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Abstract

In the present work, a new type of semiconducting acetophenone and thiophene side-arm based polyaryleneethynylene (PAE) con-
jugated polymers (CPs) were synthesized using the Heck-Sonogashira cross-coupling reaction. The new type of monomers and
APAECg, APAEC,,, APAEFg, TPAECg, TPAEC,,, and TPAEFg (PAE CPs) were synthesized and characterized using Fourier transform
IR, NMR and high resolution mass spectrometry studies. The average molecular weight of the CPs was determined using gel perme-
ation chromatography. The data obtained from optical properties in the UV-visible and photoluminescence spectral studies were
used to calculate the values of the Stokes shift. Among the six CPs studied, TPAEC; was found to possess a lower optical band gap
(Eg = 2.112 eV) than those of the other CPs. The data obtained from different studies, it was found that TPAEC; exhibits better prop-

erties than the other CPs and can be used in the field of organic based photonic, electronic and other sensor applications.
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INTRODUCTION

Organic conjugated polymer (CP) based materials are quite inter-
esting at present with considerable attraction for their material
stability and easy processability with better semiconducting
behaviour. The fast growing electronics field requires more and
more power for its sustainability. Currently, CPs of polyarylenevi-
nylene and polyaryleneethynylene (PAE) play an important role
in energy, memory’ and display applications.? In this context,
the electron donating tendency of donor (D) units and the elec-
tron withdrawing tendency of acceptor (A) units of PAE CPs are
very attractive due to the presence of uninterrupted vacant p-
orbital, electron excitation and recombination characteristics. In
the D-A units of CPs, the introduction of functional groups in
the monomers plays a significant role in the improvement of
material properties.>* In this scenario, the poor solubility of rigid
PAE CPs is overcome by the introduction of alkyl chains in the
CPs. With the improved solubility behaviour of PAE CPs, they are
mostly used in printing®® and device fabrication for natural
energy conversion.” These notable properties of PAE CPs have
attracted many researchers to take up active research in the
development of D-A PAE CPs using the palladium cross-coupling
reaction of the Sonogashira coupling method.®

The naturally available chalcones play a beneficial role in anti-
cancer activity,”"" bioluminescence’®'® and active plant resis-
tance™ of biological applications. However, the synthetic chal-
cone monomers have attractive features in host-guest
chemistry'® and optical'® applications. Moreover, the photodi-
merization behaviour of chalcone based dimethacrylate

compounds has been observed by Choi and Oh.” An aligned film
of chalcone side chain polymer has been investigated by
polarized UV irradiation for flat panel applications.'®"
Benzimidazole-indole-chalcone based side-arm methacrylate
polymers have been investigated for organic photovoltaics.*
Chalcone based materials have been used for the development
of four-bit information storage systems.?' Recently, Song et al.
have studied amplification of the circularly polarized lumines-
cence of f-hydroxyl chalcone based PAE CPs. With existing data,
there are only few reports available on the synthesis of a chalcone
moiety containing D-A PAE CPs and their optical and electro-
chemical properties. Hence, in the present study, the simple
para-acetyl and para-substituted chalcone based phenylethyny-
lene side-arm D-A two-dimensional PAE CPs were synthesized
and characterized by different analytical methods. Photophysical
and electrochemical data obtained for the PAE CPs (APAECs,
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APAEC,,, APAEFg, TPAECg, TPAEC,, and TPAEFg) from different
studies are discussed and reported.

EXPERIMENTAL

Materials

All precursor chemicals, reagents and solvents were purchased from
Merck, Sigma Aldrich, Alfa Aesar, Avra and Fisher

Scientific(Tamilnadu, India) and were used for the synthesis. Acetoni-
trile, N,N-dimethylformamide, chloroform (CDCl), dichloromethane
and tetrahydrofuran (THF) were purified using phosphorus pentox-
ide (P,0s), calcium hydride (CaH,) and sodium wire with benzophe-
none and then distilled under reduced pressure. The zero valent
palladium catalyst of tetrakis(triphenylphosphine)palladium(0) (Pd
(PPhs),), bis(triphenylphosphine) palladium(ll) dichloride (Pd
(PPhs),Cl,) and copper(l) iodide (Cu(l)l) were purchased from Alfa
Aesar. The analytical grades of triethylamine (TEA), methanol and
ethanol were distilled under vacuum conditions. Glassware and
apparatus were washed and rinsed with acetone followed by a dry
nitrogen flush and vacuum. The progress of reactions was monitored
through the thin layer chromatographic technique with a suitable
eluent. After the work-up, the crude products were purified using a
silica gel (100-200 mesh size) column chromatograph.

