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GRAPHICAL ABSTRACT:

Three new conjugative polymers Th-Py-1, Th-Py-2 and Th-Py-3, were designed,
synthesized and characterized. Their thermal, photophysical, theoretical and

electroluminescence studies were carried out.
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HIGHLIGHTS
e Designed and synthesized new 3 cyanopyridine based polymers for PLED
applications
e Polymers display light absorption at 377-397 nm and emission at 432-482 nm
e They possess optical band gap of 2.55-2.64 eV with good thermal stability
e Their EL maxima range is 469-476 nm with blue emission in their PLED devices

e Their fluorescence quantum yield varies in the range of 21-45%



ABSTRACT:

Herein, we report the design of three new blue light emitting conjugated polymers (Th-Py-1, Th-Py-2
and Th-Py-3), carrying cyanopyridine ring as a strong electron accepting unit and thiophene as well as
phenylene vinylene scaffolds with different substituents, as electron donating moieties. The newly designed
monomers/polymers were synthesized using well-known synthetic protocols such as cyclocondensation, O-
alkylation, Suzuki cross coupling, Wittig and Knoevenagel reactions. They were well-characterized by spectral,
thermal, photophysical, electrochemical and gel permeation chromatography (GPC) techniques. Further, they
were subjected to theoretical studies using DFT simulations, performed at B3LYP/TZVP level using Turbomole
7.2V software package. The new polymers were tested in PLED devices (ITO/PEDOT: PSS/Polymer/Al) as
emissive materials. Optical studies revealed that, all the polymers displayed light absorption in the range of 377-
397 nm and blue light emission in the order of 432-482 nm, respectively. Further, their band-gaps were
calculated to be in the order of 2.55-2.64 eV using both optical and electrochemical data. Furthermore, the TGA
study indicated that, they possess good thermal stability with onset decomposition temperature, greater than 300
9C under nitrogen atmosphere. Interestingly, use of these polymers in new PLEDs as emissive layers, has shown
improved performance when compared to previously reported polymers in similar type of devices. They show
blue light emission with a low threshold voltage of 3.5-3.9 V, affirming an efficient electron injection in the
diodes.

Keywords: Conjugative polymers, Blue light emitter, Cyanopyridine, DFT, PLED.

1. Introduction

Conjugated polymers based on heteroaromatics are of prime importance in the last few decades due to
their remarkable optical and electrochemical properties. These polymers were shown to possess many
optoelectronic applications, which include mainly electroluminescent devices [1-2], photovoltaic cells [3] and
field effect transistors, sensors [4]. Such polymers are prospective candidates for optoelectronic devices because
of their many obvious advantages such as mechanical flexibility, impact resistance, optical transparency,
thermal as well as photochemical stability, film forming ability, ease of fabrication, ability to form radical
cations and hence possession of high charge carrier mobility. In addition, their optical and electronic properties
can be fine-tuned by functionalization of their backbone structures as well as by unique combination of the

donor and acceptor units in their structural designs.

Pyridine has attracted much attention of many researchers for designing new conjugated polymers, as it
is thermally stable n-type heterocyclic system. Due to its high electron deficient nature, pyridine acts as a very
strong electron withdrawing moiety with good electron transporting property. It shows very good optical

properties because of localization of lone pair of sp? orbital electrons of the nitrogen atom [5-7]. Further,



presence of the electron withdrawing nitrile (CN) substituent on the pyridine ring enhances its electron-
transporting nature [8]. Consequently, polymer with cyanopyridine in the main chain would increase its charge
carrying property [9]. Also, as cyanopyridine itself exhibits very good fluorescence property, its presence in

polymer chain would further enhance light emitting characteristics of the resulting conjugative macromolecules.

Among the m-conjugated systems, thiophene based polymers have gained intense interest among
researchers all over the world and actually being advanced to be most frequently investigated structures [10-13].
Consequently, they are the most frequently used conjugative materials, particularly as an active component in
organic electronic devices and molecular electronics. Indeed, they display the best combination of efficient
electronic conjugation, chemical stability and incredible synthetic versatility, which allows their significant
properties to be accessed through proper substitution. Thiophene chemistry is well-established and has been
under development for a long time [14]. Highly stable thiophene ring acts as a powerful electron donor and also
a good hole transporting system. Moreover, they are ideal building blocks in transition metal-catalyzed cross-
coupling reactions which have been developed enormously in past two decades and nowadays, provides basis
for synthesis of most of the polymers. Evidently, such polymers are normally stable both in conducting and in
semiconducting states and can be readily characterized by many methods. Their unique optical, electronic,
redox, charge carrying and self-assembling properties are quite interesting in addition to their exceptional
arrangement and stacking behavior on solid surfaces as well as in the bulk. Further, the high polarizability of S
atoms in thiophene ring leads to the stabilization of the conjugated chain and excellent charge transport
properties, which are crucial assets for their optoelectronic applications. In addition, they possess enormous and
attractive potential of structural variation leading to different architectures which allow tuning of electronic

properties over a wide range and outstanding physical as well as chemical properties.

