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Abstract

10 Copolymerization is an effective technique to design conjugated polymers with properties higher than
individual homopolymers, as the composition and the desired chemical properties can be controlled by
the judicious choice of co-monomers and polymerization technique. With a view to explore the influence
of microwave-assisted copolymerization on the spectral and fluorescent properties of some functionalized
monomers, the present work reports for the first time, synthesis of conjugated copolymers of poly(1-
naphthylamine), poly(o-phenylenediamine), poly(o-anisidine) under microwave irradiation. Fourier
transform infrared spectroscopy confirmed random copolymerization while ultra violet-visible studies
revealed the variation in the polaronic states upon copolymerization. High crystallinity was achieved
through the formation of distorted orthrhombic lattice and controlled morphology via microwave-assisted
synthesis which was confirmed by X-ray diffraction and transmission electron microscopic analysis. This
20 behaviour was explained on the basis of variable orientations adopted by the conducting polymer chains.
A water soluble homopolymer and a copolymer were tested for the deactivation of bovine serum
albumin’s fluorescence and the former was found to effectively quench the fluorescence emission of the
later. Quenching occured through formation of intermolecular complex and was initiated by photo
induced electron transfer and was observed to be static in nature. Quenching rate constant, k, for POPD
and POPD-co-PNA was found to be 1.08 x10"* LM~' s~' and 2.0x10'* L M~' s™' revealing much higher
quenching rate constant k, for the copolymer than homopolymer. Likewise, binding constant, K,, for
homopolymer and copolymer were observed to be 3.98 x 10° Lmol" and 1.26 x 10’ Lmol™ revealing
much higher binding constant for copolymer POPD-co-PNA than homopolymer POPD. Confocal
microscopy revealed widely distributed binding of the copolymer with the tryptophan residues in the
protein scaffold. The studies reveal that the copolymer holds potential for use in bioimaging and also as a
protein sensor.
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Introduction by the polymer chain conformation, electronic structure, and
polymerization conditions. Hence, tailoring of their structures is
done to improve their processibility and fluorescent characteristics.
One of the easiest methods adopted to improve their chemical

copolymerization with other monomers'®'%.

Conjugated polymeric nanoparticles (CPNs) such as polyaniline
(PAND)', polypyrrole (Ppy)®, polythiophene (PTh)’, and

3 polycarbazole (PCz)* have lately received wide interest due to so properties is

s

S

their high end applications in sensing, and imaging of biological
moieties in the near infrared (NIR) region’. As compared to
conventional dyes and inorganic quantum dots, CPNs reveal
attractive optical properties such as high quantum yield,
symmetrical emission spectra, broad-band excitation and
polychromism due to confinement of their electronic states®.
Morphologically induced polychromism has been investigated for
poly (p-phenylenevinylene), poly(p-phenylene) and polythiophene
family which has shown to influence their performance in

Functionalization via copolymerization allows for the introduction
of various functional groups linked to the polymer backbone,
which can alter the functionality of the polymeric materials'®"'>.
The energy levels and bandgaps of the polymers can be effectively

ss tuned to optimize their fluorescene behaviour by the selection of

appropriate  monomers. There are several reports on the
copolymerization of aniline, thiophene, carbazole and their
derivatives'®'®. Poly(o-phenylenediamine) (POPD) has recently

attracted attention because it has been reported to be a highly

ss bioimaging, LEDs, solar cells etc’”. This phenomena is controlled s aromatic polymer containing 2,3-diaminophenazine units that
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show high thermal stability'**°. Sun et al’’. reported the synthesis
of poly (o-phenylenediamine), poly(p-phenylenediamine) and poly
(m-phenylenediamine) (PmPD) which were applied in the
fluorescence detection of nucleic acid. Electrochemical synthesis
has been widely reported for copolymerization of o-
phenylenediamine with aniline”, o-aminophenol®, o-anisidine™®,
o-toluidine®, m-toluidine®® and 1-amino 9,10-anthraquin0n627.
Scant work has been reported on the copolymerization of 1-
naphthylamine with aniline and its derivaties®® while no work has
been reported on the copolymerization of 1-naphthylamine with o-
phenylenediamine and o-anisidine via microwave synthesis. Till
date, the nano synthesis of conjugated polymers has been reported
using electropolymerization technique,  template synthesis,
seeding polymerization, interfacial polymerization, radiolytic
synthesis, rapid mixing reaction, sonochemical synthesis,
electrospinning, ferric chloride oxidation, template-free method
which are detrimental to the environment due to the utilization of
hazardous solvents and formation of toxic byproducts®*>".

Microwave offers scope of very fast polymerisation and
copolymerisation in presence of green solvents and in several
cases also in its absence®. With the aim to achieve improved water
solubility, controlled morphology as well as high quantum yield,

the present work reports the synthesis of poly(o-
phenylenediamine) (POPD), poly(1-naphthylamine) (PNA),
poly(anisidine) (PAnis) and their mutual copolymers via

microwave-assisted technique. The incorporation of electron-
withdrawing/donating groups into the polymer main chain via
copolymerization  can  control  the  electron/  hole-
injecting/transporting capabilities of the resulting copolymers. It
can also raise/reduce the HUMO/LUMO levels and can therefore
help in achieving emission in the desired fluorescent range. The
purpose of this study was also to utilize different functional
monomers to investigate the probability of controlling the
fluorescent characterisitcs of conjugated copolymers by choosing
the appropiate functional monomer. We have therefore, chosen
three monomers for polymerization as as their
copolymerization to study the influence of diamino group (o-
phenylenediamine), methoxy group (o-anisidine) and a fused
benzene ring (1-naphthylamine) on the copolymer structure and
fluorescence efficiency.