Sample analysis
The functional group and molecular structure of the synthesized
compounds were confirmed using Fourier transform IR (FTIR)
spectroscopy and 'H, '3C and DEPT (distortionless enhancement
of polarization transfer) 135 NMR spectrometry. The molecular
weight of the monomers were determined using high resolution
mass spectrometry, and the average molecular weight of the
CPs was determined by gel permeation chromatography (GPC),
using polystyrene as an internal standard. The photophysical
and electrochemical properties of the PAE CPs were determined
with the help of UV-visible spectroscopy, photoluminescence
(PL) spectroscopy and cyclic voltammetry measurement. The
thermal behaviour of side-arm PAE CPs was studied by TGA at a
heating rate of 10 °C min™" from 30 to 800 °C under a continuous
flow of nitrogen and the surface morphology of the polymers was
analysed by XRD and SEM.

Spectral studies: acceptor and donor monomers

1,4-dibromo-2-iodobenzene

"H NMR (300 MHz, CDCl5): § 7.97 (d, 1H, J = 1.5 Hz), 7.44 (d, TH,
J=28.7Hz)and 7.31 (d, TH, J; = 8.7 Hz, J, = 1.8 Hz).

1-(4-ethynylphenyl) ethanone

"H NMR (500 MHz, CDCls): 6 7.92 (d, 2H, J = 8.5 Hz), 7.58 (d, 2H,
J=8.5Hz),3.27 (s, 1TH) and 2.61 (s, 3H).

1-(4-((2,5-dibromophenyl)ethynyl)phenyl) ethanone

"H NMR (300 MHz, CDCl3): 6 7.68 (s, 1H), 7.6 (d, 2H, J = 6.6 Hz),
747 (d, 1H, J= 8.4 Hz), 7.71 (q, 3H, J = 18 Hz) and 3.80 (s, 2H).

1-(4-((2,5-bis((trimethylsilyl)ethynyl)phenyl)ethynyl)phenyl)
ethanone

"H NMR (300 MHz, CDCl5): § 7.43 (s, 1H), 7.36 (d, 2H, J = 8.1 Hz),
7.24 (d, 1H, J = 8.1 Hz), 7.17-7.12 (m, 3H), 3.58 (s, 2H), 0.08 (s, 9H)
and 0.065 (s, 9H).

1-(4-((2,5-diethynylphenyl)ethynyl)phenyl) ethanone

"H NMR (300 MHz, CDCl): 6 7.88 (d, 2H, J = 8.1 Hz), 7.57 (t, 3H,
J=287Hz),742 (d, 1H, J = 8.1 Hz), 7.34 (d, 1H, J = 8.1 Hz), 3.41
(s, TH), 3.13 (s, TH) and 2.54 (s, 3H).

1-(4-((2,5-diethynylphenyl)ethynyl)phenyl)-3-(thiophen-2-yl)prop-
2-en-1-one

"H NMR (300 MHz, CDCl5): 6 7.70 (d, 4H, J = 10.2 Hz), 7.64-7.58
(m, 4H), 7.5 (d, 1H, J=7.8 Hz), 7.41 (d, TH, J = 7.8 Hz), 7.17 (t, 1H,
J=4.5Hz), 3.48 (s, 1H) and 3.2 (s, TH).

1,4-diiodo-2,5-bis(octyloxy) benzene

"H NMR (500 MHz, CDCls): 6 7.2(s, 2H), 3.95 (t, 4H, J = 7.5 Hz) and
1.83-0.95 (m, 30H).

1,4-bis(dodecyloxy)-2,5-diiodobenzene

"H NMR (300 MHz, CDClL): 6 7.17 (s, 2H), 3.92 (t, 4H, J = 7 Hz),
1.84-1.75 (m, 4H), 1.57-1.27 (m, 36H) and 0.89-0.86 (m, 6H).

