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Abstract Doping is one of the most facile techniques
adopted to improve the optoelectronic properties of
conducting polymers. The present preliminary work re-
ports, for the first time, chemical doping of poly(1-
napthylamine) (PNA) with (5-amino-2,3-dihydro-1,4-
phthalazine-dione) widely known as luminol, to study its
influence on the spectral, morphological, and optical
properties of PNA. PNA was doped with luminol in acid-
ic, basic, and neutral media. The neutral polymer and its
doped forms were characterized using FTIR, UV-visible,
XRD, and TEM analyses. FTIR studies confirmed doping
of PNA by luminol, while UV-visible and fluorescence
studies revealed the changes in the electronic structure
of PNA upon doing. Confocal microscopy revealed in-
tense red emission confirming that the polymers could
be used for near infrared fluorescence imaging.

Keywords Luminol - Poly(1-naphthylamine) - Near infrared
fluorescence - Doping - Confocal imaging

Introduction

Conjugated polymeric nanoparticles such as polyacetylenes
(PAcs) [1], polyanilines (PANIs) [2], polypyrroles [3],
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polyfluorenes (PFs) [4], poly(arylenevinylenes) (PArVs) [5],
poly(phenylene ethylene vinylenes) (PEVs) [6],
polythiophenes (PThs) [7], poly(1-naphthylamine) (PNA)
[8], and poly(carbazole) (PCz) [9] are extensively explored
due to their unique optoelectronic and thermal properties as
well as good environmental stability [10, 11]. Among the
several aniline derivatives, poly(1-naphthylamine) (PNA)
has been widely reported due to its unique electrochemical
characteristics [8, 12—14]. Luminol (5-amino-2,3-dihydro-
1,4-phthalazine-dione) is a well-known chemiluminescent
material which is widely used in forensic detection of blood
stains [15-20]. The chemiluminescence intensity in luminol is
enhanced due to the electron donating nature of amino group
which exhibits positive mesomeric effect. Proesher and
Moody [21] investigated the chemical structure as well as
the nature of reactivity of luminol and predicted the keto-
enolic tautomerization of luminol in basic solutions and the
fully protonated form in acidic solutions.

Until now, no literature has been reported based on the
doping of PNA with luminol in basic, acidic, and neutral
media via sonolytic doping. Ultrasound irradiation is
widely used in heterogeneous reactions dealing with or-
ganic phase insoluble solutions [22, 23]. Compared with
traditional methods, this method can be used for carrying
out reactions in milder state and in a short span of time
[23, 24]. Therefore, to understand the role of luminol as a
dopant, the present preliminary study reports the
ultrasound-assisted synthesis of PNA and its doping with
luminol under acidic, basic, and neutral solutions. The
synthesized polymer and its doped forms were investigat-
ed for their spectral, morphological, and fluorescent char-
acteristics. It was observed that doping of PNA luminol
had a profound influence on its spectral and morphologi-
cal properties which could be utilized to design near in-
frared emitting polymers.
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Table 1  CHNS, intrinsic viscosity, and molar mass of PNA and doped PNA

Sample N% C % H % Empirical formula Intrinsic viscosity = Molar mass (M,)

)
Found Calculated Found Calculated Found Calculated

PNA 7.07 19.31 60.78  73.73 430 413 Cio.03Hg 51N 0.49 21,528
PNA-luminol-basic ~ 7.97 14.01 7142 74.73 421 4.11 Cio45H73sN 0.59 38,278
PNA-luminol-acidic  6.92  7.73 7145 7425 441 4.09 Ci2.04Hg 03N 0.61 42,419
PNA-luminol-neutral  6.55 13.82 70.79 74.14 439 463 Ci261Ho 351N 0.55 30,814

Synthesis and characterization
Materials

1-Naphthylamine (NA), luminol (Lu), 1-methyl-2-
pyrollidone (NMP), and ferric chloride were purchased from
Sigma-Aldrich, USA, and were used without further purifica-
tion. Sodium hydroxide (NaOH), hydrogen peroxide (H,O,),
and tetrahydrofuran (THF) was procured from Merck India
and were also used as such.

