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Abstract A novel m-conjugated polymer with N-alkyl substituted side chains, viz.
poly[(2-N,N'-dibutylaminophenyl)1,3,4-oxadiazole] (PNAPO), possessing tunable
optoelectronic properties, has been synthesized and characterized. PNAPO exhibited
good solubility, indicating its suitability for easy optoelectronic device fabrication.
Flexible films of PNAPO have been fabricated by adopting a blending route using
poly(methyl methacrylate) or polystyrene. The effect of PNAPO particle size reduction,
in the nanoregion, on the optical characterization was evaluated by a re-precipitation
strategy. PNAPO has been found to exhibit an emission wavelength in the region of
522-590 nm with good quantum yield, for different particle size dimensions. Interest-
ingly, it has been observed to exhibit solvatochromism. Z-scan experiments, with Nd:
YAG laser, reveal that PNAPO possesses a low optical limiting threshold value. Inter-
estingly, it shows a low turn-on voltage (0.23 V), suitable for fabricating the active
layers in optoelectronic devices. PNAPO has been found to be stable up to 240 °C.
These results highlight the possible utilization of PNAPO as an emissive layer in
optoelectronic devices and for nonlinear optical (NLO) processes.
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Graphical abstract The graphical abstract represents the optical and electrical fea-
tures of PNAPO. It indicates the structure of PNAPO. It shows the bright emissive
property of PNAPO in the bluish green region of the electromagnetic radiation upon
excitation with UV light. The light-emitting diode fabrication using PNAPO as an
emissive layer is highlighted. A linear -V characteristic of PNAPO has also been
indicated through a current—voltage plot.
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Introduction

n-Conjugated polymers have, by now, emerged as potential candidates for the
fabrication of a variety of optoelectronic devices [1, 2]. The optical energy level,
optical band gap, charge carrier mobility and solubility play crucial roles in their
overall performance in the optoelectronic field. These features of m-conjugated
polymers are highly sensitive to the backbone and substituent architectures.
Obviously, altering the molecular architecture is an ideal strategy to modulate their
optoelectrical properties.

Various classes of PCPs with impressive optoelectronic characteristics have been
reported. Typically, Meng et al. [3] reported a m-conjugated system, having a
carbazole moiety which is electron rich and an aromatic oxadiazole which is
electron deficient in nature, as an attractive material for the development of polymer
light-emitting diodes with high efficiency. Inagi et al. [4] investigated and tuned the
optoelectronic properties of a series of PCPs containing triarylamine. Li et al.
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demonstrated the design and synthesis of a soluble poly[2-methoxy-5-(3'-
methoxy)butyl]-p-phenylenevinylene] (MMB-PPV), and the MMB-PPV films were
implanted by nitrogen ion. The results showed that the ion implantation had a very
important influence on the conductive property, optical absorption, optical band gap
and the environmental stability of MMB-PPV film [5].

Among m-conjugated polymers, poly(1l,3,4-oxadiazole) derivatives have been
widely accepted by researchers for a spectrum of optoelectronic applications
because of their electron-deficient nature, thermal resistance and high quantum yield
[6-9]. Lee et al. [10] introduced a series of 1,3,4-oxadiazole containing m-
conjugated macromolecules with adjustable optical and electrochemical properties.
The emission spectra of these polymers were found to be in the red region of the
electromagnetic spectrum. Huda and Dolui [11] studied photoluminescent proper-
ties of a series of soluble poly[l,3-bis(phenyl-1,3,4-oxadiazole)s] bearing polar
groups in the main chain. Yang et al. [12] established new synthetic approaches for
the preparation of copolymers of fluorene and oxadiazole with well-defined
structures.

The disclosure of nonlinear optical (NLO) behaviour of polymers stimulated very
interesting research programmes for the development of novel optical devices
[13—-15]. The examination of the nonlinear optical features of m-conjugated
polymers, when exposed to high-intensity radiations, is a growing area of research.
Various systems with significant optical nonlinearity have now been developed
[16-19]. Conjugated polymers such as poly(thiophenes) and poly(fluorenes) are also
reported to possess NLO activity along with an enhanced optical stability [20, 21].
These types of materials find wide applications in frequency modulators, electro-
optical transducers, tunable interferometers and for surface-relief gratings useful for
creating holograms and 3D images [22].

