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Abstract    As a  highly  promising conductive polymer material,  the synthesis  method,  structure regulation,  and performance improvement of

polyaniline  (PANI)  are  hot  research  topics.  In  this  work,  the  radiation-induced  polymerization  of  aniline  in  HNO3 solution  was  successfully

achieved at room temperature without the use of chemical oxidants. Through the analysis of the radiation chemical reactions of inorganic acids

and nitrate salt solutions, the characterization of the intermediate free radicals in the irradiated systems, and the influence of the pH of the solu-

tions on the polymerization activity and product morphologies, the radiation-induced polymerization mechanism of aniline is discussed in detail

and proposed. Only at a condition of [HNO3]>[aniline], i.e., pH<2.5, PANI can be successfully obtained under γ-ray radiation. The polymerization

begins with the oxidation of aniline cations to aniline cation radicals by ·NO3 generated by radiolysis reactions, and undergoes repeated three

steps of monomer free radical recombination, deprotonation, and oxidation reaction of ·NO3, thus forming a PANI macromolecule. In addition to

the polymerization reaction, the aniline units are protonated and oxidized because of the strongly acidity and oxidation of the reaction system

under γ-ray irradiation, which means that the molecular chain structure of the radiation-synthesized PANI can be regulated by pH, nitrate concen-

tration, and irradiation conditions. Radiation-synthesized PANI has a moderate protonation and oxidation state, which can be used for the prepa-

ration of PANI supercapacitors with better electrochemical properties than those prepared by chemical oxidation under the same conditions. This

work presents a new radiation-synthesis method and polymerization mechanism of PANI, which not only expands the application of radiation

technique in the field of polymer synthesis, but also provides a new idea for the structural regulation and electrochemical property optimization

of PANI.
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INTRODUCTION

Polyaniline  (PANI)  has  emerged  as  a  highly  promising  conduc-
tive  polymer  material  in  recent  years,  exhibiting  immense  po-
tential  in  various  fields,  including  supercapacitors,  elec-
trochromic  devices,  resistive  sensors,  rechargeable  batteries,
and biomedicine.[1−6] PANI is  mainly produced by chemical  ox-
idative polymerization or electrochemical polymerization of ani-
line in acidic aqueous solutions, usually in the form of protonic-
acid-doped  PANI  salts  with  different  oxidation  states.[7,8] Cur-
rent research shows that the conductivity of  PANI is  closely re-
lated  to  the  proportion  and  distribution  of  oxidized  (quinoid)
and  reduced  (benzenoid)  structural  units  along  the  molecular

chain, which are determined by the synthesis and doping con-
ditions of PANI.[9,10] To obtain PANI with a high conductivity (σ≥
1 S/cm), the chemical oxidative polymerization of aniline in the
aqueous  solution  is  typically  conducted  under  a  condition  of
pH≤2.5, and an oxidant to aniline monomer molar ratio greater
than  1.[7,11] PANI  molecules  can  undergo  electrochemical  re-
versible  ion  doping  in  the  electric  field,  which  transforms  the
molecular  chain  structure  between  different  redox  states,  ac-
companied by energy storage and release.[12] Therefore, PANI is
currently one of the potential electrode materials in the field of
supercapacitors,  and  its  specific  capacitance  is  related  to  the
polymerization methods and condition of aniline and protonic-
acid-doped processes.[13] Wang et al.[14] investigated the electro-
chemical  properties  of  H2SO4-doped  PANI  prepared  by  the
chemical  oxidative polymerization of  aniline with a  molar  ratio
of (NH4)2S2O8 to aniline in the range of 0.5−1.5, and found that
PANI prepared at a molar ratio of  (NH4)2S2O8 to aniline of  1.25,
achieved the highest specific capacitance of 528 F/g. However,
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the substantial  quantity  of  oxidants  (such as  FeCl3 and K2S2O8)
used in the chemical oxidative polymerization makes it difficult
to completely remove the impurity cations (such as Fe3+ and K+),
which easily remain on the PANI molecular chains and interfere
with the doping degree of protons, thereby adversely, affecting
the  electrochemical  properties  of  PANI.[15] The  electrochemical
polymerization  of  aniline  can  be  initiated  directly  on  the  elec-
trode surface to form PANI without the need for additional oxi-
dants. However, this method is unsuitable for the deposition of
PANI  on  poorly  conductive  substrates  and  the  large-scale  pro-
duction  of  PANI  nanomaterials.[16,17] Therefore,  in-depth  study
and development of the polymerization method of aniline have
important theoretical and practical significance for the develop-
ment of high-performance supercapacitor materials.