Ultrasound-assisted synthesis of poly(1-naphthylamine)

Monomer 1-naphthylamine (4 g, 0.028 mol) (monomer) was
added to an Erlenmeyer flask (100 ml) containing deionized
water (30 ml). The solution was stirred at room temperature
for 30 min. A solution of ferric chloride ((4.53 g, 0.027 mol)
(oxidant) dissolved in 20 ml deionized water) was then added
to above reaction mixture (keeping the mole ratio of
monomer/oxidant as 1:1 ) and sonicated for 5 h at 25 °C, using
ultrasonic frequency of 150 kHz and ultrasonic power of
300 W. The color of solution changed from purple to black
indicating polymerization of 1-naphthylamine [8]. After son-
ication, the reaction flask was kept overnight in a deep freezer
at —10 °C. The synthesized polymer was then centrifuged and
washed several times with distilled water and ethanol. The
removal of excess of ferric chloride was ensured by testing
the filtrate with potassium ferrocyanide. The obtained poly-
mer was then dried in a vacuum oven at 70 °C for 72 h. The
polymer was designated as PNA and the % yield was calcu-
lated to be 93.23%.

Preparation of acidic, basic, and neutral luminol solutions
and doping with PNA

For the preparation of basic solution of luminol, NaOH
(0.99 g, 0.024 mol) was added to a conical flask (500 ml)
containing deionized water (250 ml). The solution was stirred
on a magnetic stirrer for 4 h at 25 °C. Luminol (1.77 g,
0.01 mol) was added to above solution and stirred for another
3 h at the same temperature. The preparation of acidic solution
of luminol was carried out by adding H,O, (0.5683 ml,
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0.1 mol) to deionized water (100 ml) in a 500-ml flask stirred
on a magnetic stirrer for 4 h at 25 °C. Luminol (1.77 g,
0.01 mol) was added to the above solution and stirred for
another 3 h at the same temperature. Similarly, for the prepa-
ration of neutral solution of luminol (1.77 g, 0.01 mol),
luminol was added to 100 ml deionized water and stirred
under the same conditions.

Doping of PNA by the above solutions was carried out
by taking PNA (500 mg) in a 250-ml flask and 100 ml of
each of the acidic, basic, and neutral luminol solutions.
The solutions were sonicated for 12 h at 25 °C in an
ultrasonicator, at ultrasonic frequency of 150 kHz and
ultrasonic power of 300 W. All the three flasks were then
kept undisturbed in deep freezer overnight at 10 °C. After
24 h, the doped polymer solutions were centrifuged
washed several times with distilled water. The obtained
doped polymers were then dried in a vacuum oven for
72 h at 40 °C to ensure complete removal of water and
other impurities. The doped forms of PNA were designat-
ed as PNA-luminol-basic, PNA-luminol-acidic, and PNA-
luminol-neutral, respectively.