2,7-diiodo-9,9-dioctyl-9H-fluorene

"H NMR (300 MHz, CDCls): 6 7.45 (d, 4H, J = 8.7 Hz), 7.20 (d, 2H,
J=7.8Hz),1.71 (q, 4H, J = 9.45 Hz), 1.068-0.66 (m, 26H) and 0.64
(s, 4H).

POLYMERIZATION

Reacting the aryl halogen with the terminal proton of the alkyne
group induces carbon-carbon coupling through the Sonogashira
cross-coupling reaction (Schemes 1 and 2) which is an important
step in the synthesis of monomers and polymers. In this method,
palladium metal catalyst plays a vital role in enhancing the selec-
tivity, reaction rate and the yield of monomers and polymers. In
order to achieve high molecular weight polymers, the following
procedure was carried out. A dry, ultraclean 25 mL double necked
round bottomed flask was used and a Teflon coated magnetic bar
was placed with a reflux condenser and dry nitrogen Schlenk line
for back filling of nitrogen gas. The set-up was charged with iodo
substituted monomer (1 mole equiv) (Appendix S1), terminal free
hydrogen ethynylene substituted monomer (1 mole equiv),
Pd(PPhs), (0.03 mole equiv) and Cu(l)l (0.06 mole equiv). The
TEA (0.5 mL) and dry THF (3 mL) were added to the above reaction
mixture in a sequential order. Initially, the reaction mixture was
heated to 50 °C for activation, and then the whole reaction was
constantly stirred for 30 min in the presence of N, gas. After
charging, the reaction set up was completely evacuated with N,
gas continuously for 10 to 15 times and the reaction was main-
tained at room temperature for 72h. The solvent was evaporated
at the end of the reaction. The solid polymer obtained after the
evaporation was re-dissolved with a small amount of THF which
was then reprecipitated with methanol. Finally, the precipitated
polymer was purified using Soxhlet extraction with methanol
overnight. The purified chalcone based APAECg, APAEC,,, APAEFg,
TPAECg, TPAEC,, and TPAEFg (PAE CPs) were collected and pre-
served for further analysis.??%

For the synthesis of chalcone based APAECg, APAEC,,, APAEFg,
TPAECg, TPAEC,, and TPAEFg (PAE CPs), the above polymerization
procedure was used with the respective monomers and the
details are given below. The stoichiometric ratio for the synthesis
of the CPs depends on the corresponding molecular weight of the
monomers and batch size.

Polymer 1 (APAEC;)

The above polymerization procedure was followed.
1-(4-((2,5-diethynylphenyl)ethynyl)phenyl) ethanone (referred to
as compound A1) (50 mg, 0.186 mmol), 1,4-diiodo-2,5-bis(octy-
loxy)benzene (referred to as compound A2) (109 mg,
0.186 mmol), Pd(PPhs), (6.4 mg, 5.59 X 10°° mmol) and Cu(l)l
(2.2 mg, 1.12 x 10~ mmol) were used to obtain and purify poly-
mer APAECq. Yield 88.5 mg (79%). FTIR (KBr, cm™"): 3064, 1604,
1497, 1457 (aromatic); 2927, 2860 and 1412 (C-H stretching of
octyl side chains); 1693 (unsaturated ketone); 2202 (C-C triple
bond); 1210 (ether bond). GPC: M,, = 15 300, M,, = 6667 and poly-
dispersity index (PDI) 2.3.
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Scheme 1. Synthesis route for APAECs, APAEC;, and APAEFg (PAE CPs).

Polymer 2 (APAEC,,)

Compound A1 (50 mg, 0.186 mmol), 1,4-bis(dodecyloxy)-
2,5-diiodobenzene (referred to as compound A3) (130 mg,
0.186 mmol), Pd(PPh), (6.4 mg, 5.59 x 10~ mmol) and Cu(l)l
(2.2 mg, 1.12 x 10> mmol) were used to obtain and purify poly-
mer APAEC,,. Yield 95.0 mg (72%). FTIR (KBr, cm™"): 3042, 1600,
1509, 1464 (aromatic); 2931, 2850, 1105 (C-H stretching of dode-
cyl side chains); 1696 (unsaturated ketone); 2202 (C-C triple
bond); 1214 (ether bond). GPC: M,, =13200, M,, =4728 and
PDI = 2.8.