The major difficulties generally observed with many oxadiazole derivatives are
low solubility for device fabrication and poor electrical conductance [23, 24].
Efforts are being done by various research groups to enhance these parameters along
with an improvement in the fluorescence quantum yield. In this work, two butyl
substituents linked to a phenylene ring in the chain have been introduced
alternatively with 1,3,4-oxadiazole units to develop a new macromolecular
architecture. Thus, we report a novel m-conjugated macromolecule having 1,3,4-
oxadiazole and N,N'-dibutyl (side chains) activated phenylene units throughout the
macromolecular chain (PNAPO). The linear optical properties and the electro-
chemical features have been investigated. The fine-tuning of the optical features has
been achieved by a size reduction strategy using a re-precipitation method. The
nonlinear optical responses of PNAPO have also been examined in a high-intensity
laser (Nd: YAG) ambience.
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Experimental section
Materials

The chemicals employed for the synthesis were of analytical grade and were
purchased from Sigma-Aldrich, Bangalore, India.

Characterization

FT-IR spectra were obtained on a PerkinElmer Fourier transform infrared
spectrometer (FT-IR), after pelletization with potassium bromide. The molecular
weight was determined by gel permeation chromatography (GPC; Shimadzu, Japan)
at 27 °C at a flow rate of 1 ml/min using DMF as eluent. The dimensions of
nanosized aggregates were measured using a Malvern ZS Nano instrument at 25 °C.
A PerkinElmer 3100 spectrophotometer was used to record absorption spectra in
both solid and solution phases. Fluorescence spectra were carried out using a
PerkinElmer LS 45 spectrofluorometer at an excitation wavelength A,ps max Of the
corresponding sample. The fluorescence quantum yield was calculated using
quinine sulphate as the standard at an absorbance of 0.00115 with an integrated
intensity of 3208. The Z-scan measurements for nonlinear responses were recorded
on a standard open aperture Z-scan technique developed by Sheik-Bahae et al. [25].
A Q-switched, frequency-doubled Nd: YAG laser with 10 Hz repetition rate for
excitation was employed for this purpose. The laser pulses possessed a pulse width
of 7 ns at 532 nm wavelength. Thermogravimetric analysis (TGA) was carried out
with a TGA Q50 V20.10 Build 36 from 0 to 800 °C at a heating rate of 10 °C/min
under nitrogen atmosphere. In view of the easiness in product fabrication, the film
forming ability of PNAPO was confirmed by mixing it with appropriate quantity of
poly(methyl methacrylate)/polystyrene in DMF solvent, followed by casting. Cyclic
voltammetry (CV) was performed on a CHI600D electrochemical workstation with
a platinum working electrode and a Pt wire counter electrode at a scan rate of
50 mV/s against an Ag/Ag"(AgNO;) reference electrode. The current-voltage
characteristics of the samples were measured at room temperature using an Agilent
B2902A precision source measure unit.

Results and discussion
Synthesis and characterization

The synthesis strategies towards the monomer and PNAPO are illustrated in Scheme 1.
The dialkylation of aminoterephthalic acid using bromobutane was initially employed to
obtain N,N'-dibutylaminoterephthalic acid. Dehydrocyclization reaction of the mono-
mer, N,N'-dibutylaminoterephthalic acid, at 140-150 °C, subsequently produced the
macromolecule, PNAPO with 65% yield. M, = 17,000 g/mol, M, = 44,200,
PDI = 2.6.
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Fig. 1 FT-IR spectrum of PNAPO (FT-IR spectrum of N,N’-dibutylaminoterephthalic acid is shown in
the inset)

IR spectrum of PNAPO is shown in Fig. 1.

In the FT-IR spectrum of PNAPO, shown in Fig. 1, peaks at 3081 and 2980/cm
have been assigned to the aromatic and aliphatic C-H vibrations of PNAPO,
respectively. In the FT-IR spectrum of the monomer, N,N'-dibutylaminoterephthalic
acid (at the inset of Fig. 1), the broad peak at 3400/cm has been attributed to
intermolecular or intramolecular hydrogen bonding. The observed disappearance of
O-H stretching frequency in the spectrum of PNAPO can be considered as a strong
evidence for the formation of the main macromolecular chain. In the FT-IR
spectrum of the polymer, the absorption at 1686/cm can be attributed to the
characteristic vibration of conjugated C=C. The strong absorptions at 1585 and
1080/cm are associated with the C=N and C-O-C stretching vibrations, respec-
tively, of the oxadiazole unit. The stretching frequency at 916/cm further confirms
the formation of 1,3,4-oxadiazole unit.
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Scheme 2 Schematic representation for a dissolution of PNAPO in DMF, b film formation of PNAPO
with PMMA/PS
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Fig. 2 Thermograms of PNAPO and PNAPO films with PMMA/PS
Solubility and film formation