Characterization

CHNS analysis of homopolymer and doped polymers was
carried out using a Perkin-Elmer Series II 2400 CHNSO
Analyzer. Viscosity average molecular weight was determined
by taking 0.4 wt% solution of the polymer in NMP using
Ubbelhode viscometer at room temperature, and the intrinsic
viscosity was determined using the Mark-Houwink equation:
[7] = 2.0 x 1072 M,%>'7° M, is viscosity average molecular
weight, and K and @ are Mark-Houwink constants [25].
FT-IR spectra of polymers and doped polymers were taken
on FT-IR spectrophotometer model Shimadzu IRA Affinity-1
in the form of KBr pellets. The integrated absorption coeffi-
cient, Jadv, was determined using the IRA Affinity-1 software
through Gaussian-Lorentzian curve fittings. UV-visible spec-
tra were recorded in solution state using THF as solvent on
UV-visible spectrophotometer model Shimadzu UV-1800.
The molar extinction coefficient and oscillator strength were
calculated as reported in our earlier studies [26, 27]. X-ray
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Table2 FTIR spectra of PNA and luminol doped PNAs
Sample Functional group Peak position/absorption Benzenoid/
intensity (cm h quinonoid ratio
PNA NH-stretching 3414/0.80 1.07
Imine stretching 1639/0.45
C-C stretching (quinonoid) 1523/0.28
C-C stretching (benzenoid) 1492/0.30
CN stretching 1253/0.22
C—H stretching (bending) of substituted benzene (1-4 coupling) 765/0.20
PNA-luminol-basic NH-stretching 3415/1.7 1.0
C = O stretching 1713/0.68
Imine stretching 1620/0.85
C-C stretching (quinonoid) 1535/0.60
C-C stretching (benzenoid) 1490/0.60
CN stretching 1254/0.43
C—H stretching (bending) of substituted benzene (1-4 coupling) 771/0.14
PNA-luminol-acidic NH-stretching 3421/1.18 0.34
C = O stretching 1690/0.39
Imine stretching 1639/0.56
C-C stretching (quinonoid) 1513/0.93
C-C stretching (benzenoid) 1491/0.32
CN stretching 1252/0.25
C—H stretching (bending) of substituted benzene (1-4 coupling) 769/0.138
PNA-luminol-neutral NH-stretching 3421/1.52 0.98
Imine stretching 1630/0.80
C-C stretching (quinonoid) 1510/0.55
C-C stretching (benzenoid) 1491/0.54
CN stretching 1251/0.45
C—H stretching (bending) of substituted benzene (14 coupling) 770/0.32

diffraction patterns of the polymer and its doped forms were
recorded on Philips PW 3710 powder diffractometer (Nickel
filtered Cu-K« radiation). Optical microscopic images were
taken using Banbros polarizing microscope, model Banbros,
India. Images were taken at a magnification of x1000.
Transmission electron micrographs (TEM) were taken on
Morgagni 268-D TEM, FEI, USA, operated at an accelerated
voltage of 120 kV. The samples were prepared by placing a
dispersion of the sample on carbon-coated copper grid, sub-
sequently drying in air before transferring it to the microscope,
operated at an accelerated voltage of 120 kV. Fluorescence
spectroscopy was performed by preparing solutions of the
polymer and its doped forms in THF, and the spectra were
recorded on fluorescence spectrofluorometer model
Fluorolog-3-11 (Horiba). The quantum yield (¢) was calculat-
ed as per method reported in our earlier studies [26, 27].
Fluorescence images were taken with a X100 objective at
room temperature using a Laser Confocal Microscope with
Fluorescence Correlation Spectroscopy (FCS) - Olympus
FluoView™ FV1000 equipped with He-Ne laser and oil im-
mersion objective A\, for laser excitation was 410 nm.