well

Fluoresence quenching has been widely observed and investigated
as a fundamental problem and in unravelling the structural
dynamics of biological processes. Several biologically active
molecules were found to quench the fluorescence of transport
proteins through numerous forms of reactions, energy transfer,
ground state complex formation, excited state reactions, molecular
rearrangement and collisional quenching. Because of profound
biological significance, quenching of bovine serum albumin’s
(BSA) fluorescence with drug molecules®”, inorganic moieties® |
gold and copper nanoparticles®, TiO, semiconductor’ and a host
of composites®® have been explored. However, fluorescence
deactivation of bovine serum albumin (BSA) by conducting
polymers have been scarcely investigated’’. We, therefore, also
aim to explore the fluorescence deactivation of BSA by POPD

55

60

70

100

and POPD-co-PNA, the above synthesised and well charaterised
water soluble homopolymer and copolymer to reveal the
accessibility of these materials as quenchers to albumin’s
fluorophore groups, to elucidate mechanism of their interaction
and also to get clues about the variation in binding phenomenon
upon copolymerization.The study will expectedly open up
opportunities for use of these polymers in in imaging of biologicl

processes and in sensors.
Experimental
Materials

o-anisidine, o-phenylenediamine, 1-naphthylamine, ferric
chloride ,methanol were procured from Sigma Aldrich, USA.
Ferric chloride,N-methyl pyrolidone, acetonitrile,(Merck, India),

were used without further purification.

Microwave-assisted synthesis of poly(1-naphthylamine),
poly(o-anisidine)and poly(o-phenylenediamine)

I-naphthylamine (5g, 0.0349mol) was added to 100 ml
Erlenmeyer flask containing water (25 ml). It was thoroughly
dispersed by stirring. Ferric chloride (5g, 0.0308mol) dissoved
in 10 ml water was added to the reaction mixture in 0.5 ml
portions at two mintes intervals keeping the monomer : oxidant
ratio 1:1.Afterwards  the dispersion  was irradiated by
microwave for 15 min at 25°C while bubbling nitrogen through
it in a Ladd Research Laboratory microwave oven model
LBP125-230 (220/230V), power source- 230 V ~50 Hz, energy
output- 800 W, input power-1,200 W. The temperature of the
oven throughout the synthesis was controlled by an in-built time
and temperature controller. During micro wave processing; the
colour changed from cream to dark purple which indicated the
polymerization of 1-naphthylamine. The polymer obtained was
then repeatedly washed with distilled water and methanol, dried
in vacuum oven at 70°C for 72 hours to ensure complete
removal of adsorbed polymer, impurities, solvent and water.
Similar procedure was adopted for the synthesis of poly (o-
anisidine) and poly(o-phenylenediamine). The monomers taken
were o-anisidine (5g, 0.0406mol) and o-phenylenediamine (5g,
0.046 mol) respectively. The polymers were designated as
PNA, PAnis and POPD. Percent yield: PNA:76%,
POPD:80%,PAnis:75%.

Synthesis of copolymers

1-napthylamine (NA) (8.949g, 0.25 mol) and o-anisidine (Anis)
(7.048ml, 0.25 mol) were added to 100 ml Erlenmeyer flask
containing water (25 ml). Ferric chloride (5g, 0.0308mol)
dissoved in 10 ml water was added to the reaction mixture in 0.5
ml portions at two mintes intervals giving black colored
dispersion. The reaction mixture was then subjected to
microwave irradiation for 15 min at 25°C with continuous
bubbling of nitrogen. Similar procedure was adopted for the
synthesis of copolymers of o-phenylenediamine (OPD) (6.757g,
0.25mol) and o-anisidine (7.048 ml, 0.25mol) and o-
phenylenediamine  (6.757g,0.25mol) and  1-napthylamine
(8.949g, 0.25 mol).The synthesized copolymer was then taken
out and washed several times with distilled water and methanol
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on a Buchner funnel. The removal of iron was ensured by testing
the The obtained
copolymers were then dried in vacuum oven for 72 hours at 70°C

filtrate with potassium ferrocyanide.

to ensure complete removal of water and impurities. The
s synthesized copolymers were designated as : PAnis-co- PNA,
POPD-co-PNA and POPD-co-PAnis.

Characterization

Intrinsic viscosites were determined by dissolving the polymers
and copolymers (0.1wt%-1wt%) in NMP and measuring their
10 viscosity at 25°C using Ubbehlode viscometer. Gel Permeation
Chromatography was performed using Shimadzu Gel
Permeation Chromatograph (GPC) equipped with refractive
index and UV-Visible detector. 0.03% solution of copolymers
were prepared in requisite amount of NMP containing 0.1%
15 LiCl and a sample volume of 20 pL was injected into the
column (Jordi-gel DVB mixed bed, 250 mmx10 mm) at 80 °C
with a mobile phase flow rate of 1 mL/min at a column pressure
of 5-6 MPa. The UV-Visible detector was set to a wavelength of
550, 560, and 450 nm respectively for copolymers POPD-co-
20 PNA, POPD-co-PAnis, and PNA-co-PAnis. FT-IR spectra
homopolymers and copolymers were taken in KBr pellets on
FT-IR spectrophotometer model S?imadzu IRA Affinity-1. The
integrated absorption coefficient, adv, of NH absorption peak
was determined using the IRA Affinity-1 software through
»s Gaussian Lorentzian curve fittings as shown in Table.l. UV-
visible spectra were taken on UV-visible spectrophotometer
model Shimadzu UV-1800 using NMP as solvent. In precision
analytical determinations integrated absorption coefficient is
used in place of absorption coefficient at the maximum
30 wavelength, Apay. “ " Wwas obtained from the area under the
transition peak when the spectra was plotted as absorption
coefficient vs. wave number. The area under the peak was
obtained using Origin 6.1 which was standardized to Gaussian—
shape. X-ray diffraction patterns of the
35 nanocomposites were recorded on Philips PW 3710 powder
(Nickel filtered copper Ko radiation).
Transmission electron micrographs (TEM) were taken on
Morgagni 268-D TEM, FEI, USA. The samples were prepared
by placing a dispersion of the sample on carbon-coated copper