Polymer 3 (APAEFg)

Compound A1 (50 mg, 0.186 mmol), 2,7-diiodo-9,9-dioctyl-9H-
fluorene (referred to as compound A4) (120 mg, 0.186 mmol),
Pd(PPhs), (64 mg, 559%10™° mmol) and Cu(l)l (2.2 mg,
1.12 x 107> mmol) were used to obtain and purify polymer
APAEF;. Yield 84.22 mg (75.2%). FTIR (KBr, cm™): 3057, 1604,
1487, 1406 (aromatic); 2925, 2843, 1099 (C-H stretching of octyl
side chains); 1696 (unsaturated ketone); 2194 (C-C triple bond).
GPC: M,, = 11300, M,, =3636 and PDI = 3.1.

Polymer 4 (TPAEC;)
1-(4-((2,5-diethynylphenyl)ethynyl)phenyl)-3-(thiophen-2-yl)
prop-2-en-1-one (referred to as compound T1) (50 mg,
0.137 mmol), compound A2 (80 mg, 0.137 mmol), Pd(PPhs),

0
D

(4.7 mg, 4.18 x 107 mmol) and Cu(l)l (1.6 mg, 8.2 x 10~° mmol)
were used to obtain and purify polymer TPAEC;. Yield 59.3 mg
(62.5%). FTIR (KBr, cm™"): 3075, 1595, 1498 (aromatic); 2925,
2854 (C-H stretching of octyl side chains); 1648 (unsaturated
ketone); 2202 (C—C triple bond); 1209 (ether bond). GPC: M,, =
10500, M,, = 4186 and PDI = 2.5.

Polymer 5 (TPAEC,,)

Compound T1 (50 mg, 0.137 mmol), compound A3 (95.7 mg,
0.137 mmol), Pd(PPh), (4.7 mg, 4.18 x 107 mmol) and Cu(l)l
(1.6 mg, 8.2 x 107 mmol) were used to obtain and purify poly-
mer TPAEC,,. Yield 65.0 mg (58.6%). FTIR (KBr, cm™"): 3072,
1592, 1506, 1463 (aromatic); 2922, 2857 (C-H stretching of dode-
cyl side chains); 1656 (unsaturated ketone); 2203 (C-C triple
bond); 1208 (ether bond). GPC: M,, =8800, M, = 2450 and
PDI = 3.6.

Polymer 6 (TPAEFg)

Compound T1 (50 mg, 0.137 mmol), compound A4 (88 mg,
0.137 mmol), Pd(PPhs), (4.7 mg, 418 x 107° mmol) and Cu(l)l
(1.6 mg, 8.2 x 10~ mmol) were used to obtain and purify poly-
mer TPAEFs. Yield 63.6 mg (61.8%). FTIR (KBr, cm™"): 3069, 1590,
1464 (aromatic); 2924, 2849 (C-H stretching of octyl side chains);
1660 (unsaturated ketone); 2209 (C-C triple bond). GPC: M,
=7300, M,, =2216 and PDI = 3.3.
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Scheme 2. Synthesis route for TPAECg, TPAEC,, and TPAEFg (PAE CPs).

RESULTS AND DISCUSSION TPAEC,, > APAEC;,. The thermal stability of the PAE CPs is based
Thermogravimetric analysis on the influence of D-A interactions in the CP chain units and the
The TGA data presented in Fig. 1 indicate that APAECs, APAEC,, change of chain conformation upon the reaction of side-chain
APAEFg, TPAECs, TPAEC,, and TPAEF; start to decompose at  alkynes. The derivative thermogravimetry curves of APAECs,

344,322,362, 341, 326 and 342 °C respectively. The thermal sta-  APAEC;,, APAEFg, TPAECs, TPAEC,, and TPAEFg PAE CPs are
bility follows the order APAEFg > APAECg > TPAEFg > TPAECg > shown in Fig. 2.

(a) (b)
100 e ) —APA 100 e -
. - = APAEC - ..
= 904 ) u = 904 1 TPAEC”
il Sesvane APAEF_ il B aadda TPAEF
z ‘e . z " '
- 80 4 - 80+
€ 704 £ 70-
e L
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< <
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Figure 1. TGA of PAE CPs: (A) APAECg, APAEC,; and APAEFg; (B) TPAECs, TPAEC,, and TPAEFs.
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Figure 2. Differential thermogravimetry curve of PAE CPs: (A) APAECg, APAEC,, and APAEFg; (B) TPAECs, TPAEC,, and TPAEFs.