Conducting polymers derived from phenylene vinylene are attractive class of materials for their
applications in the field of optoelectronics, mainly due to their efficient electroluminescent property. They are
good conducting polymers of rigid-rod polymer family and their physical, as well as electronic properties can be
altered by the inclusion of functional side groups. The repeating phenylene vinylene units act as strong electron
donors and also, function as good hole transporting systems in the polymer backbone. Obviously, they possess
highly ordered crystalline film-forming ability, improved mechanical properties and excellent luminescent
behavior [15-16]. Further, presence of the vinylene linkage along with phenylene ring in the polymer main chain
increases the planarity and hence conjugation length of the molecule, causing enhanced optoelectronic
properties. Moreover, vinylene linkage functions as an excellent fluorophore via charge transfer, making the

polymer highly luminescent.

Against this background, in quest of new efficient blue light emitters, it has been aimed at designing
three new donor-acceptor type conjugated polymers, viz. Th-Py-1, Th-Py-2 and Th-Py-3 carrying
cyanopyridine ring as a strong electron acceptor, thiophene and phenylenevinylene units as strong electron
donors. In fact, such designs carrying cyanopyridine system with two thiophene rings on either sides, have not
yet been reported in the literature, however copolymers containing thiophene, phenylenevinylene and
cyanopyridine systems in sequence were well-known [17-20]. In the new design, presence of electron
withdrawing nitrile group (-CN) on vinylene unit of Th-Py-1, as well as electron accepting bromo (-Br)

functionality on phenyl ring of Th-Py-3 is expected to improve charge carrying ability of polymer chains.



Further, hexadecyl side chain (-CisHss) on cyanopyridine ring would bring about good solubility and film
forming ability for the polymers. Thus, the resulting polymers have been predicted to possess promising
structural requirements for exhibiting favorable optical properties with wide band gap and thermal stability,
which arise from both the backbone and functional groups. As a result, we hoped these new polymers are

potential candidates for application in PLEDs, as blue emissive materials.

In the present work, the required monomers as well as polymers, Th-Py-1, Th-Py-2, and Th-Py-3 were
designed and synthesized starting from simple derivatives of thiophene and xylene using routine synthetic
protocols. Polymerization of monomers was achieved by Knoevenagel and Wittig methods. Newly synthesized
monomers/polymers were well-characterized by FTIR, NMR spectral and elemental analysis techniques. Weight
average molecular masses and polydispersity index (PDI) of polymers were determined using GPC method and
their thermal stability was evaluated by thermo gravimetric analysis (TGA). Their photophysical properties were
investigated using UV-Vis and fluorescence spectral studies. Their optical and electrochemical bad gaps along
with HOMO-LUMO energy levels were obtained by spectral and cyclic voltammetric (CV) methods,
respectively. Further, theoretical studies of these polymer structures were carried out using DFT simulations,
performed at B3LYP/TZVP level using Turbomole 7.2V software. Finally, their electroluminescence behavior
was explored by fabricating new PLED devices with configuration, ITO/PEDOT: PSS/Polymer/Al, where
polymers Th-Py-1, Th-Py-2 and Th-Py-3 function as light emissive layers in respective diodes. Based on the
experimental results, correlation between the polymer structures and various above mentioned properties was

discussed in detail.
2. Experimental section
2.1. Materials and methods

The starting materials 5-Bromo-2-thiophenecarboxaldehyde, 2-Acetyl-5-bromothiophene, 3-
bromobenzaldehyde, p-xylylene dibromide and 1,4-phenylenediacetonitrile (M1) were procured from Sigma
Aldrich and was used without purifying further. All the solvents were dried prior to use. The reactions were
performed under inert atmosphere and completion of reaction was confirmed by Thin Layer Chromatography

(TLC) method. Compounds were purified using column chromatography and recrystallization techniques.
2.2. Instrumentation