On the other hand, when aqueous solutions are exposed to
high-energy  radiation  (such  as γ-rays  and  electron  beams),
water  molecules  decompose  to  produce  various  active
species, including oxidative ·OH and reductive eaq

− and ·H.[18]

Using  these  active  species  or  the  derived  secondary  active
species,  various metals,  polymers,  and nanocomposites  have
been  synthesized  in  aqueous  systems  at  room
temperature.[19−21] Wang et al.[22] directly irradiated an air-sat-
urated pyrrole solution containing H2SO4 with pH≤1 via 60Co
gamma  rays  to  initiate  the  oxidative  polymerization  of  pyr-
role,  and  polypyrrole  nanoparticles  were  obtained  using  the
dispersant polyvinyl alcohol. The work confirmed that the re-
ductive eaq

– and ·H in the system were converted to H2O2 ow-
ing the presence of O2 and the high concentrations of H+, en-
hancing  the  oxidative  environment  of  the  system  to  initiate
the oxidative polymerization of pyrrole. However, polymeriza-
tion of aniline in acidic solutions under similar irradiation con-
ditions  has  not  yet  been  successfully  achieved.  Karaivanov
et al.[23] reported that the radiation chemical yields of the radi-
olysis  of  aniline,  that  is, G(-aniline) (the  number  of  disappeared
aniline  molecules  per  100  eV  of  energy  absorbed)  in  acidic
(pH=2)  and  neutral  aqueous  solutions  saturated  with  argon
gas  were  only  1.2  and  0.5,  respectively. G(-aniline) in  a  neutral
aqueous  solution  saturated  with  N2O  (the  scavenger  of  eaq

–)
increased to 3.3; however, the main radiolytic products of ani-
line were small molecules rather than aniline polymers. So far,
there has been no comprehensive research and discussion on
the effects of ionizing radiation on the polymerization of ani-
line in acidic aqueous solutions, or on the morphologies and
properties of the radiation-synthesized PANI.

In this  study,  the chemical  effects of γ-ray radiation of ani-
line in various inorganic acid aqueous solutions were investi-
gated,  and  radiation-induced  polymerization  of  aniline  in
HNO3 aqueous  solution  was  successfully  achieved  without
the  help  of  chemical  oxidants.  The  radiation-induced  poly-
merization mechanism of aniline was discussed in detail  and
proposed based on the analysis of the radiation chemical re-
actions  of  various  inorganic  acids  and  nitrate  salt  solutions,
characterization of the intermediate free radicals in the irradi-
ated  systems,  and  influence  of  the  pH  of  the  aqueous  solu-
tions  on  the  polymerization  activity  and  product  morpholo-
gies. The electrochemical properties of the PANI obtained by
radiation-induced  polymerization  and  chemical  oxidative
polymerization  were  compared.  It  was  found  that  the  radia-
tion-synthesized  PANI  show  better  electrochemical  proper-

ties than the chemically synthesized PANI, which opens a new
route for the green synthesis of high-performance PANI.

EXPERIMENTAL

Materials
Aniline, tert-butanol  (TBA), N-methylpyrrolidone  (NMP),  KSCN,
HNO3 (65%–68%),  HCl  (36%–38%),  H2SO4 (95%–98%),  H3PO4

(85%–95%),  and  NaNO3 were  purchased  from  Sinopharm
Chemical  Reagent  Co.,  Ltd.  Polyvinylpyrrolidone  (PVP,  K88-96,
Mw=1.3×106),  titanium sulfate,  5,5-dimethyl-1-pyrroline-N-oxide
(DMPO),  sulfanilamide, N-(1-naphthyl)ethylenediamine  dihy-
drochloride, and tetrahydrofuran (THF) were purchased from Al-
addin  Chemical  Co.,  Ltd.  Nafion  perfluorinated  resin  solution
(5%) was purchased from Shanghai  McLean Biochemical  Tech-
nology Co., Ltd. THF was chromatographically pure, whereas the
reagents were analytically pure. Aniline was purified by vacuum
distillation  before  use.  Ultrapure  water  with  a  conductivity  of
0.055 μS/cm was prepared using a Smart System (SmartMiniVF)
and used in all experiments.