PNAPO has been found to be soluble in formamide, DMF, methanol and THF. The
solubility is accounted in terms of the lowering of the close packing of the main
chains containing phenylene and oxadiazole units, by the introduction of long butyl
side chains. This helps the penetration of solvent molecules effectively between the
main chains and to enhance polymer—solvent interactions. In this way, the swelling,
gelation and subsequent dissolution happen effectively. The dissolution processes of
PNAPO in DMF are indicated in Scheme 2a.

The films of PNAPO can be formed on a glass substrate. However, for
independent thin flexible film fabrication, a blending strategy has been explored
using poly(methyl methacrylate) (PMMA) or polystyrene (PS) in DMF solvent. A
fixed concentration of PMMA or PS (0.2 g/100 ml) in DMF has been found to be
ideal to prepare polymer films with an average thickness of 55 pm. A representation
of PNAPO film casting is given in Scheme 2b.

Thermal properties

Thermal stability is an important criterion for the use of any material as an active
layer in optoelectronic devices. PNAPO showed stability up to 276 °C without any
significant weight loss as shown in Fig. 2. Thermal stability has further been
enhanced by blending with 0.2 wt% of PMMA/PS without scarifying the
optoelectrical properties.
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Fig. 3 a UV-vis absorption spectrum of PNAPO in different solvents, b absorption edges of PNAPO in
different solvents

Photophysical properties

Photophysical properties of PNAPO were examined by means of UV—vis absorption
and fluorescence analyses. Both UV—-vis absorption and fluorescence spectra were
observed in a range of organic solvents having different polarities.

UV—vis absorption spectra

PNAPO in DMF exhibits an absorption maximum (A« aps) Of 384 nm assignable to
the spin allowed m—n" transition of m-electrons in the backbone of main
macromolecular chains. It also indicates the high conjugation length of PNAPO.
Depending on the polarity of the solvents (DMF, formamide and THF), there is a
slight shift in the absorption maximum of the polymer, as shown in Fig. 3a. The
band gaps (E,) calculated for PNAPO from the absorption edges, 422, 414 and
407 nm for formamide, DMF and THF solutions (Fig. 3b), are 2.94, 2.99 and
3.04 eV using the formula, respectively [26]:

Ey = 1240/ edge, (1)

where Acqge is the value of onset absorption wavelength.
These optical band gap values promisingly offer the application of PNAPO as an
active material in PLEDs [27].

Fluorescence spectra

The fluorescence spectra of PNAPO were recorded in DMF, formamide, THF and
methanol and are shown in Fig. 4. The emission maximum of PNAPO in DMF is
552 nm, representing the green region of the electromagnetic spectrum. The related
fluorescence quantum yield was computed using the formula [28]:
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Fig. 4 Fluorescence spectra of PNAPO in solution phase and solid phase with PMMA/PS
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Scheme 3 77 interaction between PNAPO macromolecules with and without PMMA/PS

QY, = (Absy/Abs,) (n2/nl) (I;/14) QYy, (2)

where Abs is the absorbance, n the refractive index, and / the integrated area under
the fluorescence emission spectrum. The sub-indices s and st correspond to the
PNAPO and the standard (quinine sulphate), respectively. The fluorescence quan-
tum yield for PNAPO has been found to be 28%. This high quantum yield value
indicates a lesser m—mn stacking between the main macromolecular chains due to the
presence of long butyl side chains attached to the main backbone [29, 30]. This
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Scheme 4 Schematic representation of re-precipitation method [31]
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Fig. 5 Effect of solvents on the emission maximum of PNAPO

750

obviously highlights the possibility of fabricating emissive layers in green light-
emitting optoelectronic devices, using PNAPO.