The melting points of the final products were determined using SMP-10 melting point apparatus (Stuart
Make) and were uncorrected. FTIR spectra were run using Bruker Alpha spectrophotometer. *H NMR spectra
were recorded using Bruker Advance 300 MHz using deuterated chloroform (CDCls) as solvent and TMS as an
internal standard whereas the elemental analysis was carried out on Flash EA1112 CHNSO analyzer (Thermo
Electron Corporation). UV-Vis and Fluorescence spectra were recorded in 105 M THF solution/thin film using
SPECORD S600 and Horiba Fluromax-4 spectrophotometers. CV measurements were performed on an IVIUM
Vertex Electrochemical Workstation by using the three electrode system consisting of polymer film casted on
glassy carbon electrode as a working electrode, Pt electrode as a counter electrode and Ag/AgCl as a reference
electrode. All three electrodes are immersed in acetonitrile solution consisting of an electrolyte [0.1M (n-

Bu)sN*PFe¢] and CV data were recorded at a scan rate of 100 mV/s. Molecular weights of polymers were



determined with WATER’s make Gel Permeation Chromatograph (GPC) against polystyrene standards with

THF as an eluent. Finally, DFT calculations were performed using Turbomole, 7.2V software package.
2.3. Synthetic plan
2.3.1. Synthesis of intermediates, monomers and polymers.

All the required intermediates (3, 4, and 6), monomers (M, M, and Ms) and polymers (Th-Py-1, Th-
Py-2 and Th-Py-3) were synthesized through series of reactions as summarized in Schemes 1 and 2. Monomer
M1 was procured directly from the vender while M2 and M3 were prepared as per the reported procedures [21-
22].

2.3.2. Synthesis of 2,5-bis(4-bromothiophene)-2-hydroxypyridine-3-carbonitrile (3)

A mixture of 5-Bromo-2-thiophenecarboxaldehyde (1, 1.86 g, 9.74 mmol) and 2-Acetyl-5-bromothiophene
(2, 2 g, 9.75 mmol) was dissolved in 35 mL of 1,4-dioxane. To this ammonium acetate (6.77 g, 87.7 mmol) was
added slowly with shaking followed by 1.25 mL of ethyl cyanoacetate (11.7 mmol) and the temperature was
raised to 80 °C. The reaction mixture was kept at 80 °C under stirring for 24 h. Progress of the reaction was
monitored using TLC. The content was then cooled and poured onto 100 mL of ice-cold water and stirred for
about 10 min. The obtained precipitate was filtered, and thoroughly washed with 1,4-dioxane and finally dried
to afford a white solid product 3. Yield 36%; mp 310.7 °C; ATR-IR (cm™?):1635 (C=N), 2220 (C=N). *H NMR
(300 MHz, CDCls, 6 ppm): 6.97 (s, 1H), 7.62-7.67 (d, 4H). Elemental Analysis calculated for C14HgBrN2OS:
C, 38.03; H, 1.37; N, 6.34; S, 14.50; found: C, 38.01; H, 1.36; N, 6.33; S, 14.52.

2.3.3. Synthesis of 2, 5-bis (4-bromothiophene)-2-(hexadecoxyl)pyridine-3-carbonitrile (4)

2,5-bis(4-bromothiophene)-2-hydroxypyridine-3-carbonitrile (3, 0.5 g, 1.131 mmol) was dissolved in 8 mL
of DMF. To this 1-bromohexadecane (0.35 mL, 1.146 mmol) was then added, followed by 148 mg of potassium
carbonate (1.072 mmol) and the reaction mixture was stirred at 80 °C for overnight. Progress of the reaction was
monitored using TLC. After cooling, it was then cooled and poured onto 150 mL of ice cold water with constant
stirring. The obtained precipitate was filtered, washed with water and dried to obtain creamy yellow product. It
was recrystallized using chloroform-methanol to give product 4. Yield 75%; mp 71.1 °C; ATR-IR (cm'1): 2220
(C=N), 2919 (C-H). *H NMR (300 MHz, CDCls, § ppm): 0.81-1.86 (m, 31H), 4.56-4.58 (t, 2H), 7.73-7.86 (m,
5H). Elemental Analysis calculated for C3oHzsBr.N2OS,: C, 54.06; H, 5.75; N, 4.20; S, 9.62; found: C, 54.05; H,
5.76; N, 4.21; S, 9.63.

2.3.4. Synthesis of 3-(4,4,5,5-tetramethy-1,3,2-dioxaborolan-2-yl)-benzaldehyde (6)

A mixture of 3-bromo benzaldehyde (5, 1.68 g, 9.08 mmol), bis(pinacolato)diboron (3.4 g, 13.4 mmol),
catalyst Pd(dppf)Cl. (199 mg, 0.27 mmol), and potassium acetate (2.67 g, 27.24 mmol) in degassed 1,4-dioxane
(50 ml) was stirred at 80 °C for 6 h under N, atmosphere. Progress of the reaction was monitored using TLC.