Radiation-induced Polymerization of Aniline
A certain amount of aniline and PVP were dissolved in 10 mL of
an aqueous solution of  inorganic  acids  (HCl,  H2SO4,  HNO3,  and
H3PO4)  under  magnetic  stirring.  After  deoxygenation  by  bub-
bling with N2 for 10 min, the system was sealed and exposed to
60Co γ-ray radiation field (activity of 7.4×1014 Bq, located at the
University of Science and Technology of China) for a certain pe-
riod. The dose rate was 29 Gy/min, calibrated using alanine-EPR
dosimetry. After γ-ray irradiation, the precipitates in the solution
were  centrifuged,  and  washed  sequentially  with  water  and
ethanol. The products were dried to a constant weight in a dry-
ing oven at 50 °C.  The PANI sample obtained by radiation syn-
thesis was labelled as PANI-R.

Chemical Oxidative Polymerization of Aniline
For  comparison,  a  PANI  sample  was  also  prepared  using  the
conventional  chemical  oxidative  polymerization  method.  The
synthesis  process  was as  follows:  100 mg of  aniline (1.1  mmol)
and 10 mg of PVP were dissolved in 5 mL of HNO3 or HCl aque-
ous solution under magnetic stirring in an ice-water bath. Then,
5  mL  of  (NH4)2S2O8 aqueous  solution  (0.2  mol/L)  was  added
dropwise to the aniline solution, and allowed to react in an ice
water  bath  for  24  h.  The  precipitate  in  the  solution  was  cen-
trifuged, and washed sequentially with water and ethanol.  The
product, labelled as PANI-C, was dried to a constant weight in a
drying oven at 50 °C.

Characterization
The  pH  of  the  reaction  system  was  determined  by  using  a  pH
meter  (PHS-3C).  The  morphologies  of  the  samples  were  ob-
served  using  cold-field  emission  scanning  electron  microscopy
(SEM, HITACHI SU8220, 3 kV). The samples were first dispersed in
water, dropped onto a silicon wafer to dry naturally, and finally
sprayed  with  Pt.  Fourier  transform  infrared  (FTIR)  spectra  were
recorded  in  the  wavenumber  range  of  4000–400  cm–1 on  a
Thermo  Fisher  Nicolet  6700  spectrometer  with  a  resolution  of
0.1  cm–1 using KBr  pellets.  X-ray  diffraction (XRD)  spectra  were
obtained using a  Rigaku SmartLab X-ray  diffraction instrument
(Cu  Kα, λ=1.5418  Å)  with  a  scanning  speed  of  8  (°)/min  and  a
scanning  range  of  10°–70°.  To  detect  the  active  free  radicals
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generated  during  irradiation,  a  free  radical  scavenger  (DMPO)
was  added  to  the  solutions  before  irradiation.  Electron  para-
magnetic  resonance  (EPR)  spectra  of  the  irradiated  solutions
were  immediately  measured  using  an  electron  paramagnetic
resonance  spectrometer  (JEOL  JES-FA200)  at  a  working  fre-
quency  of  9.081  GHz.  The  concentrations  of  H2O2 and  NO2

– in
the irradiated solutions were determined using the colorimetric
method  with  titanium  sulfate  and N-(1-naphthyl)ethylenedi-
amine dihydrochloride/sulfanilamide, respectively.[24,25] The UV-
vis  absorption spectra of  the solutions were recorded using an
ultraviolet-visible  spectrophotometer  (UV-Vis,  UV  3600  plus).
The MS spectra of the samples dissolved in methanol were ana-
lyzed  using  matrix-assisted  laser  desorption  tandem  time-of-
flight  mass  spectrometry  (MALDI-TOF  MS,  Autoflex  Speed
TOF/TOF).  The  molecular  weight  was  measured  by  gel  perme-
ation chromatography (GPC, 1260 Infinity II)  at 25 °C.  The sam-
ple was dissolved in THF and filtered through a 0.22 μm organic
(nylon) filter. THF was used as the mobile phase at a flow rate of
1.0 mL/min.  Monodisperse polystyrene was used for molecular
weight calibration.