Lorentzian

diffractometer

40 grid, subsequently drying in air before transferring it to the
microscope, operated at an accelerated voltage of 120 kV.
spectroscopic performed on
fluorescencespectrophotometer Cary Eclipse by
preparing solutions of the polymers and copolymers in NMP.

Fluorescence studies were

Varian

4s The quantum yield ¢ was calculated using the following
equation and taking anthracene as reference material®®.

]sam e njam e A t
¢Samp/e = ¢x[( 1 = )( 2p1 ( . )

st sample

Where ngmpe and ny are the refractive indices of sample and
so standard taken as reference (Rhodamine B), Agmpie and Ay are the
optical absorbance values of sample and reference of extremely
dilute solution at the excitation maximum, Iy and I are the

emission intensity maximum of sample and standard taken as
reference and @y, and Dy are the quantum yield of sample and

ss reference. Fluorescence images were obtained with a 100 X
objective at room temperature using a Laser Confocal Microscope
with Fluorescence Correlation Spectroscopy (FCS) - Olympus
FluoView™ FV1000 equipped with He-Ne laser and oil
immersion objective. Ay,, for laser excitation was 410 nm. The

6 nanocomposites were placed on a glass slide covered with a cover
slip.

Results and discussion
Intrinsic Viscosity and molarity

The homopolymers PAnis, PNA, and POPD showed intrinsic
6 viscosities 0.66. 0.43 and 0.36 dLg' respectively, Table 1. Among
the homopolymers, PAnis with highest intrinsic viscosity seemed
to have more expanded chain structure because of the easy
random orientation of its molecules. It appeared that POPD with
lowest intrinsic viscosity had compact structure.This is also
70 revealed by TEM in a later section. The copolymers POPD-co-
PNA, POPD-co-PAnis, and PNA-co-PAnis revealed intrinsic
viscosities equal to 0.53, 0.25, and 0.24 respectively having Mw
values 8600, 6700 and 6400 respectively(given as supplementary
information). These results showed that homopolymers had
75 higher intrinsic viscosity than the copolymers, except POPD-co-
PNA, which indicated that the above homopolymers had
apparently larger monomer chains than the copolymers. It was
also revealed that POPD and PNA, and POPD and PAnis
monomer pairs had more compatibility for copolymerization than
so PNA and PAnis. Li et al® have also reported the anumber
average molar mass, Mw, of copolymer poly(ethylaniline-co-
anisidine) in the range of 4370-7920 Da, having intrinsic viscosity
in the range of 0.18-0.41dLg".

Table 1 Polymerization reaction conditions of homopolymers and
85 copolymers

[Polymer/ [Monomer|Oxidant [Polymerization[Polymerizationyield|Intrinsic T |57
. . | Mw [Adn
copolymer{(mol) (mol) [time temperature (%) [Viscosity| GPC
(ferric  |(under (under in NMP (GPC)(GPC)
chloride)jmicrowave)  |microwave )
PNA .034  0.030 |15 min R0°C 76 0.66 -- --
IPOPD 406 0.039 |15 min 0°C 30 0.43 | 7500|5597
P Anis .040  0.036 (15 min o°C 75 0.36 - --
IPOPD-co-[0.025 0.030 |15 min R0°C 64 0.53 |8600 6143
PNA 0.025
IPOPD-co-(0.025 0.030 |15 min Lo’C 60 0.25 | 6700|4589
P Anis 0.025
PAnis- {0.025 0.030 |15 min po°C 54 0.24 | 6400|4155
co-PNA  }0.025