The reaction mixture was quenched by adding cold water to it and the separated the product was extracted by



dichloromethane (25 mL x 3). The organic phase was dried over anhydrous Na,SO4 and the solvent was
removed under reduced pressure. The crude product was purified by silica gel (60-120 mesh) chromatography
(petroleum ether, 60-80 °C/dichloromethane, 1:3) to give compound 6 (1.86 g, 88.9%) as pale white solid; mp
51 °C; 'H NMR (300 MHz, CDCls, & ppm): 1.36 (s, 12H), 7.51-8.31 (m, 4H), 10.1 (s, 1H).

2.3.5. Synthesis of 1,4-bis-(2'-formyl-phenylene-thiophene-5-yl)-2-hexadecoxyl-nicotinonitrile (M)

A clear solution of cyanopyridine derivative (4, 1 g, 1.5 mmol), 3-formylphenylboronic ester (6, 0.77 g, 3.3
mmol), Pd(PPhs)4 (0.17 g, 0.15 mmol), and Cs,COs3 (3.4 g, 10.4 mmol) in 20 mL toluene was refluxed under
argon atmosphere for 5 h. Progress of the reaction was monitored by TLC. After completion of the reaction,
toluene was removed under reduced pressure to get the crude product. It was then dissolved in dichloromethane
and passed through Celite bed to remove Pd traces. Obtained filtrate was washed with excess of distilled water
to remove traces of base and toluene. The crude product was extracted using dichloromethane (25 mL x 3) and
the combined organic layer was dried over anhydrous sodium sulphate. The solvent was removed under reduced
pressure. The crude product was purified by column chromatography on silica (60-120 mesh) with hexane/ethyl
acetate mixture (100:25). The product was obtained as off-white solid; Yield 59%; mp 79.2 °C; ATR-IR (cm™):
1692 (C=0), 2213 (C=N). *H NMR (300 MHz, CDCls, § ppm): 0.81-1.86 (m, 31H), 4.54-4.58 (t, 2H), 7.69-8.16
(m, 13H), 10.1(d, 2H). Elemental Analysis calculated for C44sH4sN203S,: C, 73.71; H, 6.75; N, 3.91; O, 6.69; S,
8.94; found: C, 73.72; H, 6.74; N, 3.92; O, 6.68; S, 8.93.

2.3.6. Synthesis of polymer Th-Py-1

Cyanopyridine dialdehyde derivative (M, 0.5 g, 0.68 mmol) and phenylene diacetonitrile (M1, 0.13 g, 0.83
mmol) were dissolved in a mixture of 5 mL of chloroform and 15 mL of ethanol. Freshly prepared sodium
ethoxide (0.06 g, 2.6 mmol in 10 mL of ethanol) was added to the reaction mixture at room temperature under
nitrogen atmosphere. The content turned to yellow color and it was further stirred for 12 h at room temperature.
Reaction was monitored by TLC. After completion of the reaction, solvent was removed under reduced
pressure. The crude reaction mass was poured onto excess of methanol and stirred for 20 min. The obtained
polymer Th-Py-1 was filtered and washed thoroughly with acetone to remove traces of monomers. The crude
product was re-dissolved in chloroform and poured onto excess of methanol to remove oligomers. Obtained
precipitate was filtered off and dried at 40 °C under vacuum for 20 h to give fluorescent yellow color powder.
Yield 65%. ATR-IR (cm): 2217 (C=N), 2917 (C-H). 'H NMR (300 MHz, CDCls, 5 ppm): 1.18-1.86 (m, 31H),
4.54-4.58 (b, 2H), 7.23-8.1 (m, 20H). Elemental Analysis calculated for Th-Py-1: C, 77.56; H, 6.74; N, 6.46; S,

7.39; found: C, 77.52; H, 6.72; N, 6.43; S, 7.37. MW, 18,932 g/mol, PDI, 1.62.