Electrochemical Measurements
All  electrochemical  measurements  were  performed  in  1  mol/L
H2SO4 aqueous solution on a CHI660D electrochemical worksta-
tion (Shanghai Chenhua) using a standard three-electrode elec-
trolytic  cell.  The  working  electrode  was  prepared  as  follows:  4
mg of the PANI sample was dispersed ultrasonically in a mixture
of  980  μL  of  NMP  and  20  μL  of  Nafion  solution  to  form  a  uni-
form slurry. The working electrode was obtained by dropping 5
μL of the slurry onto a glassy carbon electrode and drying in air.
A platinum sheet and Ag/AgCl electrode with saturated KCl so-
lution  were  used  as  the  counter  and  reference  electrodes,  re-
spectively.  Cyclic  voltammetry  (CV)  curves  were  obtained  in  a
voltage window ranging from −0.2 V to 0.8 V at scan rate of 10,
20, 50 and 100 mV/s. Galvanostatic charge-discharge (GCD) tests
were conducted at current densities of 0.2, 0.5, 1 and 2 A/g. The
specific  capacitance  (Cm)  of  the  test  system  can  be  calculated
from the discharge curve:[26]

Cm =
2i∫ V (t)dt

mΔV2
(1)

where i is  the  discharge  current  (A), V(t)  is  the  instantaneous
voltage (V), ΔV is the voltage window, and m is the mass of the
electroactive electrode material (g). Thus, the unit of Cm is F/g.

Electrochemical  impedance  spectra  (EIS)  were  obtained  at
an open circuit voltage of 0.4 V and a frequency ranges from
105 Hz to 10−2 Hz.

RESULTS AND DISCUSSION

Radiation-induced Polymerization of Aniline
It  is  well  known that,  liquid  neutral  pure  water  can be  decom-
posed by high-energy rays,  inducing a series of rapid reactions
and producing various types of active species, mainly eaq

−, ·OH,
and ·H[18,27]

H2O
γ-ray
⟶ ⋅H, e−

aq, ⋅OH,HO2⋅,H2,H2O2, etc. (2)

However,  when the inorganic  acid  aqueous solution is  ex-
posed to the γ-ray radiation, eaq

− produced by water radioly-
sis reacts quickly with H+, and can be removed because of the

high concentration of  H+.  At  the same time,  the radiolysis  of
acid  group  anions  can  also  produce  other  oxidizing  active
free  radicals  (Eө(·NO3/NO3

−)=+2.67  VNHE, Eө(·SO4
−/SO4

2−)=
+2.44  VNHE, Eө(H2PO4·/H2PO4

−)=+2.52  VNHE, Eө(·Cl/Cl−)=+2.43
VNHE, Eө(Cl2·−/Cl−)=+2.13 VNHE, etc.),  making the system highly
oxidizing.[28−32] In this work, aniline was first dissolved respec-
tively  in  N2 saturated  H2O  and  0.2  mol/L  H2SO4,  HCl,  H3PO4,
and  HNO3 aqueous  solutions,  and  then  the  mixed  solutions
were  irradiated  with 60Co γ-rays  for  24  h  (dose  rate  of  29
Gy/min,  total  absorbed  dose  of  41.8  kGy).  The  reaction  solu-
tions  before  and  after  irradiation  are  shown  in Fig.  1(a).  Ex-
cept  for  the  HNO3 aqueous  solution,  all  aqueous  solutions
were pale yellow after irradiation, and no polymeric products
appeared, which is in agreement with the results of similar ir-
radiated systems reported in the literature.[23,33] MS spectra of
the products from the H2O, H2SO4, HCl, and H3PO4 systems in
Fig.  1(b)  also  confirm  that  they  are  small  molecular  sub-
stances  with  molecular  weights  below  500.  However,  the
HNO3 aqueous solution containing aniline is dark green after
irradiation, which is close to the color of the product (PANI-C)
obtained by the chemical oxidative polymerization of aniline
initiated  by  (NH4)2S2O8 (Fig.  1a).  The  yield  of  the  radiation-
synthesized  product  (PANI-R)  obtained  in  an  HNO3 aqueous
solution was approximately 20%, which is comparable to that
of  H2O2 as  an  oxidant.  PANI-R  was  only  partially  dissolved in
THF.  The  GPC chromatogram of  the  THF-soluble  component
showed that the Mw of the component was as high as 15600
(Fig.  1c),  indicating  that γ-ray  irradiation  of  aniline  in  HNO3