The thermal stability sequence was influenced by the attach-
ment of side-arm substitution, the rigid main backbone chain of
the polymers and the greater number of alkoxy chains introduced
into the polymer backbone. A high thermal withstanding capacity
of conducting polymers was essential for material application. A
high thermal stability of conducting polymers is essential for their
practical application.>*

Photophysical properties of CPs
The optical behaviour of the PAE CPs was studied by UV-visible
and PL spectra, and the data obtained are presented in Fig. 3.
The solid state (thin film) UV-visible spectral measurements were
also characterized and are given in Fig. 4. The spectral values of
APAECg, APAEC,, APAEFg, TPAECg, TPAEC;, and TPAEFg (PAE
CPs), namely absorption maxima (Aapsmax), absorption onset
(Aabs,onset) and band gap (Eg) values of the solution and thin films,
the fluorescence maxima (Aem max) for the solution and the Stokes
shift, are presented in Table 1.

Based on observation of the solution phase CP absorption,
fluorescence and Stokes shift values, the CPs are arranged in
the order Azpsmax APAECg (425 nm) > APAEC;, (421 nm) >

APAEFg (403 nm) > TPAEFg (361 nm) > TPAEC,, (355 nm,
a Stokes shift
(21.0 1 >~ & 1.0
3 |
8
o 0.8 4 0.8 -
§ | CAPAEC -UV s
d APAEC_-PL
2064 = los &
o e APAEF UV o
Qa 1 ®
r f APAEF -PL N
- 0.4 4 : 04 ©
N £
= o
E0.24 Lo2 £
o
s ;
0.0 ———rT 0.0
350 400 450 500 550 600 650 700

Wavelength (nm)

428 nm) > TPAECg (354 nm, 427 nm) and in the case of fluores-
cence are Aemmax APAEFg (470 nm) > TPAECg (469 nm),
TPAEC;, (469 nm) > APAECg (467 nm) > APAEC;, (466 nm)
> TPAEFg (433 nm, 457 nm). From the data obtained from
spectral analysis, it is ascertained that deviations in the z—z*
electronic transition of the CPs were observed due to the
side-arm functional groups of acetyl, chalcone thiophene and
the main backbone of the D-A chains, which possess low lying
energy levels of the lowest unoccupied molecular orbital
(LUMO) band of the acceptor unit and in turn influence the
7-rn* electronic transition of the CPs in the solution phase.
The Stokes shift values obtained between A,psmax and
Aem,max cONfirm the electron excitation due to the intramolec-
ular charge transfer of D-A units of the CPs in the solution
phase which in turn influence the red shift of the CPs. The
Stokes shift values are in the following order: TPAECg
(117 nm) > TPAEC;, (114 nm) > TPAEFgs (80 nm) > APAECs
(51 nm) > APAEC;, (47 nm) > APAEFg (37 nm). The Stokes shift
values of the above mentioned CPs showed a decreasing trend,
and this behaviour may be explained by the electronic effects
contributed by the D-A CP units. Further, it was noticed that
the higher Stokes shift values of TPAECg, TPAEC,, and TPAEFg

(b)

Stokes shift

1.0+ R W 1.0
: L 3

© 0.8 - " L0.3
e TPAEC WV |

0.6 aTPAEC AL | o

e TPAEF -UV
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Normalized PL (a.u.)

Normalized absorbanc
o =
N 4.
3 3

e
o
)

T T T

) ’ )
300 400 500 600
Wavelength (nm)

Figure 3. UV-visible (abs) and PL (em) spectra of the CPs in THF solution (0.04 mg in 10 mL): (A) APAECg, APAEC;, and APAEFg; (B) TPAECs, TPAEC,; and

TPAEFs.
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Figure 4. Solid state (thin film) absorption spectra of (A) APAECg, APAEC,, and APAEFg; (B) TPAECs, TPAEC,, and TPAEFs.

were obtained due to the influence of the «, # unsaturated res-
onance effect.