2.3.7. Synthesis of polymer Th-Py-2

A mixture of cyanopyridine dialdehyde (M, 05 g, 068 mmol) and 14
bis{(bromotriphenylphosphoranyl)methyl}benzene (M2, 0.95 g, 1.05 mmol) was dissolved in a mixture of 5 mL
of chloroform and 15 mL of ethanol. Freshly prepared sodium ethoxide (0.1 g, 4.3 mmol in 10 mL of ethanol)
was added drop wise to the reaction mixture under nitrogen atmosphere. Reaction mixture turned to pale yellow

color after 30 min rigorous stirring. It was further stirred for 9 h at room temperature to complete



polycondensation reaction. Then, solvent was removed under reduced pressure. The crude reaction mass was
thoroughly washed with excess of methanol followed by acetone to remove traces of monomers. Crude product
was purified by re-precipitation technique using chloroform and methanol solvent system. The obtained
precipitate Th-Py-2 was filtered off and dried at 40 °C under vacuum for 20 h to give pale yellow powder. Yield
59%. ATR-IR (cm™): 2219 (C=N), 2919 (C-H). *H NMR (300 MHz, CDCls, & ppm): 1.18-1.87 (m, 31H), 4.54-
4.58 (b, 2H), 6.93-8.1 (m, 21H). Elemental Analysis calculated for Th-Py-2: C, 79.37; H, 7.40; N, 3.43; S, 7.85;

found: C, 79.33; H, 7.39; N, 3.42; S, 7.84. MW, 15267 g/mol, PDI, 1.73.

2.3.8. Synthesis of polymer Th-Py-3

The monomers, i.e. cyanopyridine dialdhyde (M, 05g, 068 mmol) and 14
bis((bromotriphenylphosphoranyl)methyl)bromobenzene (Ms, 0.91 g, 1.04 mmol) were dissolved in a mixture
of 5 mL of chloroform and 15 mL of ethanol. Freshly prepared sodium ethoxide (0.1 g, 4.3 mmol in 10 mL of
ethanol) was added drop wise to the reaction mixture at room temperature under nitrogen atmosphere. Reaction
mixture turned to light pale yellow color after continuous stirring for 30 min. Further condensation reaction was
continued for 12 h at room temperature. Progress of reaction was monitored by TLC. After completion of the
reaction, solvent was removed and crude reaction mass was poured onto excess of methanol under stirring for
20 min. The obtained polymer Th-Py-3 was filtered and washed thoroughly with acetone to remove traces of
monomers. Crude product was re-dissolved in chloroform and poured onto excess of methanol to precipitate the
pure polymer. The precipitate was filtered off and dried at 40 °C under vacuum for 20 h to give whitish yellow
coloured powder. Yield 55%. ATR-IR (cm?): 2222 (C=N), 2918 (C-H). 'H NMR (300 MHz, CDCls, & ppm):
1.18-1.87 (m, 31H), 4.54-4.58 (b, 2H), 6.93-8.1 (m, 20H). Elemental Analysis calculated for Th-Py-3: C, 72.38;

H, 6.64; N, 3.13; S, 7.16; found: C, 72.36; H, 6.62; N, 3.12; S, 7.15. MW, 15175 g/mol, PDI, 1.81.
3. Results and discussion

3.1. Structural and thermal characterization

Schemes 1 and 2 depict the synthetic routes for the preparation of new monomers and polymers,
respectively. As shown in Scheme 1, 5-bromo-thiophene-2-carboxaldehyde was condensed with 2-acetyl-5-
bromothiophene in presence of ethyl cyanoacetate to form cyanopyridine derivative (3), which was further
converted into alkylated cyanopyridine derivative (4) by O-alkylation, in good yield. Separately, boronic ester
derivative (6) of 4-bromobenzaldehyde was prepared using Pd(dppf)Cl; as a catalyst. The monomer M was
synthesized by coupling thiophene substituted cyanopyridine (4) with freshly prepared boronic ester (6) using
Pd(PPhs)4 as a catalyst, under anhydrous condition, in presence of cesium carbonate following renowned Suzuki
method. Polycondensation of monomer M with 1,4-phenylenediacetonitrile (M1) to form Th-Py-1 was achieved
by Knoevenagel condensation technique. Whereas copolymerization of monomer M with co-monomers M. and
Ms to yield Th-Py-2 and Th-Py-3, respectively was carried out by Witting method. The structures of the new
intermediates and the target polymers were established by *H NMR, FTIR, elemental analysis and gel
permeation chromatographic techniques. The weight-average molecular weights of the polymers Th-Py-1, Th-
Py-2 and Th-Py-3 were found to be 18,932, 15,267 and 15,175, respectively. The polydispersity of these
polymers were 1.62, 1.73 and 1.81, respectively.



The solubility of polymers in common organic solvents is one of the important desired parameters for
their selection in device fabrication, particularly by drop casting technique. Interestingly, all the three polymers
showed good solubility in organic solvents such as chloroform, dichloromethane, tetrahydrofuran, and
dimethylsulfoxide and hence these polymers displayed good processability and film-forming ability. The
observed solubility is attributed to the presence of bulky hexadecoxyl substituent on cyanopyridine ring of the
polymer chain.