Confimation of homopolymerzation and copolymerization

On the basis of peak shift, intensities and comparing with the
'H-NMR spectra of pure POPD,PNA, and PAnis, the peaks of
'H-NMR spectra of copolymers were attributed to various
o0 specific protons (given as supplementary information). The
POPD-co-PNA spectrum, revealed peak at 3.4 ppm attributed to
free H,O /DMSO. The peaks at 5.7 ppm and 6.3 ppm were
attributed to —NH protons of PNA and POPD respectively. The
peaks between 6.6 and 8.5 ppm were correlated to aromatic ring
o5 protons of PNA and POPD. The '"H-NMR spectra of copolymer
PNA-co-PAnis, yielded peaks at 3.4 ppm due to free
H,0/DMSO0™ .The peaks at 5.72 and 6.72 ppm arose from —NH
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protons of PNA and PAnis respectively. Other peaks between
7.4 ppm to 9.0 ppm were correlated to aromatic ring protons of
PNA and PAnis. The 'H- NMR spectrum of copolymer POPD-
co-PAnis, gave peak at 3.4 ppm attributed to free H,O/DMSO*
while the peaks at 7.01 ppm and 7.15 ppm arose from —NH
protons of PAnis and POPD. The peaks between 7.3 ppm and
8.1 ppm were correlated to aromatic ring protons of POPD and
PAnis. The 'H-NMR spectra somehow did not reveal -OCHj
protons in any of the copolymers that was reported to appear at
3.8 ppm*” or, it was so small it could not be distinctly noticed.
The peak at 3.4 ppm was observed in all the three copolymers
and therefore could not be attributed to -OCHj3 proton. Moreover
it matched more to free H,O%. It was easier to find out the molar
ratio of the components of the copolymer if either of them had a
distinguishable functional group like -CH;, -OCH;and such
others. Since in the present case -OCHj; protons were somehow
not observed in the NMR spectra, the -NH protons of these
components to find out molar ratio of the components in the
copolymer chains.The molar ratio can roughly be calculated by
comparing the integrated areas of —NH protons of each
component were determined. Since per -NH proton there are 6
protons in naphthylamine (NA) monomer unit , 3 protons in
anisidine (Anis) monomer unit, and 1.3 protons in o-
phenylenediamine (OPD) monomer unit in the respective
copolymer chains,The molar ratio of components in copolymer
POPD-co-PNA, POPD/PNA = (-NH proton area of
POPD)/1.3 + (-NH proton area of PNA)/6 = (1.32/1.3 + 1.0/6)
= 86/14.. Molar ratio of components in copolymer PNA-co-
PAnis, PAnis /PNA = (-NH proton area due to PNA)/6 ~ ( -NH
proton area due to PAnis)/3 = (2.0/6 + 2.55/3) = 28/72. Molar
ratio of components in copolymer POPD-co-PAnis, POPD/
PAnis = (- NH proton area of POPD)/1.3 * (-NH proton area of
PAnis)/3 = (4.280/1.3 +2.4/3 ) =80/20. The feed molar ratio of
monomer components in each case of copolymer was 50/50.
But NMR spectra revealed molar ratio of the monomers in
copolymer chains much different from the above value. This
happened because of different rate of growth of each monomer
in the copolymer chain. In case of POPD-co-PNA, OPD
monomer grew almost six times faster than NA monomers,
hence more number of OPD units were formed in the copolymer
than NA wunits. In the copolymer POPD-co-PAnis, OPD
monomer grew four imes faster than Anis monomer. The
anisidine monomer revealed more than two times faster growth
rate than NA monomer in copolymer PAnis-co-PNA .It could be
concluded that in copolymer formation OPD, grew fastest
followed by Anis monomer and then NA monomer. These
results also revealed random copolymerisation of participating
monomers, Scheme 1.
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Scheme 1 Chemical structures of (a) POPD-co-PNA, (b) POPD-co-PAnis,

(c) PNA-co-PAnis

Table 2 FTIR spectral data of pure polymers and copolymers

Sample

PNA

POPD

PAnis

POPD-co-
PNA

PAnis -co-
PNA

POPD-co-
PAnis

Vibrations of characteristic
Bands/group

N-H stretching

Imine stretching

C-C stretching (quinonoid)
C-C stretching (benzenoid)
C-N stretching (quinonoid)
C-N stretching (benzenoid)
C—H stretching (bending)
of substituted benzene

(1-4 coupling)

N-H stretching

Imine stretching

C—C stretching (quinonoid)
C—C stretching (benzenoid)
Phenazine skeleton

N-H stretching

Imine stretching

C—C stretching (quinonoid)
C—C stretching (benzenoid)
Methoxy substituent
p-substituted benzene

N-H stretching

Imine stretching

C—C stretching (quinonoid)
C—C stretching (benzenoid)

N-H stretching

Imine stretching

C—C stretching (quinonoid)
C—C stretching (benzenoid)
methoxy substituent
p-substituted benzene

N-H stretching

Imine stretching

C—C stretching (quinonoid)
C—C stretching (benzenoid)
methoxy substituent
p-substituted benzene

Peak

Position
(cm-")y/
Absorbance
(Area cm-”
Iad;)
3445-3070/1.1 (175)
1632/1.1 (235)
1512/1.0 (27)
1390/0.96 (107)
1313/0.96
1259/0.92
765/0.78

3414 3230/2.012173
1635/1.4 (83)

1529/ 1.76 (256)
1475/1.27 (36)
972-731/0.87

3448-3014/.49 (907)
1620/1.17 (174)
1517/1.16 (103)
1490/1.12 (65)
1250/1.00 (104)
842-621/0.65

3446- 3313/1.73 (75:
1608/1.45 (151)
1597/1.41 (344)
1473/1.36 (263)

3475-3014/1.59 (276
1682/1.25 (314)
1508/1.19 (236)
1400/1.06 (158)
1260/0.995 (88)
773-721/0.64