Results and discussion

Confirmation of doping by CHNS, viscosity, and FTIR
studies

To calculate intrinsic viscosity of synthesized polymers, dilute
solution viscometric technique was adopted. A 0.4 wt% poly-
mer solution was taken in NMP, and by determining the in-
trinsic viscosity, molecular weight was calculated using Mark-
Houwink equation: [n] = KM,?, where 7 is the intrinsic vis-
cosity, [n] = 2.0 x 1072 M,°37®, M, is molecular weight, K
and a are constants [25]. PNA and luminol doped PNAs re-
vealed intrinsic viscosities as 0.49, 0.59, 0.61, and 0.55, re-
spectively, which showed that PNA had compact structure but
doped three had more expanded chains as compared to pure
PNA (Table 1). The viscosity and viscosity average molecular
weight of PNA-luminol-acidic was observed to be the highest.
The increase in the viscosity and molecular weight of the
doped forms of PNA could be attributed to doping by luminol.
The elemental analysis results also revealed slight variation in
the calculated and found values of %C, %N, and %H content.
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The FT-IR spectral data of pure PNA (Table 2) revealed an N—
H stretching vibration peak at 3414 cm '. The NH-imine
stretching for PNA appeared at 1639 cm™', while quinonoid
and benzenoid peaks were noticed at 1523 and 1492 cm ',
respectively [28, 29]. The peak corresponding to CN
stretching vibration was found at 1253 cm |, while the band
at 765 cm ' was attributed to C-H out-of plane bending vibra-
tion. The presence of above peaks confirmed the polymeriza-
tion of PNA [28, 29]. Upon doping of PNA with luminol in
basic medium, the NH stretching peak was observed at
3415 cm ™', while a new peak corresponding to carbonyl ox-
ygen of luminol appeared at 1713 cm™'. The imine stretching
peak was noticed to shift to 1620 cm ', whereas quinonoid
and benzenoid peaks were noticed at 1535 and 1490 cm
respectively. However, upon doping of PNA with luminol in
acidic medium, NH stretching peak was observed at
3421 em !, while the C = O stretching peak was noticed at
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1690 cm . The peaks associated with quinonoid and benze-
noid rings appeared at 1513 and 1490 cm ', respectively.
Similar shifting of peaks was noticed when PNA was doped
with luminol in neutral medium. The imine stretching peak for
PNA-luminol-neutral showed a major shift to 1630 cm ™' as
compared to pristine PNA, and the absorption intensity was
also noticed to be higher as in the case of PNA-luminol-basic.
The presence of C = O vibration peak and the variation in
absorption intensity of imine stretching peak, quinonoid, and
benzenoid peaks confirmed the doping of PNA by luminol.
The C-C stretching for the quinonoid peak revealed highest
absorption intensity in PNA-luminol-acidic, while the C-C
stretching for the benzenoid peak revealed highest absorption
intensity in PNA-luminol-basic. The ratio of benzenoid to
quinonoid (B/Q) was found to be around 1 for PNA and
PNA-luminol-basic, while it was observed to be 0.34 and
0.98, respectively, in PNA-luminol-acidic and PNA-luminol-
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Fig. 2 XRD of PNA (inset) and luminol doped PNA

neutral. The lower ratio observed for the later forms indicated
that quinonoid form was higher, while in the case of PNA and
its doped form in basic solution, higher benzenoid form was
noticed [30]. The proposed chemical structure of PNA-
luminol-acidic (Fig. 1a) also reveals higher number of benze-
noid units which matches well with the FTIR results. In the
case of PNA-luminol-basic (Fig. 1b), benzenoid rings are no-
ticed to be in large numbers, while for PNA-luminol-neutral
(Fig. 1c), PNA contains quinonoid units in its structure. The

Fig. 3 TEM micrographs of (a)
PNA, (b) PNA-luminol-acidic,
(¢) PNA-luminol-basic, and (d)
PNA-luminol-neutral

@ Springer

nature of bonding is also found to vary with the nature of
luminol. For PNA-luminol-acidic and PNA-luminol-neutral,
the oxygen of luminol binds electrostatically with the NH of
PNA which is also consistent with the variation in the NH
stretching peaks in the two cases as seen from the FTIR data.
In the case of PNA-luminol-basic, the variation in the NH
stretching peak is observed to be insignificant as the structure
shows the electrostatic interaction of negatively charged nitro-
gen on luminol with PNA (Fig. 1b). However, the imine
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Fig. 4 UV-visible spectra of
PNA and luminol doped PNA
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stretching peak is seen to be highly shifted (from 1639 to
1620 cm™ ") which matches well with the proposed structure.

Morphological studies of PNA and luminol doped PNAs

XRD of pure PNA (Fig. 2) revealed pronounced peaks at
20 = 6.3°, 12.64°, 16.28°, 19.04°, 23.44°, 25.24°, and
28.22°, suggesting highly crystalline structure of PNA.
Upon doping of PNA with different forms of luminol, the
highly ordered structure was observed to decline and a semi-
crystalline structure was formed which confirmed doping of
PNA with luminol [28-30]. The peak intensity of PNA-
luminol-neutral was observed to be the lowest, while that of
PNA-luminol-acidic was observed to be highest indicating
that the structure of the later was partly crystalline and some
ordered PNA chains were present. The presence of broad
humps revealed intense changes in the crystalline morphology
as well as ordering of chains upon doping of PNA with
luminol [28-30].