The data obtained from thin film UV-visible absorption demon-
strate a clear understanding of the z—z* transition of the CPs. The
absorption maxima of the thin films were shifted to the red shift
region (higher wavelength) from the absorption maxima of the
solution phase because of the arrangement of molecules and
the conformation behaviour of the CPs. The optical band gap of
the CPs was calculated from the UV-visible absorption onset
value. The band gap values of the different CPs were arranged
in the following order: TPAECg (2.112 eV) < TPAEC;; (2.322 eV) <
APAECs (2.339 eV) < APAEC;, (2.384 eV) < TPAEFg (2.421 eV)
< APAEFg (2.605 eV). The lower band gap value of thin film
absorption onset was found to be lower than that of the solution
phase absorption onset value because of the very tight packing of
the thin solid film samples which facilitated a lower band gap than
that of the solution phase. APAEFg and TPAEFg CPs showed higher
band gap values than those of the other CPs because of the pres-
ence of the same side attachment of the bisoctyl group of fluor-
ene units which not only induced a self-steric effect but also
created conformational changes of the polymer chain.

X-ray diffraction analysis
The structural arrangement of APAECg, APAEC,,, APAEFg TPAECs,
TPAEC,, and TPAEFg (PAE CPs) was interpreted based on the powder

XRD analysis. The wide angle and low angle XRD patterns of the CPs
are presented in Figs 5 and 6 respectively. The broad peaks obtained
from the XRD pattern are APAECg (20 = 8.64°, 22.60° and 42.66°),
APAEC;, (26 = 11.18° 22.06° and 39.06°), APAEFg (26 = 8.70°, 22.82°
and 42.66°), TPAECg (20 = 21.81°, 30.88°, 426° and 49.32°), TPAEC;,
(20 = 7.77°, 23.09°, 3027°, 4345° and 49.13°) and TPAEFg
(26 = 10.04°, 22.15°, 30.08°, 41.59° and 48.40°) and these are due to
the intermolecular z—z stacking nature of the CPs. The z—x stacking
d-spacings of the CPs were found to be as follows: APAECg 10.22, 3.87
and 211 A; APAEC,, 79, 402 and 23 A; APAEFg 10.15, 3.89 and
2.11 A; TPAECg 2.89, 2.12 and 1.84 A; TPAEC;, 11.36, 3.84, 2.95, 208
and 1.85 A; and TPAEF; 8.80,4.01,2.96,2.16 and 1.87 A. The d-value con-
firmed the coplanar nature of the 7—CP chain. The smaller z-stacking
value observed may be due to the z—r interaction between the ethyny-
lene bonds of the inter CPs chains. Meanwhile, the presence of alkyl side
chains induced the enhanced molecular assembly of the CPs.>>%¢

Scanning electron microscopy (SEM)

The aggregated forms of APAECs, APAEC,,, APAEFg, TPAECs,
TPAEC,, and TPAEFg (PAE CPs) were confirmed by SEM. The rough
surfaces of the PAE CPs are clearly shown in Fig. 7. The SEM
images show the amorphous behaviour of the CPs. The rough sur-
faces of APAECg, APAEC,,, APAEFg, TPAECg, TPAEC,, and TPAEFg
CPs made it difficult to influence the monoclinic lattices, due to
structural defects and the amorphous nature of the CPs. The

Table 1. The photophysical properties of PAE CPs
UV-visible
Aabsmax Aabsonset Eg (solution) Aabsmax Aabsonset Eg (film) Aemmax Stokes

CcP (solution) (nm) (solution) (nm) (eV) (ilm) (nm) (film) (nm) (eV) (solution) (nm) shift (nm)
APAECg 425 476 2.605 460 530 2.339 467 51
APAEC,, 421 468 2.649 425 520 2.384 466 47
APAEFg 403 440 2.818 408 476 2.605 470 37
TPAECg 354, 427 471 2.632 365 587 2.112 469 117
TPAEC,, 355,428 469 2.643 371 534 2.322 469 114
TPAEFg 361 441 2.811 373 512 2421 433,457 80

wileyonlinelibrary.com/journal/pi © 2020 Society of Chemical Industry Polym Int 2020
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Figure 5. Wide angle powder XRD pattern of (A) APAECg, APAEC,, and APAEFg; (B) TPAECs, TPAEC,, and TPAEFg.