3431/3032/1.28 (285
1690/1.25 (310)
1597/1.15 (262)
1473/1.15 (223)
1261/0.999 (65)
896-750/0.73
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The FT-IR spectrum data of pure PNA, Table 2, revealed an N-
H stretching vibration peak spanning from 3445-3070 cm™ for
secondary amine with “vValue of 175 . The peak at 1632 cm'
was assigned to the imine stretching mode while peaks at 1512
em™ and 1390 cm™! were correlated to the ring puckering of the
quinoid diimine and the benzenoid diamine units respectively.
Other absorption peaks are the weak C—N stretching vibration at
1313 cm™ due to the Q-B units and the 1259 cm™ peak due to
C—N stretching in B units. The peak at 765 cm™ is produced by
C—H out of plane bending. The peaks between 700 and 900 cm’!
usually occur due to C-H deformation mode and have been used
to establish the position of coupling between two NA units. The
coupling of 1,4 and 1,5 types are most favourable while 1,7 type
is also observed*' .The peak at 765cm™ was consistent with the
1,4 coupling with two and 4 vicinal hydrogen on the two
aromatic rings of 1-naphthylamine. The presence of the above
peaks confirmed the polymerization of PNA*' . The peak area of
benzenoid unit was found to be larger than the quinonoid
quinonoid suggesting the formation of more benzenoid units.
The ratio of the area of B/Q peaks was found to be 3.96. FTIR
data of POPD , showed NH stretching vibration peak spanning
from 3414-3230 cm™". The /" of the NH in this case is observed
to be 2173 which was highest among all polymers and
copolymers. This can be attributed to the higher number of
amino group in this polymer. The peak at 1635 cm™” was
assigned to the imine stretching while the peaks at 1529 cm™,
1475 cm™! appeared due stretching vibrations of benzenoid and
quinonoid units respectively. In this case, the area of quinonoid
region appeared to be higher than the benzenoid region and the
B/Q ratio was observed to be 0.14. The bands at 972-731 cm™!
were the characteristic of C—H out-of plane bending vibrations
present on —benzene nuclei in the phenazine skeleton. The
presence of the above peaks confirmed the polymerization of
POPD containing more quinonoid units. PAnis, shows a broad
band between 3448-3014 cm™ due to the characteristic N-H
stretching vibration. The [« value for the NH region was
noticed to be 907. In this polymer also, the quinonoid peak area
was higher than the benzenoid peak area and the B/Q ratio was
found to be 0.63. The band at 842-621 cm™ corresponded to the
C-H bending vibrations present in the p-substituted benzene
ring. The FTIR data of POPD-co-PNA, showed NH stretching
vibration band spanning between 3466-3313 cm™ with the fear
value of 753. The area of the NH region was higher than pure
PNA and lower than pure POPD suggesting random
copolymerization of the two monomers. The imine peak is found
to shift to 1608 cm™ and the peak area is observed to be 151.
The [“* values of quinonoid and benzenoid regions were
observed to be 344 and 263 indicating the presence of higher
number of quinonoid groups than bezenoids, while the B/Q ratio
was also found to be 0.76. The band at 796-617 cm’
corresponded to the C-H bending vibrations of the p-substituted
benzene ring® .

This observation confirmed the expected head-to-tail coupling
copolymerization of 1-naphthylamine with o-phenylenediamine
at the C-4 position™2®. Likewise, the copolymer of PAnis-co-
PNA, showed a broad NH stretching vibration region between
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3475-3014 cm™ with an |“” value of 276. The area appears to
be quite reduced as compared to the previous copolymer and its
homopolymer as well. The imine strecthing mode also shifted to
higher values which can be attribtued to the steric hinderance
created by the methoxy substituent of PAnis in
copolymerization. The B/Q ratio was observed to be 0.66 and
the area of the quinonoid groups appears a little higher than the
benzenoid groups. Incase of POPD-co-PAnis, [ value for the
NH region was higher then the previous copolymer while the
area of benzenoid and quinonoid units was observed to be
comparable. B/Q ratio was found to be 0.85 suggesting equal
number of benzenonoid and quinonoid units. Deformation mode
of imine stretching showed bonding between aromatic moieties .
Imine deformation mode in PNA, POPD, and PANIS was
respectively observed at 1632 cm™ ,1635 cm™, and 1620 cm™. A
large shift in imine deformation mode in case of these
copolymers was observed. The above for POPD-co-PNA,
POPD-co-PAnis, and PAnis-co-PNA are found at 1608 cm’,
1682 cm and 1690 cm-'. Such large change in imine
deformation mode peak values indicated copolymerization of
interacting monomers. The presence of both bezenoid and
quinonoid rings in both the homopolymers and copolymers
revealed their semiconducting state.

Confirmation of polaronic states of homopolymers and
copolymers

—— POPD-co-PNA
—— POPD-co-PAnis
—— PNA-co-PAnis

——PNA
——POPD
—— PAnis

45+

4.0

3.5

3.04

254

204

Absorbance

1.54

1.0

0.5

0.0

T T T T T T T T T
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Wavelength (nm) Wavelength (nm)

(a) (b)

Fig.1 UV-visible spectra of PNA, POPD, PAnis and its copolymers

T T
200 300

The UV -—visible spectrum of PNA in NMP, Fig.1 (a), showed
peaks at 220 nm, 280 nm in the UV range and at 500 nm and 610
nm in the visible range. The peak in the UV range was assigned
to m-m" transitions. The peak at 500 nm was correlated to the
excitonic transitions while the one at 600 nm in the visible region
was assigned to the polaronic transitions*'. The later peak
corresponded to conducting state. The UV—-visible spectrum of
POPD in NMP, Fig.1 (a), revealed two major peaks, in the UV
region, one at 200 nm, the other at 250 nm and another peak at
452 nm. The band at 452 nm was due to exciton formation
indicating nearly semiconducting state and the transition was
associated with the benzenoid to quinonoid transition. Similarly,
the UV-visible spectrum of PAnis, Fig.1(a), showed a broad peak
at 250 nm in the UV range while the peak at 500 nm
corresponded to excitonic transitions.

Incase of the copolymer of POPD-co-PNA, Fig.1(b), the
spectrum showed 2 peaks in the UV range at 225 and 275 nm
respectively and one peak in the visible range at 530 nm

T
700



Intensity (a.u)
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respectively. As these peaks were not present in the
homopolymers, they confirmed the copolymerization via
reorganization of the monomer units. Similarly for POPD-co-
PAnis, Fig. 2(b), we observed three peaks in the UV range at 250
s nm, 260 nm and 310 nm respectively and only one peak was
observed in the visible range at 550 nm not found in the two
monomers which also veified copolymerisation between the same
monomers. In the case of PNA-co-PAnis, Fig.2(b), the excitonic
peak was observed at 430 nm and showed a dramatic blue shift.
In this case steric hindrance due to methoxy group and its
electron withdrawing effect caused a large blue shift. This

established copolymerisation between o-anisidine and 1-

naphthylamine.