T

275
Wavelength (nm)

—TT 7T
300 325 350 375 400 425

The TEM micrograph of PNA (Fig. 3a) showed fused hol-
low rod-like structure, while PNA-luminol-acidic (Fig. 3b)
revealed fused dense cubic particles forming a chain-like
structure. The particles of PNA-luminol-basic (Fig. 3c) re-
vealed dense morphology of spheres and cube-like structures,
while PNA-luminol-neutral (Fig. 3d) revealed scattered spher-
ical aggregates. The structure of pristine PNA appeared to be
hollow, but upon doping, dense black aggregated morphology
was obtained which is consistent with the optical images as
well (shown in inset). The optical micrographs were taken at
magnification (x1000), and PNA (Fig. 3a, inset) revealed a
fibrous morphology. Upon doping with luminol in acidic me-
dium (Fig. 3b, inset), scattered sense particles were observed
having distorted spherical structures. The optical micrograph
of PNA-luminol-basic (Fig. 3c, inset) and PNA-luminol-
neutral (Fig. 3d, inset) revealed clusters of tiny particles join-
ing to form aggregates. The presence of dense morphology
confirmed doping of PNA with luminol. The particles were
noticed to form a self-assembled network-like structure of
having mixed morphology of cubes and spheres.

Table 3 UV data PNA and

luminol doped PNA Sample Amax | adv (integrated Molar extinction Oscillator
(nm) absorption coefficient), coefficient strength
cm 2
PNA 500 210.00 2371.54 0.03
PNA-luminol-basic 500 358.00 3057.85 0.06
PNA-luminol-acidic 500 445.25 3607.62 0.07
PNA-luminol-neutral ~ 500 298.16 2740.21 0.05
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Fig.5 Fluorescence emission spectra of PNA and luminol doped PNA in
a solution state and b solid state

Optical characteristics of PNA and luminol doped PNA
analyzed by UV-visible and fluorescence spectra

The UV-visible spectra of pure PNA and doped PNA were
taken in THF and are depicted in Fig. 4. Pure PNA revealed
peaks at 210, 245, and 325 nm in the UV range associated
with 7-7* transition and 500 nm in the visible range (shown in
inset) due to the polaronic transition [28-30]. Upon doping of
PNA with luminol, the intensities of the m-7* transition and

polaronic transition were found to vary depending upon state
of luminol in the acidic, basic, and neutral media. The inten-
sity of the peaks highly increased upon doping with luminol in
acidic medium and basic medium. The oscillator strength,
molar extinction coefficient, and integrated absorption coeffi-
cient were also found to be in the order PNA-luminol-
acidic > PNA-luminol-basic > PNA-luminol-neutral > PNA.
Higher values of oscillator strength revealed higher electron
transition ability in this polymer, while lower values revealed
unfavorable configuration of HOMO and LUMO orbitals be-
cause of reduced electron density of benzene ring. The oscil-
lator strength was observed to be 0.03, 0.07, 0.06, and 0.05 for
PNA, PNA-luminol-acidic, PNA-luminol-basic, and PNA-
luminol-neutral, “”respectively (Table 3). On the basis of the
above observations, it can be concluded that doping of PNA
with luminol increases the electron transition ability of this
polymer as compared to its pristine form which can be tuned
to obtain desired optoelectronic properties. Based on the pro-
posed structures for the doped forms of PNA, it can be noticed
that the presence of 3-aminophthalate structure on alternate
PNA chains in acidic medium is responsible for providing
higher polaronic transition intensity (Fig. 1a). The above ob-
servations are also corroborated by the fluorescence emission
spectra. The emission spectrum of pure PNA and doped PNA
in THF is shown in Fig. 5. The fluorescence spectrum of PNA
(Aexe = 330 nm) revealed a broad emission peak at 420 nm
which was correlated to Sy — S transition. Upon doping of
PNA with luminol, the emission intensity of PNA was found
to decrease revealing quenching of PNA by luminol (Fig. Sa).
Splitting of emission peaks was noticed, and two peaks were
observed around 380 and 420 nm, respectively. A slight shoul-
der was also observed around 480 nm. The peak found at
420 nm was related to the emission peak of pristine luminol
[18]. This observation confirmed that doping of luminol in-
troduced structural changes in PNA. Among the three doped
polymers, PNA-luminol-acidic revealed the highest emission
intensity. However, the solid state spectra of PNA and luminol
doped PNAs revealed emission intensities around 480 and
550 nm (Aexe = 330 nm), while no such peak was noticed
for pristine PNA (Fig. 5b). The emission peak was correlated
to Sp — S transition. The emission intensity was observed to
be maximum for PNA-luminol-acidic as in the case of the
spectrum in the solution state. The absence of the peaks at
480 and 550 nm in the solution state is attributed to the solvent