aqueous solution can yield polymerization products.
The FTIR  spectra  of  aniline,  PANI-R,  and PANI-C are  shown

in Fig.  1(d).  Due  to  the  covalent  linkage  between  the  ben-
zene ring and N atom, two pairs of characteristic bands corre-
sponding to the benzene ring skeleton vibration (1622, 1600
cm−1, and 1500, 1460 cm−1), as well as the bands for the C―H
out-of-plane bending vibration of the mono-substituted ben-
zene ring (748 and 694 cm−1)  appeared in the FTIR spectrum
of  aniline.[34,35] However,  the  bands  at  1622  and  1600  cm−1

disappeared  in  the  FTIR  spectra  of  both  PANI-R  and  PANI-C,
while a band at 826 cm−1 corresponding to the C―H out-of-
plane deformation vibration of the 1,4-disubstituted benzene
ring emerged, providing further evidence for the PANI struc-
tures.[36−38] The XRD patterns of PANI-R and PANI-C shown in
Fig. 1(e) are almost identical, exhibiting two diffraction peaks
at 2θ=19.6° and 26.3°, consistent with the results of PANI salts
in  the  literature.[39,40] The  peak  at  19.6°  corresponds  to  the
spacing  between  the  ring  planes  of  benzene  rings  in  adja-
cent  chains,  whereas  the  peak  at  26.3°  correlates  with  the
spacing for the face-to-face interaction of the phenyl rings of
PANI  chains.  These  results  indicate  that  high-energy γ-rays
can directly initiate the polymerization of aniline in 0.20 mol/L
HNO3 solution at room temperature without the need for ad-
ditional chemical oxidants.

The  radiation-induced  polymerization  mechanism  of  ani-
line can be studied by analyzing the main radiation chemical
reactions  in  water  and  inorganic  acid  solutions,  as  shown  in
Table 1.  The pH values of  H2O, HNO3,  H2SO4,  HCl,  and H3PO4

solutions  were  6.73,  0.81,  0.73,  0.80,  and  1.41,  respectively.
The types of active species generated by the radiolysis of liq-
uid  water  and  the  corresponding  radiation  chemical  yield,
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Fig.  1    (a)  Digital  photos  of  H2O  and  inorganic  acid  (0.2  mol/L)  solutions  containing  aniline  before  and  after γ-ray  irradiation  ([aniline]=0.11
mol/L, dose rate: 29 Gy/min, absorbed dose: 41.8 kGy), as well as the photos of the same HNO3/aniline system before and after the addition of
(NH4)2S2O8;  (b)  MS  spectra  of  the  products  obtained  from  the  H2O/aniline,  H2SO4/aniline,  HCl/aniline,  and  H3PO4/aniline  systems;  (c)  GPC
chromatogram of the THF-soluble component of the product from the irradiated HNO3/aniline system; (d, e) FTIR spectra and XRD patterns of the
products (PANI-R and PANI-C) obtained by radiation-induced polymerization and chemical oxidation polymerization of aniline in HNO3 solution.

 

Table 1    Main radiation chemical  reactions and the corresponding rate constants in H2O and inorganic acid solution systems in an inert  atmosphere
([acid]=0.2 mol/L).
 