The thermal studies of the polymers were carried out by thermogravimetric analysis (TGA), using a 10
°C mint temperature ramp starting from 50 to 550 °C in a nitrogen atmosphere. The thermograms (Fig. 1)
indicate that all the polymers exhibit a high degree of thermal stability up to 300 °C mainly due to presence of
rigid heterocyclic ring system in the main chain. Further, the observed 15-20% weight loss after 300 °C may be
attributed to the degradation of the alkoxy side chains in the polymers. The gradual weight loss above 350 °C
may be ascribed to the slow degradation of the main polymer chain, which led to the final residue. Similar
observations have been reported for some of the cyanopyridine based polymers [21].The degradation
temperatures of polymers were found to be 325, 309 and 305 °C for polymers Th-Py-1, Th-Py-2 and Th-Py-3

respectively.

3.2. Electrochemical studies

The electrochemical properties of polymers were studied using cyclic voltammetry measurements in
order to determine their HOMO and LUMO energy levels, which are very crucial to design the polymers for
application in LEDs. In the present study, cyclic voltamograms were obtained for polymers coated on glassy
carbon electrode from their chloroform solution (2 mg/mL) with Ag/AgCI as reference electrode [16-20] and
calibrated against Fc/Fc* redox couple, for which ionization energy is presumed to be 4.80 eV [23]. Fig. 2
depicts CV traces of Th-Py-1, Th-Py-2 and Th-Py-3. From the results, it is clear that only reduction potentials
were observed for all the polymers but not oxidation potentials. Similar observations were reported for some of
the cyanopyridine based polymers [21]. Using the reduction potential data, the required LUMO energy levels of
the polymers were calculated following the equation: E umo = -€[Erd + 4.33]. Here, measured ionization
potential (Eroc) for Fc/Fct was 0.47 V vs. Ag/AgCI electrode. Accordingly, the calculated LUMO energy levels
for Th-Py-1, Th-Py-2 and Th-Py-3 were found to be -2.65, -2.25 and -2.49 eV, respectively. From the results it
is evident that Th-Py-2 showed the highest energy level among the three polymers, which is attributed to
presence of unsubstituted vinylene group in polymer chain, while other two structures possess electron
withdrawing CN/Br group attached to vinylene group causing little higher levels. Further, since their CV traces
show no oxidations potentials, required HOMO energy levels of polymers were calculated from their optical
band gaps, obtained from UV-Vis absorption spectra of polymer films. Thus, the calculated values for Th-Py-1,
Th-Py-2 and Th-Py-3 were found to be -4.70, -4.59 and -4.7 eV, respectively.

3.3. Linear optical properties

The photophysical properties of new polymers were evaluated using UV-Vis absorption and emission
spectroscopy both in THF solution and thin film states, in order to assess their optical band gaps. Figs 3 (a) and
(b) display UV-Vis spectra of polymers recorded at room temperature, in 10°M THF solution and thin film

states, respectively. Their corresponding spectral data are summarized in Table 1. It is seen that the absorption



maxima obtained for solution of Th-Py-1, Th-Py-2 and Th-Py-3 at 360, 353 and 355 nm, have been red shifted
to 397, 377 and 390 nm in their film state, respectively. Evidently, the red shift of about 37, 24 and 35 nm for
the polymers confirms the presence of inter-chain interactions and inter chain mobility of the excitons and
excimers generated within the polymer molecules in solid state [24-25]. Further, in case of Th-Py-1 and Th-Py-
3, the Amax values are red-shifted due to presence of electron withdrawing cyano and bromo groups respectively,
when compared to that of Th-Py-1. Similar trend has been observed for the Amax Obtained for the polymers
measured in film state also. These results clearly indicate that all the polymers exhibit identical electronic

properties both in solution and solid states. Furthermore, the optical band gaps of these polymers were
calculated from the onset absorption maximum Amax of the thin film using Egpt:1240/kmax where Amax being the

absorption onset wavelength of the polymers. Accordingly, their optical band gaps were found to be 2.55, 2.64
and 2.58 eV, respectively. Such polymers are highly preferred in LED applications. The observed high values
may be due to extended conjugation and structural combinations of different hole and electron transporting
moieties in the polymer chain. Further, molar extinction coefficients of polymers were determined according to
Lambert-Beer law. The molar extinction coefficients were found to be 12,232, 14,193 and 16,212 Mcm* for
Th-Py-1, Th-Py-2 and Th-Py-3 respectively.