Table 4 Fluorescence data of

PNA and doped PNA Sample Amax (nm) Agample Integrated area Quantum yield (¢)
PNA 419 0.062 7.11 x 10° 6x107°
PNA-luminol-basic 411 0.076 2.97 x 10° 42 %1072
PNA -luminol-acidic 415 0.093 5.7 x 10° 6.7 x 1072
PNA-luminol-neutral 414 0.070 3.8 x 10° 33 %1072
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Fig. 6 Confocal micrographs of
a PNA, b PNA-luminol-acidic, ¢
PNA-luminol-basic, and d PNA-
Iuminol-neutral

effect which causes intense hydrogen bonding. The values of
quantum yield (¢) were calculated and are given in Table 4.
The quantum yield (¢) was noticed to be 6 x 10> for PNA,
while upon doping, these values were 4.2 x 102, 6.7 x 1072,
and 3.3 x 1072, respectively, for PNA-luminol-basic, PNA-
luminol-acidic, and PNA-luminol-neutral. Among all the
luminol doped forms of PNA, PNA-luminol-acidic revealed
highest quantum yield (Table 4). This can be correlated to the
oxidation of luminol under highly acidic conditions to pro-
duce 3-aminophthalate. The presence of oxygen-rich sites in
3-aminophthalate is presumably responsible for the high
quantum yield of PNA in acidic medium.

The confocal micrograph of PNA in solid state
(Fig. 6a) exhibited intense blue emission, but upon doping
with luminol in acidic medium (Fig. 6b), intense red emis-
sion was obtained. The intensity of the red emission was
observed to be lower for PNA-luminol-basic (Fig. 6¢), as
compared to PNA-luminol-acidic. PNA-luminol-neutral
(Fig. 6d) also revealed lower emission intensity in the
red region. The confocal micrograph of PNA-luminol-
acidic (Fig. 6b) revealed a clear dispersion of discrete tiny
particles. Upon doping of PNA with luminol in basic me-
dium (Fig. 6¢), the particles appeared to be more clus-
tered, while in PNA-luminol-neutral (Fig.6d), the

confocal micrograph revealed less aggregation as well as
intensity. It can therefore be concluded that intense red
emission was observed upon doping of PNA in acidic
medium and this polymer could be used for designing
NIR agents for live cell imaging.

Conclusion

PNA was successfully synthesized via ultrasonication
technique and doped with luminol under acidic basic
and neutral conditions. Polymerization and doping was
confirmed by FTIR and elemental analysis, while UV
studies confirmed structural variations. XRD revealed
crystalline morphology of PNA, while the doped forms
were found to be semicrystalline. Fluorescence studies
confirmed that highest quantum yield was attained in the
case of PNA doped in acidic medium and its confocal
micrographs revealed intense red emission. The results
showed that doping of PNA with various forms of luminol
attained in acidic, basic, and neutral medium could be
utilized to design polymers for imaging of biological
analytes by optimizing the doping conditions.
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