backbone, resulting in weak extension of the
conjugated system. The CV measurement exhibited the
narrower band gap for PDNS and PDNK than that value for
other polymers with better co-planarity. As the naphthalene
group has better electron-donating ability than phenyl, and the
sulfone group has electron-drawing ability than ketone group, a
strong donor-acceptor system also led to narrower band gap.
We deduce that the latter plays a major factor under such
circumstances.

From the onset of oxidation and reduction peaks the HOMO
and LUMO values as well as the electrochemical band gaps
were calculated. As shown in Table 6, the electrochemical band
gap values calculated by CV were similar to the values
predicted by DFT. The HOMO energy levels of most polymers
were lower than their air oxidation (ca. —5.27 eV) indicating
good air stability and a higher Voc in PSCs.?' Moreover, due to
the low HOMO energy level of the polymers, M1 could be a
potential acceptor to build conjugated polymers for solar cells.

J. Name., 2012, 00, 1-3 | 9
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Figure 11. Frontier molecular orbital energy levels as predicted
by DFT calculation with a 6-31g** basis set and CV.
Physical Properties.

X-ray diffraction (XRD) measurement was used to investigate
the physical properties of the polymers in thin films. Figure 12

shows the XRD patterns of the five polymers casted from NMP.

Obviously, no sensitive peaks were found at the region from 5
to 60 degrees, indicating that they possess some amorphous
features without crystalline domains. Only a widely insensitive
diffraction peaks (17°~30°) for n-m stacking of PDS, PDSK82
and PDNK were distinguished. Heeger and co-workers have
put forth that self-assembly could be driven by the orientation
and strength of the molecular dipole moment. As pointed out in
Figure 8, we can therefore hypothesize that the change of the
molecular dipole moment results in a different intermolecular
packing manner. Furthermore, it has been demonstrated
experimentally and computationally that PDSKS82 (dipole
moment, p=5.0669D) are more advantageous to the n—=
stacking than PDSKKS2 (dipole moment, n=2.9069D). The

/ n-n stack
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Figure 12. The XRD spectra of polymer films.

different intensity of diffraction peaks (17°~30°)of PDSK82
and PDSKKS82 can clearly be visible in Figure 12. However,
M6 with high dipole moment (u=4.0094D) had no obvious
widely insensitive diffraction peaks. That can be attributed to
highly twisted backbone of PDNS (Figure 8). **In addition, the
non-crystalline feature of polymers shows they could be
favorable for their PLED applications.™
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Conclusions

In summary, we have designed, synthesized, and characterized
a new di-NH capped monomer and its polymers prepared by
classical nucleophilic aromatic polymerization. Compared with
commercial PEEK, poly (aryl ethers)s and traditional poly
(phthalazinone ether)s synthesized by the same polymerization
method, these non-ether bond polymers show remarkable
photoelectric properties. To our knowledge, this is the first
report that the polymers containing phthalazinone—thiophene
derived from classical nucleophilic aromatic
polymerization to apply in the optoelectronic polymer materials.
The polymers exhibit highly thermostability and blue-
fluorescence property. The optical band gap and HOMO energy
levels are varying from 2.36 eV to 2.76 eV and -5.16 eV to -
5.51 eV, respectively. The effect of ketone/di-ketone, sulfone
group, phenyl and naphthalene groups in the main chain of the
resulting polymers on the optical properties were investigated
in details. On the basis of our results, fused di-NH monomer
and classical nucleophilic displacement reaction method can
narrower the band gap and adjust the wavelength of the
luminescence. Further studies on the polymers based on di-NH
capped monomer by classical nucleophilic aromatic
polymerization are under way.
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