Fluorescence emission spectra of Th-Py-1, Th-Py-2 and Th-Py-3, obtained by irradiative excitation at
their respective wavelengths of the absorption maxima are given in Fig. 4 (a) (at concentration of 10M in
THF), and Fig. 4 (b) (at film state) and their corresponding data are summarized in Table 1. As seen from the
spectra, the polymers display characteristic intense emission bands Aem at 465, 418, and 442 nm, in solution state
and fluorescent bands at 482, 432 and 457 nm in film state, respectively. The observed bathochromic shift in
emission maxima of film form is mainly attributed to n—n* stacking of polymer chains. Thus, the photophysical
study clearly reveals that the new polymers are good blue light emitters both in solution and film states, when
irradiated with UV light.

Further, Stoke shifts of Th-Py-1, Th-Py-2 and Th-Py-3 were calculated using their Amax and Aem
values, measured in their dilute THF solutions at concentration 106 M and their values are summarized in Table
1. The calculated values were found to be 6272, 4405 and 5545 cm™ for Th-Py-1, Th-Py-2 and Th-Py-3,
respectively. The observed highest value in case of Th-Py-1 is ascribed to the presence of strong electron
withdrawing cyanovinylene linkage in the polymer chain. Furthermore, the fluorescence quantum yield (®s) of
polymer solution was calculated by comparing with reference standard quinine sulphate (dissolved in 0.05 M
sulfuric acid, having fluorescence quantum yield of 52%). The fluorescence quantum yields of Th-Py-1, Th-Py-
2 and Th-Py-3 were found to be 21.38%, 36.07% and 44.65%, respectively. All the polymers exhibited good
fluorescence quantum yield in the range of 21-45% compare to some of the previously reported cyanopyridine
based conjugated polymers [22]. Conclusively, these blue light emitting polymers with good fluorescence

quantum yield are potential candidates for PLED applications as emitters.

3.4. Computational studies
DFT calculations with hybrid functional are considered to be one of the reliable computational

approaches and are generally used in the field of optoelectronics in order to gain deeper insight into the



molecular geometry and electron distribution in the polymer as well as its optical behavior in the excited state.
To estimate the electron density distribution of the frontier orbitals of the polymer, DFT calculations were
performed at the B3LYP/TZVP level using Turbomole 7.2V software [27-28]. Only one repeating unit of each
polymer was subjected to the calculation, with alkyl chains replaced by CHz groups hypothetically in order to
minimize the computational complexity without compromising the quantitative picture. The geometries were
first optimized with semi empirical AM1/COSMO basis using MOPAC in Tmolex. The optimized geometries
as well as electronic distribution in HOMO and LUMO levels of repeating unit of polymers are portrayed in Fig
5. The calculated HOMO levels of Th-Py-1, Th-Py-2 and Th-Py-3 were found to be -5.94, -5.56 and -5.76 eV,
whereas their LUMO levels were obtained to be -2.64, -2.42 and -2.45 eV, respectively. Their band gaps were
shown to be 3.29, 3.13 and 3.31 eV, respectively. All these data are summarized in Table 1. The present
predicted HOMO/LUMO values of the polymer repeating unit moderately differ from their experimentally
obtained values, which may be due to various effects such as conformational order in bulk state, effect of
solvent and electrolyte that were not taken into account [29-30]. From the data, it is clear that the electron
density in HOMO levels of Th-Py-2 and Th-Py-3, is found to be high on donor part indicating that the HOMO
energy level is affected by both the electron donor units in the polymer chain. However, the electron density of
their LUMO levels is almost localized on the electron withdrawing cyanopyridine unit. Interestingly, in case of
Th-Py-1 electron density of HOMO is localized on cyanopyridine ring while that of LUMO is confined on
cyanovinyelene linkage, indicating that electron withdrawing ability of cyanovinylene moiety dominates over
that of cyanopyridine ring.