XRD peak and SEM images clearly explain the amorphous nature
of the CPs. Based on the morphological results, the incorporation
of the side-arm group, conformation changes and chain entangle-
ment of the CPs show the amorphous surface of the CPs which in
turn enhances their properties.

Electrochemical properties of the PAE CPs

The redox behaviour of the CPs was studied using cyclic voltam-
metry measurements. The three-electrode system with tetrabuty-
lammoniumhexylfluorophosphate (n-BusNPFg) in acetonitrile
(100 mmol) was used as an electrolyte and operated at
100 mV s™! of applied potential; this is presented in Fig. 8.

The modified working electrode was prepared by the drop cast-
ing method using a CP solution. The thin film assembly and mor-
phological factor depended on the CP chain self-assembly and
self-orientation. Further, the presence of alkoxy chains, steric hin-
drance, average x conjugation and shielding of the CP backbone
was explained. These factors influenced the formation of thin

(a) 300
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Figure 6. Low angle powder XRD pattern of (A) APAECg, APAEC,, and APAEFg; (B) TPAECg, TPAEC,, and TPAEFs.

films on the working electrode. The chalcone based CPs devel-
oped in the present study exhibit irreversible behaviour instead
of reversible redox behaviour due to the absence of dication to
cation formation. The charge formation on the surface of the
modified working electrode is due to the strong anion of the
PFs~ interacting with alkoxy chains and also it depends upon
the applied potential and concentration of the electrolyte of the
electrochemical system. Further, it was also observed that the
charge formation, film assembly, functional group and rigid 7 sys-
tem influenced the oxidation onset of the CPs.

Data obtained from the electrochemical studies, namely the oxi-
dation onset, maximum electrochemical peak potential and peak
current of the APAECs, APAEC;,, APAEFs, TPAECs, TPAEC;, and
TPAEFg CPs, are presented in Table 2. For the para bisoctyloxyphe-
nylene and bisdodecyloxyphenylene unit containing CPs of
APAECg, APAEC,,, TPAECg and TPAEC,,, the anodic oxidation
onset values obtained are 0.791, 0.863, 0.873 and 0.869 V respec-
tively and the maximum anodic peak potential values are 1.107,
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Figure 7. SEM images of APAECg, APAEC,,, APAEFg, TPAECg, TPAEC,, and TPAEFs.

1.177,1.139 and 1.138 V respectively. The maximum anodic peak
currents of APAECg, APAEC,,, TPAECg and TPAEC;, are found to
be 29.7,77.9, 61.1 and 94.2 pA, respectively.

The thin film assembly and the side-arm of acetyl and thio-
phene containing the a, f-unsaturated ketone (chalcone)
group contribute to deviations in the electrochemical proper-
ties. At the same time, the bisoctylfluorene unit containing
CPs APAEFg and TPAEFg has different anodic oxidation onset
values of 1.153 and1.092 V and maximum anodic peak poten-
tial values of 1.309 and 1.405 V with maximum anodic peak cur-
rent of 80.7 and 51 pA, respectively. The APAEFg and TPAEFg CP

(a) b
W-aAPAEC:

[o APAEC,
g |cAPAEF,
= 404
2
=

T Y T

L T
0.0 0.5 1.0 1.5
-

Potantial (V vs Ag/ Ag )

anodic onset and maximum peak potential values were found
to be higher than those of APAECg, APAEC,,, TPAECg and
TPAEC,,. This may be due to the presence of the same side
substituted bisoctyl group and molecular geometry of the CP
chain.

The values of the highest occupied molecular orbital (HOMO)
and LUMO energy levels of the CPs are presented in Fig. 9. The
HOMO value was calculated from the anodic oxidation onset
value using Eqn (2) in Appendix S1. The LUMO energy value was
determined by substitution of the HOMO energy value and the
thin film UV-visible band gap value in Eqn (3) in Appendix S1.