Crystallinity and morphology of homopolymers and
15 copolymers

The peak analysis of these diffractograms was carried out using
Origin 6.1 software. The inter-chain separation length (R)
corresponding to the highest intense crystalline peak was
determined from the relation Klug and Alexander**:

54
20 R = -
8sind
440
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Fig.2 XRD diffractograms of pseudo orthorhombic (a) PNA (b) PAnis (c)
POPD (d) POPD-co-PNA (e) POPD-co-PAnis (f) PNA-co-PAnis

T T T T
3 6 9 12

Peaks were observed for PNA, Fig.2(a), at 7.4 A, 9.6 A, 11.9
o A,16.8 A and 22.9 A correspomding to (020), (010), (200), (100)
and (011) planes, indicating that the majority of PNA chains were
ordered along these three crystal planes of a pseudo orthrhombic
lattice as reported by other authors***. Close agreement was
observed between the observed and calculated values of an
6s orthorhombic cell having a=p=y=90° and a = 52007 A, b =
9.7743 A,c = 4.2711 A). The sharpness (width) of the peaks
revealed the degree of orientation of the polymer chains in that
particular crystal plane, and the intensity (peak height) represents
the population of crystallites in that plane. It was found that for
70 PNA ,Fig.2(a), the sharpness as well as the intensty of (011)
plane was maximum. The interchain distance was calculated to be
2.46 A. The higher degree of ordering of the polymer chains was
attributed to interchain hydrogen bonding between adjacent
polymer chains. The X-ray diffractogram of PAnis, Fig.2(b),
75 showed the existence of several broad peaks which indicated that
crystallites in these planes were oriented in different directions.
This occured presumably due the steric hinderance of the methoxy
substituent present in PAnis. For POPD, Fig.2(c), the structure
appers to be well organized. Peaks were observed at 9.45 A |
50 10.97 A, 16.9 A and 18.6 A and 23.5 A corresponding to (010) ,
(200), (100), (110) and (011) planes. The sharpness of the (010)
plane is observed to be highest and the interchain distance was
calculated to be 5.86 A.This indicated that the polymer chains in
POPD were more regularly ordered but not well compacted
ss because of inter-chain H-bonding through amino groups which

© (d

The phase in which the polymer chains are parallel and ordered in
close packed array is the crystallites region, whilst the phase

4 where the chains are not ordered and do not have parallel
alignment is the amorphous region. The ordered arrangement of
polymer chains in the crystalline phase may be of different types
depending on the nature of the polymer, and can be detected from
X-ray diffraction study.

45

“ remain laterally stretched and did not allow the polymer chains to

come closer. Most of the peaks appeared to be sharp in the
copolymer indicating highly ordered orientation of the copolymer
chains. For POPD-co-PNA, additional planes of PNA were clearly
0 observed in the copolymer while the peaks pertaining to POPD
appeared to be more sharp as compared to pure homopolymer.
Likewise for POPD-co-PAnis, Fig.2 (e), the peak at 7.3 A
appeared to be sharp and well formed and the interchain
separation was calculated as 7.5 A which was matching with the
os preceding copolymer having POPD with laterlly oriented amino
group causing loose packing. Incase of PAnis-co- PNA, Fig. 2(f),
semicrystallinity was observed as inter chain hydrogen bonding
was least expected in this copolymer and the chains have lesser
opportunity to organise in ordered manner. The interchain



Page 7 of 12

New Journal of Chemistry

separation of this copolymer revealed a loosely packed structure.
TEM micrograph of pure PNA, Fig.3(a), revealed a petal like
morphology and the the particles size were calculated to be 250 -
290nm. The dark sphere represented the nucleus which generated
sa controlled pattern of coral like leaves. This can also be
correlated to the XRD of the said polymer which showed a
partially ordered morphology of low interchain separation. The
morphology of POPD, Fig.3(b), revealed aggregation of small
rods of 200 nm in diameter and 400 nm in length . The rods were
10 formed by folding of the polymer chains and their lateral growth.
XRD also corroborated this morphology which indicated distorted
orthorhombic lattice. The TEM of PAnis, Fig.3(c), revealed very
small spherical particles joining each other and forming fine
fibrils, the latter forming bundles of aggregated fibers. The XRD
15 also showed an amorphous strucutre which matched well with the
TEM. The morphology of POPD-co-PNA,Fig.3(d), showed the
formation of spherical particles ranging between 270 nm-300 nm.
The spheres appeared to be well form and of similar size. It can be
concluded that the spherical morphology oriningated by spherical
20 wrapping up of the copolymer chains.