The systems, PNAPO with either PMMA or PS, in solution phase are also found
to be bright fluorescent in the bluish green region of the electromagnetic spectrum
(Fig. 4). A slight blue shift has been observed in the emission maximum of the
blended form. This is mainly due the minimization of m—n interactions of the main
macromolecular chains of PNAPO (Scheme 3). The red shift of the emission
maxima for PNAPO, with PMMA/PS, films in solid state compared to solution
phase is due to the more effective n—mn stacking of the former in the solid phase.
However, all the blended forms, i.e. both solution and film forms phases, are slightly
blue-shifted compared to that of PNAPO alone in DMF (Scheme 4).
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Solvatochromism

Solvatochromism, the shift in the emission wavelength with change in polarity of
the solvents, of PNAPO was examined in four solvents, viz. DMF, formamide,
methanol and THF. Figure 5 depicts the effect of solvents on the emission
maximum (An.) of PNAPO. It is seen that the A, is in the order:
formamide > DMF > methanol > THF. These characteristics can be attributed to
two factors. The electron cloud expands on electronic excitation, which typically
increases the polarizability (change of polarity by extrinsic fields) and lowers the
excitation energy. Secondly, the process of electronic excitation takes place within
approximately 10™'> s, while the reorientation of the nuclei and the solvent
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Fig. 7 Effect of size reduction on the emission maximum of PNAPO in methanol

molecules takes much longer time (approximately 107'° s, Frank—Condon
principle) as indicated in Fig. 6.

As shown in Fig. 6a, after excitation, PNAPO can reach the excited state in a
polar medium due to dipole—dipole interactions. A more polar environment can lead
to a more stabilized system with a lower energy. As shown in Fig. 6b, normally the
molecule after excitation returns to the ground state in 1075 s, However, when
solvents of high polarity are employed, the excited state gets stabilized, typically for
107'9 5. Subsequent slightly delayed return to the ground state, through a relaxed
excited state, results in the emission of lower energy or higher wavelength. Thus,
the emission spectrum of PNAPO in DMF is more red-shifted than those of PNAPO
in formamide, methanol and THF.

Fine-tuning of optical properties

In our recent experiments with a m-conjugated system, viz. poly(2-nitro-phenylene-
1,3,4-oxadiazole) (PNPO), we observed a significant change in the emission
features with a change in its particle size in solution phase [31]. A re-precipitation
technique, as shown in Scheme 4, was employed for the effective size reduction of
the macromolecular chains [32]. Similarly, a dropwise addition of PNAPO in
methanol into the poor solvent, water, with stirring under ultrasonication was done
to generate polymer chains of reduced dimensions. Various dimensions of
nanosized aggregates were obtained simply by adjusting the concentration of
PNAPO in methanol. The mean particles sizes of the nanoaggregates, evaluated by
dynamic light scattering, have been found to be 146 and 182 nm, respectively, for
0.002 and 0.001 g/ml concentrations of PNAPO.

The effect of the reduced size of PNAPO on the emission features is illustrated in
Fig. 7. It is seen that, as the size of PNAPO decreases, the emission becomes red-
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shifted. This is obviously due to strong intermolecular n—m interactions of polymer
chains in the aggregated form [33].

Nonlinear optical (NLO) properties

The Z-scan set-up used for the investigation of nonlinear optical (NLO) properties
of PNAPO is given in Fig. 8. A five-level model [32] describing the NLO
mechanism of m-conjugated polymers is also shown in this figure.

In the model, S, represents the ground state, while S; and S, are the first and
second excited states, respectively. T} and 7 are the first and second triplet excited
states, correspondingly. Excitation of the molecule from the ground state S, to the
first excited singlet state S; occurs by the absorption of two photons simultaneously,
when the molecule is irradiated with a 532 nm, 7 ns pulses. There is a chance for
the further excitation of the molecule to the upper state S,. The singlet transition
does not dry up the population in S}, because the decay from S, to S; happens in the
order of picoseconds. In spite of that, they can be transferred from S; to a lower
triplet state 7, through a spin flip transition called intersystem crossing from where
excitation to a higher triplet state 7, can occur.

Figure 9a—c represents the open aperture (OA) Z-scan traces of PNAPO (original
and reduced dimensions) in DMF solvent, with normalized transmittance plotted
against position of the sample with respect to the laser beam. Optical limiting curves
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of each sample, extracted from the Z-scan data, are shown at the inset of each
figure (Fig. 9a—c), where the normalized sample transmittance is plotted against the
input laser fluence. It is seen that the curves start deviating from the conventional
Beer’s law of linear dependence after a threshold laser intensity. In a real-time
experiment, the solution turns to be opaque at this point, leading to optical power
limiting, the nonlinear process.

The optically induced polarization in a material by the interaction with light can
be described as a power series in the electric field as shown in Eq. 3 [33]:

A = X(l)'E + X(z).E.E + 1(3).E.E.E + e (3)

where the expansion coefficients () are known as the first-, second- and third-order
susceptibilities, respectively.