(6)4,]
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so4db TPAEC12
geo 1c TPAEF,
§ 40 4
=
~ 20
0
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Figure 8. Cyclic voltammograms of the electrochemical oxidation of CPs in 0.1 mol L™ tetrabutylammonium hexafluorophosphate (TBAPFg) in THF with
a sweep rate of 100 mV s™': (A) oxidation properties of APAECs, APAEC,, and APAEFg; (B) oxidation properties of TPAECg, TPAEC;, and TPAEFs.
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Table 2. Electrochemical properties from cyclic voltammetry: anodic oxidation (Eqnset), anodic peak potential (Ep,), anodic peak current (/o), HOMO
and LUMO values calculated from Eqgns (1) and (2) in Appendix S1

CcpP M, M, PDI M,,/M,, Eonset (V) Epa (V) loc (uA) HOMO (eV) LUMO (eV)
APAECg 6667 15300 23 0.791 1.107 29.7 —5.554 —-3.204
APAEC;, 4728 13200 2.8 0.863 1177 779 -5.616 —3.231
APAEFg 3636 11300 3.1 1.153 1.309 80.7 —-5.906 —3.300
TPAECg 4186 10500 2.5 0.873 1.139 61.1 —-5.626 —-3.513
TPAEC,, 2450 8800 3.6 0.869 1.138 94.2 —-5.622 —3.299
TPAEFg 2216 7300 33 1.092 1.405 51 —5.845 —3.423

From this study, the energy levels obtained are arranged in the  CONCLUSION

ascending order TPAECg < TPAEC;, < APAECg < APAEC,
< TPAEFg < APAEFs. The difference in the energy levels of the
CPs may be due to the D-A arrangement, z—z stacking entangle-
ment and the presence of the side-arm functional group of CP
chains. The bisoctyloxyphenylene unit containing APAECg and
TPAECg has lower HOMO-LUMO energy level compared to the
bisdodecyloxyphenylene unit of the APAEC,, and TPAEC;, CPs
due to the presence of a higher chain length of alkoxy groups.
If the length of the alkoxy chain exceeds a particular extent, then
there might be a possibility of decrease in the free movement of
the bisdodecyloxy group which exhibits a higher self-steric effect
compared to that of the bisoctyloxy chain. Further, it was also
noticed that the CP samples APAECg and TPAEC; have the same
alkoxy chain, and the energy level was found to be lower for
TPAECg compared to APAECg due to the presence of thiophene
containing a, # unsaturated keto and acetyl groups. A similar
trend was also observed for TPAEC;, and APAEC;,. In the cases
of APAEFg and TPAEFg, different substitution takes place com-
pared to the other CPs. The APAEFg and TPAEFg CPs exhibited a
lower HOMO-LUMO energy level compared to that of the other
CPs because of the bisoctyl group substitution on the same side
of the fluorene ring. Based on the observations mentioned above,
the substitution of alkyl group conformational changes and self-
assembly behaviour determines the quality of the thin film forma-
tion and charge formation of the working electrode. From this
study, it is firmly ascertained that the charge formation on the
working electrode occurs at even lower potential for APAECs,
APAEC,,, TPAECg and TPAEC;, due to the presence of para-
substituted alkoxy chains and reduced steric effect behaviour of
the CP chain.

The six types of APAECg, APAEC;,, APAEFg, TPAECs, TPAEC,, and
TPAEFg with rigid two-dimensional PAE CPs were successfully syn-
thesized using palladium catalysed via the Heck-Sonogashira
cross-coupling methodology by using diethynylene and diiodo
monomers. The molecular structure of the monomers and the
average molecular weight of the CPs were determined by stan-
dard characterization techniques. The CPs (APAECg, APAEC;,,
APAEFg, TPAECg, TPAEC,, and TPAEFg) possess unique z—z* elec-
tronic excitation behaviours. Among these CPs TPAECg (117 nm)
and TPAEC,, (114 nm) exhibited higher Stokes shift values than
the other CPs. Data obtained from electrochemical and thin film
UV-visible spectra were used to determine the optical low band
gap and HOMO-LUMO energy levels of the CPs. The CPs TPAECg
(2.112 eV) and TPAEC,, (2.322 eV) possessed better optical band
gaps than those of the other CPs. It was also observed that the
chalcone based side-arm group of «, # unsaturated keto reso-
nance effect and the uninterrupted electron delocalization of
main chain PAE backbone play a vital role in the reduction of
the band gap. From the data obtained from different studies, it
can be concluded that the PAE CPs TPAECg and TPAEC;, can be
used in photovoltaic and sensor applications.
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