§
-

; ‘
|
|

|

Fig.3 TEM of (a) PNA, (b) POPD (c) PAnis, (d) POPD-co-PNA,
45 (e) PNA-co-PAnis, (f) POPD-co-PAnis

The TEM of PAnis-co- PNA, Fig.3(e), revealed a distorted
spherical morphology where the spheres appeared to undergo
fusion and were also elongated. The spheres showed hollow core
as if folding of chain occured leaving a circular space. XRD of

so the same also revealed a semicrystalline morphology which
matched well with the TEM. However, POPD-co-PAnis, Fig.3(f),
revealed morphology of small spheres which fused with each
other preferably length wise. It can be concluded that microwave
produced Incase of
ss copolymerization, the morphology was observed to be entirely

structures of controlled morphology.
different from the homopolymers which clearly confirmed
copolymerisation of monomer pairs and that the copolymer units
reorganized and produced entirely different
morphology from the homopolymers. Thus, by polymerization

e under microwave irradiation and by choosing the right
combination of monomers for copolymerization, one can obtain
self-assembled structures of desired morphology.

themselves

Fluorescence charactertisics
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Fig.4 Fluorescence emission spectra (excitation wavelength =330 nm)
of (a) homopolymers (b) copolymers

70 The emission spectrum of pure PNA and PAnis, Fig4 (a),
revealed an emission peak at 416 nm upon excitation at 330 nm.
Both the homopolymers showed peaks in the UV region at 300
nm for So—S,; transition. However the emission spectrum of
POPD, Fig. 4(a), revealed an emission peak at 540 nm

75 corresponding to transition of So—S; peak at ~ 425 nm.

The spectrum of POPD-co-PNA, Fig.4 (b), exhibited a relatively
low intensity peak of about 3000 cps at 531 nm.
This showed that the number of decaying excited state
copolymer molecules were reduced, or, HOMO and LUMO were
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not symmetrically disposed. Liksewise, POPD-co-PAnis also
,Fig.4(b), revealed a broad peak at 521 nm of intensity about
7500 cps which was higher than both the -contributing
hompolymers. In this case, HOMO and LUMO appeared to be
symmetrically disposed. From peak positions of POPD-co-PNA
and POPD-co-PAnis, it can be inferred that these copolymers

[

were dominated by POPD comonomers as was also revealed by
'H NMR. PNA-co-PAnis showed a sharp and intense emission
peak at 418 nm. The UV-vis peak of PAnis-co-PNA was
10 observed at 450 nm revealing a noticeable blue shift comparing
with the the emission peak of 418 nm of the copolymer. This
difference arose because of the use of excitation pulse of 330 nm
to get the fluorescence spectrum, othewise the absorption and
emission spectra were almost mirror image of each other. It means
15 that the number of excited molecules and enegy of transition for
S,—8; is the same as for fluorescence energy S;— S, in this case.
Interestingly copolymer peak position of PAnis-co- PNA was
almost similar to its homopolymers and the latter had almost
equal emission intensities, 1400 cps, but that of the copolymer was
2 far much enhanced, equal to 22000  cps.
fluorescence intensity appeared to occur through the non radiative

Enhancment in

enegy transfer by each monomer to the emission energy of its co-
place.
the
25 fluorescence of the semiconducting polymers and can also be

monomer, i.e, Foster energy transfer takes

Copolymerization can therefore be wused to control
used to tune in the emission either in the UV region or in the
visible region through the selection of appropriate combination of
the monomers.The values of @ for PNA, PAnis and POPD were
respectively found to be 0.04, 0.04, 0.07 while for the copolymers

30 POPD-co-PNA, POPD-co-PAnis and PAnis-co-PNA, they were

observed to be and 0.15, 0.08 and 0.06 respectively,Table 3.
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The fluorescence decay time 1, determined in solvent NMP was
so inversely proportional to the @, i.e., lower the decay time higher

the quantum yield. The decay time was determined from the

curves by reading off the time at 36.8% fluorescence intensity*’.
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Fig.5 Fluorescence decay profiles of (a) homopolymers (b) copolymers

Table 3 Integrated area and Relative quantum yield values

Page 8 of 12

The decay time for pure PNA, PAnis and POPD was observed
to be 5.25 ns, 4.75 ns and 2.0 ns while for POPD-co-PNA,

Sample Integrated Optical Quantum

Area density yield

550 nm (cm™) 416/

550 nm

Rhodamine B 80000000 0.05 0.5
PNA 14676544 0.13 0.04
PAnis 16341178 0.14 0.04
POPD 29332623 0.13 0.07
POPD-co-PNA 59891339 0.14 0.15
POPD-co-PAnis 34643017 0.15 0.08
PAnis-co- PNA 25154200 0.13 0.06

POPD-co-PAnis and PAnis-co- PNA it was observed to be 4.25
ns, 45 ns and 5.5 ns repsectively, Fig.5 (a),(b).The
experimental values of @ and t show inverse relationship as
expected.

BSA quenching studies with POPD and POPD-co-PNA

BSA is a carrier protein which carries drug molecules to target
tissues. BSA shows a wide range of physiological functions
based on the binding, transport and distribution of drugs and
other biologically active molecules. BSA has two tryptophan
groups (Trp-134 and Trp-212) which fluoresce at 350 nm.
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— BsacoouL ss of POPD and POPD-co-PNA as determined by GPC ,Table 1.
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Fig.6 Fluorescence spectra of quenching of BSA by (a) POPD (b) POPD-
co-PNA