3.5 Electroluminescence studies

PLED devices were fabricated with a configuration of ITO/PEDOT:PSS/Polymer/Al under ambient
conditions to investigate the electroluminescent (EL) behavior of the emissive polymers Th-Py-1, Th-Py-2 and
Th-Py-3. In the device, PEDOT:PSS works as a hole injecting layer, ITO acts as a transparent anode and
aluminum functions as a cathode. Fabrication was done without using any protective encapsulation material. A
detailed fabrication procedure has been described in the Supplementary information. The current density-voltage
characteristics of the PLED device (Fig 6a and b) indicate that the current density of the polymer increases
exponentially with the increasing forward bias voltage, which is a typical diode characteristic [31]. The polymer
light emitting diode shows low threshold voltage of 3.5, 3.75 and 3.9 eV for Th-Py-1, Th-Py-2 and Th-Py-3,
respectively, which can be attributed to the lower energy barrier for electron injection (due to low lying LUMO
level of the polymer) from the aluminum electrode[32-38]. The obtained low threshold voltage values are
comparable with some of the previously reported light-emitting polymers showing good EL performance. The
EL emission maximum of polymers Th-Py-1, Th-Py-2 and Th-Py-3 were found to be 476, 469 and 471 nm,
respectively at driving voltage of 5V. The EL spectra depict that, all the polymers display blue
electroluminescence at low threshold voltage of 3.5-3.9 V. Conclusively, use of these cyanopyridine based
polymers in new PLEDs as emissive layers has shown improved device performance when compared to
previously reported polymers in similar type of device structure [23]. Consequently, these polymers are

considered to be potential emissive materials for the efficient PLED devices.



4. Conclusion

We have successfully synthesized three new blue light emitting conjugated polymers, viz. Th-Py-1,
Th-Py-2 and Th-Py-3, carrying cyanopyridine ring as a strong electron accepting entity, thiophene and
phenylenevinylene scaffolds with different substituents, as electron donating units, starting from simple organic
molecules. Because of presence of long chain alkoxy group, they showed good solubility in the common organic
solvents such as chloroform, tetrahydrofuran and chlorobenzene with good film forming property. Their thermal
analysis indicated that, the polymers possess good thermal stability with degradation temperature ranging from
305 to 325° C due to structural rigidity and peculiarity of having strong electron withdrawing as well as
powerful electron donating units in the backbone. The photophysical studies revealed that, polymers display
light absorption in the range of 377-397 nm and blue light emission in the order of 432-482 nm, with a wide
optical band gap of 2.55-2.64 eV; fluorescence quantum yield varies in the range of 21-45%. The PLED devices
(ITO/PEDOT: PSS/Polymer/Al) fabricated using new polymers as an emissive layer displayed intense light
emission with EL emission maximum ranging from 469-476 nm at driving voltage of 5V. The polymers display
blue electroluminescence at low threshold voltage of 3.5-3.9 V, indicating an efficient electron injection in the
diodes. Amongst the three polymers, Th-Py-2 has emerged as the best blue emitter under the lowest driving

voltage when used in PLEDs.
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Fig 1 Thermogravimetric traces of polymers Th-Py-1, Th-Py-2 and Th-Py-3
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Fig 2 Cyclic voltamograms of polymers Th-Py-1, Th-Py-2 and Th-Py-3
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Fig 3 (a) UV-Vis spectra of polymers Th-Py-1, Th-Py-2 and Th-Py-3 in solution state; (b) UV-Vis spectra of

polymers Th-Py-1, Th-Py-2 and Th-Py-3 in film state
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Fig 4 (a) Fluorescence spectra of polymers Th-Py-1 (360 nm), Th-Py-2 (353 nm) and Th-Py-3 (355 nm) in
solution (THF); (b) Fluorescence spectra of polymers Th-Py-1 (397 nm), Th-Py-2 (377 nm) and Th-Py-3 (390
nm) in film state
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Fig 6. (a) Electroluminescence spectra of Th-Py-1, Th-Py-2 and Th-Py-3 at driving voltage of 5 V; (b) Current
density-voltage characteristics of ITO/PEDOT: PSS/Polymer/Al devices
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Table 1 Optical, electrochemical and DFT data of Th-Py-1, Th-Py-2 and Th-Py-3

UV -Visible Fluorescence
a b b a b Egpt g DFT LuMo | LUMO HOMO | HOMO Sto_ke gM* em)
Polymer Mrax| *mex | Monset| Aem | Mem g cv) (oFT) oV - Shift (%) O
nm nm nm nm nm eV ev eV eV ", emt at Ay
Th-Py-1 | 360 397 486 465 482 2.55 3.29 -2.65 -2.64 -4.70 -5.94 6272 21.38 12,232 (360 nm)
Th-Py-2 | 353 377 469 418 432 2.64 3.13 -2.25 -2.42 -4.59 -5.56 4405 36.07 14,193 (353 nm)
Th-Py-3 | 355 390 481 442 457 2.58 3.31 -2.49 -2.45 -4.71 -5.76 5545 44.65 16,214 (355 nm)

aSolution state

® Film state

®; Fluorescence quantum yield of polymer in solution.

€ Molar absorption coefficient at respective absorption wavelength in solution.
DFT Density Functional Theory

CV Cyclic voltammetry