There exists a similar relationship between the dipole moment of a molecule and
the electric field [Eq. 4]:

A = oE + BEE + y.EEE + -, 4)

where o is the polarizability, f the hyperpolarizability, and y the second hyperpo-
larizability of the molecule.

Larger the molecular hyperpolarizability, higher the number of dipole moment
necessary in order to achieve a large NLO effect. The nonlinear absorption
coefficient, f§, for PNAPO was obtained by fitting the experimental scan plot of the
open aperture measurement to Eq. 5 [34].

T(z) = % / ln(l + qoe’r2>, (5)

where g, = PI(ot)Lege and Legr = (1—e ')/ is the effective thickness with the
linear absorption coefficient, « and I is the irradiance at the focus.
The third-order nonlinear susceptibility, y*, was calculated using Eq. 6 [35]:

2 = (ndeCip/2n)/1.4 x 1078, (6)
where ny is the refractive index, & is the permittivity, C is the velocity of the light, 4

Table 1 Nonlinear optical responses of PNAPO

Size Refractive index ~ Nonlinear absorption coefficient (f)  Linear 1(3) (esu)

(nm) (n) 10710 transmission

PNAPO
214 1.42 1.07 0.7 3.46 x 1072
182 1.415 1.65 0.64 53 x 10712
146 1.42 42 0.6 132 x 107"
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is the wavelength of the light, and f is the nonlinear absorption coefficient of sample
solution.

The calculated third-order nonlinear susceptibilities, X(3 ). of PNAPO of different
sizes are listed in Table 1. The 3 values have been found to be increased with a
reduction in size. This shows that the NLO responses get enhanced when the size is
reduced. This can be viewed in terms of reduction in energy level gaps with a
reduction in particle size of the macromolecules in solution phase. Alternatively, a
particle size reduction leads to a better optical limiting performance. In view of the
above observations, PNAPO has been proposed as a promising candidate for the
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Fig. 11 Current—voltage characteristics of PNAPO
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fabrication of active layers in polymer light-emitting diodes. The graphical abstract
indicates the utilization of PNAPO in PLEDs.

Electrochemical properties

The redox behaviour of PNAPO was examined by cyclic voltammetry in DMF
solvent using tetrabutylammonium perchlorate (TBAPC) (0.1 M) as an electrolyte,
Pt as the working electrode and Ag/Agt (AgNO;) as the reference electrode at a
scan rate of 50 mV/s. The HOMO and LUMO energy levels were estimated from
the onset oxidation and reduction potentials (Fig. 10) using the Eqgs. 7a and 7b
[36, 37].

(onset)

EHOMO = — {EOX + 4.8 eV}, (73)

ELUMO = _[Eﬁ)endset) + 4.8 eV} (7b)

The calculated HOMO and LUMO energy levels of PNAPO are — 6.26 and
— 3.29 eV, respectively, and the band gap is 2.96 eV. This value is comparable
with the band gap calculated from the absorption edge (2.99 eV).

Figure 11 shows the current vs. voltage relation of a uniformly coated PNAPO
glass substrate. PNAPO has been found to possess a turn-on voltage of 0.23 V. This
low turn-on voltage of PNAPO is due to the high m-electron delocalization
throughout the main macromolecular system derived through the activation effect of
butyl-substituted phenylene ring on 1,3,4-oxadiazole unit, a hole-transporting entity
in the main chain and a high conjugation length. This observation on the electrical
properties also supports the proposal for utilizing PNAPO as active layers in
PLEDs.

Conclusions

A new m-conjugated polymer, viz. poly[(2-N,N’-dibutylaminophenyl)1,3,4-oxadia-
zole] (PNAPO) with interesting optoelectrical features, has been synthesized and
characterized. PNAPO showed excellent solubility in a range of organic solvents
indicating the easiness in processability. The modulation of optical properties was
achieved by size reduction using a re-precipitation technique. For the commercial
application of PNAPO, homogenous film fabrication was confirmed via a blending
strategy using 0.2 wt% of PMMA or PS in DMF solvent. The investigations of the
absorption and emission features strongly proposed the utilization of PNAPO as an
emissive source in optoelectronic devices, especially in PLEDs, in the bluish green
or green region of the electromagnetic spectrum. PNAPO showed polarity-
dependent emission features in four organic solvents having different polarities. The
observed NLO features of PNAPO have been found to be ideally suitable for optical
switching and limiting technologies.
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