System pH Reaction kp (M−1·s−1) Ref.

H2O 6.76 H2O → eaq
−, ·H, ·OH, HO2·, H2, H2O2 − [41]

HNO3/H2O 0.81 eaq
− + H+ → ·H 2.3×1010 [32]

NO3
− → ·NO3 + e− − [32]

HNO3 + ·OH → ·NO3 +H2O 5.3×107 [32]
NO3

− + ·H → ·NO2 + OH− 1.0×107 [32]
·NO2 + ·H→ HNO2 1.0×1010 [32]

HNO2 + H2O2 → ONOOH + H2O 7.2×105 [32]
H2SO4/H2O 0.73 eaq

− + H+ → ·H 2.3×1010 [42]
SO4

2− → ·SO4
− + e− − [42]

·SO4
− + ·H → HSO4

− 1.0×1010 [42]
·SO4

− + ·OH → HSO5
− 1.0×109 [42]

·SO4
− + HO2· → HSO4

− + O2 3.5×1010 [42]

HCl/H2O 0.80 eaq
− + H+ → ·H 2.3×1010 [43]

Cl− → ·Cl + e− − [43]
Cl− + ·OH → ClOH·− 4.3×109 [43]

ClOH·− + H+ → ·Cl + H2O 2.1×1010 [43]
·Cl + Cl− → Cl2·− 2.1×1010 [43]

Cl2·− + ·H → 2Cl− + H+ 8.0×109 [43]
Cl· + ·H → Cl− + H+ 1.0×1010 [43]

H3PO4/H2O 1.41 eaq
− + H+ → ·H 2.3×1010 [31]

H3PO4 → H2PO4· + H+ + e− − [31]
H2PO4· + ·H → H3PO4 1.3×1010 [31]

H2PO4· + ·OH → H3PO5 4.0×109 [31]
H2PO4· + HO2· → H3PO4 + O2 3.0×109 [31]
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that  is,  G(X)  (defined  as  the  number  of X species  that  have
changed per  100 eV energy absorbed),  are closely  related to
the pH of the solution.[41] In an inert atmosphere, when neu-
tral or weakly alkaline aqueous solutions are exposed to γ-ray
radiation, the oxidative ·OH and reductive eaq

− have similarly
high G values  of  approximately  2.7.  Even  though  the  oxida-
tion-reduction potential  of  ·OH is  as high as 2.31 V,  it  is  diffi-
cult to carry out oxidative polymerization in a neutral or near-
neutral solutions because there also exists a large amount of
eaq

−.[22] In contrast,  eaq
− can be quickly removed by the reac-

tion with H+ in a strongly acidic aqueous solution, to be con-
verted to  ·H.  The inorganic  acid  group anions  can react  with
some  active  free  radicals  generated  by  water  radiolysis,  but
can also  be  ionized by γ-rays  to  generate  the  corresponding
free  radicals  and  further  undergo  various  reactions.  Accord-
ing to the radiation chemical reactions in HNO3 aqueous solu-
tion  listed  in Table  1,  NO3

− can  be  ionized  directly  to  form
strongly oxidative ·NO3,  but it  can also react with ·OH and ·H
to  generate  ·NO3 and  ·NO2,  respectively.  The  newly  generat-
ed ·NO2 can continue to consume ·H and convert it into weak-
ly oxidative NO2

−.[32] This means that the HNO3 aqueous solu-
tion  was  fully  oxidized  under γ-ray  irradiation.  For  H2SO4

aqueous solution, the ionization of SO4
2− can generate oxida-

tive  ·SO4
−,  which  can  consume  ·H  and  ·OH  and  convert  it  to

non-oxidizing  HSO4
− and  HSO5

−.[42] In  HCl  aqueous  solution,
Cl− is  ionized  and  reacts  with  ·OH  to  form  oxidative  Cl·  and
Cl2·−, which then reacts with ·H and returns to Cl−.[43] Similarly,
the ionization of H3PO4 yields oxidative H2PO4·−, which rapid-
ly combines with ·H and ·OH to form H3PO4 and H3PO5.[31] Af-
ter the addition of aniline to these inorganic acid aqueous so-
lutions ([aniline]=0.11 mol/L),  the pH of the solutions slightly
increases  to  1.23  (HNO3),  1.13  (H2SO4),  1.25  (HCl),  and  2.18
(H3PO4),  and the main radiation chemical reactions in the so-
lutions are listed in Table 1. The free radicals produced by the
ionization  of  SO4