The latter tryptophan residue is buried in a hydrophobic sack lying
15 near the surface of the albumin molecule in the second a-helix of
the first domain®®. The fluorescence of tryptophan residues can be
quenched either through energy or electron transfer by drug and
other reactive molecules. Quenching of BSA therefore implies
conformational changes, transition inmicroenvironment, binding
20 with drug and other biologically active molecules, denaturation
and subunit association. As POPD and POPD-co-PNA were found
to be soluble in water in the experimental limit, quenching of the
fluorescence of bovine serum albumin by these conjugated
polymers was explored. The quenching of the BSA by these
2s polymers occured either through noncovalent interaction, electron
or energy transfer.Since fluorescence intensity of these conducting
polymers is not enhanced during quenching, possibility of energy
transfer is minimal*’. The quenching of BSA therefore occurs
through either noncovalent interaction or by photo-induced
30 electron transition. The quenching of the fluorescence emission
mechanistically occurs either from static or dynamic interaction of
the quencher with the fluorophore. In order to assess the
quenching mechanism of BSA fluorescence, we monitored the
emission of tryptophan residues in the protein solution at different
35 concentrations of the quencher. It was observed that upon titration
of BSA with POPD and POPD-co-PNA, Fig.6(a),(b), the
fluorescence emission maxima of BSA was found to decrease.
The quenching of POPD with BSA revealed notable shift in the
peak intensity while a prominent blue shift (from 350 to 340 nm)
40 is noticed incase of POPD-co-PNA due to the local interaction of
the latter with BSA resulting in the loss of compact structure of
hydrophobic sub-domains containing tryptophan®’. This can be
correlated to a variety of molecular interactions, such as, ground
state complex formation, energy and electron transfer, and
45 collisional quenching that can occur between POPD and POPD-
co-PNA with BSA.
The fluorescence quenching is described by Stern—Volmer
relation*”:
Fo/F=1+KSV[Q] =1 +kqto[Q]
so where F, and F are the fluorescence intensities in the absence and
presence of quencher, KSV is the Stern—Volmer constant related
to the bimolecular quenching rate constant, ky, KSV = kg, and 1,
is the average lifetime of BSA evaluated as 107 s. For
determining the quenching and binding constants, molar masses
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0.4

024
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T T T
2.0x107 3.0x107 4.0x107

Concentration (1 o’ M)

T
1.0x107

@
The quenching rate constant k, obtained for POPD-co-PNA was
2.0 x10" LM~'s™! while for POPD it was observed to be 1.08 x
0 10" LM™!s!. Kgy for POPD-co-PNA and POPD was found to be
2.0x10°L M and 1.08 x 10°L M. The calculated quenching
rate constant was far greater than the value obtained for biological
macromolecules due to the collision mechanism (2.0 x 10" LM~

—1,49-51
S .
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Fig.7 (a) Stern Volmer plot for of fluorescence quenching of BSA by
POPD and POPD-co-PNA (b) plot of log F,-F/F vs log concentration

This shows that the quenching of BSA by copolymer POPD-co-

70 PNA and polymer POPD is static through the formation of an
intermolecular complex, and is not initiated by dynamic collision.
The binding constant and the number of binding sites were
calculated using the equation®*2:

F -F
log“T =log K.+ nlog[Q]

75 K,, n and Q are the binding constant,the number of binding sites,
and concentration of the quencher respectively. The K, value for
POPD was oserved to be 3.98 x 10° LM while n was observed
to be 0.7. For POPD-co-PNA, K, value was found to be 1.26 x
10’ L M, and n was 0.96 which is higher than the values

s obtained by Feng et al”>. They designed a biosensor based on
bovine serum albumin (BSA) and poly-o-phenylenediamine
(PoPD)/carbon-coated nickel (C-Ni) nanobiocomposite film
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modified electrode to study the interaction of BSA with
papaverine (PAP). The Ka and n values reported by them was, K,
=2.1x10*LM™", n = 1. For Au nanoparticles, the ,binding constant
K and the binding sites n were observed to be 1.97 x 10> LM
and 0.6 respectively™ The excited tryptophan group of albumin
gives out electron which is taken up by easily reducible
conductive copolymer POPD and POPD-co-PNA that results,
into forming a ground state intermolecular complex with BSA.

w

Confocal microscopy analysis

This technique gives a visual evidence of interaction of BSA with
POPD as well as POPD-co-PNA. On excitation of POPD-BSA
complex, POPD particles became visible but had low intensity
and were less widely distributed ,Fig.8(a). This was correlated to
their lesser interaction with BSA as was observed in the preceding
section as well as their low life times. However on excitation of
POPD-co-PNA-BSA complex, Fig.8(b), the copolymer particles
appeared more bright because of thier relatively larger life times
and were widely distributed due to the higher interaction with
BSA as was noted from the quenching and binding rate constant
20 which were higher than POPD.

Fig.8 Confocal images of (a) POPD quenched BSA (b) POPD-co-PNA
quenched BSA

40 Conclusion

Microwave irradiation provides an easy and fast method for
polymerization and copolymerization of conducting polymers.
Pristine homopolymers and copolymers of PNA, POPD and
PAnis were synthesized via microwave-assisted technique. FTIR
4s spectra confirmed copolymerization while UV-visible spectra
showed the influence of the monomer functionality on the
polaronic transitions. Highly crystalline morphology was attained
for POPD. Likewise POPD-co-PNA copolymer also revealed high
crystallinity and controlled morphology of spheres of uniform
so size. The life time of POPD-co-PNA, a lesser water soluble
copolymer, was found to be 4.25 ns and that of POPD 2.0 ns
which matches with life time scale 1-10 ns of biological

processes, they can hence be used in imaging of biological

75

80

85

90

95

100

05

10

events. Confocal microscopy shows scintillating green copolymer
particles widely spread on BSA scaffold. The studies of BSA
quenching revealed that POPD-co-PNA bound much strongly
with the former as compared with homopolymer POPD. The
binding constant of POPD-co-PNA with BSA is comparable with
other quenchers. The quenching occurs through photo induced
electron transfer. It was spectroscopically confirmed that
quenching of BSA followed the static mechanism. These results
reveal that the POPD-co-PNA holds potential for application
also as biosensor. Results show that copolymerization can also be
used to tune in the emission either in the UV region or in the
visible region through the selection of appropriate combination of
functional monomers.
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Graphical Abstract

The copolymer POPD-co-PNA quenches BSA fluorescence revealing many of its
photophysical characteristics including higher association constant and its
scintillating presence on the later