2−,  Cl−,  and  H3PO4 undergo  a  series  of  reac-
tions with oxidative and reductive species produced by water
radiolysis,  resulting  in  the  generation  of  non-oxidizing
species.  Only  in  HNO3 aqueous solution,  the oxidizing atmo-
sphere can only be maintained during the irradiation process.
Radiation-induced polymerization of aniline is closely related
to the oxidation reaction.

To further verify the effect of  the active species generated
by  the  radiolysis  of  NO3

−,  a  0.2  mol/L  NaNO3 solution  was
used  instead  of  HNO3 solution  as  the  reaction  medium,  as
shown in Fig.  2(a).  The pH of the system is 7.37.  At the same
absorbed  dose,  the  system  changed  from  colorless  to  dark
brown with traces of visible precipitates. However, the precip-
itates  can  be  completely  dissolved  in  THF,  and  the  MS  spec-
trum  (Fig.  2b)  reveals  that  the  peak  with  the  highest  abun-
dance corresponds to m/z=290 (C18H15N3O+H+). There are al-
most no peaks with m/z exceeding 800, although a few peaks
that  are  particularly  small  in  abundance  exist  between
m/z=500  to m/z=800.  Compared  with  the  irradiation  prod-
ucts of H2SO4, HCl, and H3PO4 aqueous solutions (Fig. 1b), the
product from the NaNO3/aniline system contained molecules
with  higher  molecular  weights,  which  is  consistent  with  the
darker color of the product. The main radiation chemical reac-
tions  in  the  NaNO3 aqueous  solution  are  listed  in Table  2.  In
contrast  to  the  HNO3 aqueous  solution,  the  NaNO3 aqueous

solution  (pH=6.8)  is  near-neutral  and  has  a  high G value  of
eaq

−.  The  reaction  rates  of  NO3
− and  eaq

− are  two  orders  of
magnitude faster than those of NO3

− and ·H.[44] The consump-
tion of NO3

− by a large amount of eaq
− leads to a decrease in

the content of highly oxidative ·NO3. Fig. 2(c) shows the simu-
lated  concentrations  of  four  radiolytic  species  (·OH,  ·NO3,  ·H
and  eaq

−)  in  pure  water,  HNO3 and  NaNO3 solutions  using
chemical  kinetic  simulation  software  (MCAP-FACSIMILE).  The
concentrations  of  ·OH  and  ·H  produced  in  pure  water  were
the highest, followed by those of eaq

−. However, in both HNO3

and  NaNO3 aqueous  solutions,  the  concentration  of  ·NO3 is
the highest, followed by that of ·OH. The concentrations of ·H
and  eaq

− exhibited  a  sharp  decrease,  with  the  latter  having
the  lowest  level.  The  concentrations  of  ·NO3 and  ·H  in  the
NaNO3 aqueous solution were slightly lower than those in the
HNO3 aqueous  solution,  whereas  the  concentration  of  eaq

−

was higher than that in the HNO3 aqueous solution. These re-
sults  indicate  that  the  radiation-induced  polymerization  of
aniline is related to oxidative ·NO3, which is an oxidative poly-
merization mechanism. However, the presence of eaq

− inhibit-
ed  the  polymerization  of  aniline.  Thus,  it  is  necessary  to  re-
move eaq

− and maintain strongly oxidative conditions.
To analyze the possible types and reactions of free radicals

in  the  polymerization  system via EPR,  the  free  radical  scav-
enger  DMPO  was  added  to  the  reaction  system  before γ-ray
irradiation.  As  shown in Fig.  3(a),  four  characteristic  peaks  of
DMPO-OH  (1:2:2:1)  and  nine  characteristic  peaks  of  DMPO-H
(1:1:2:1:2:1:2:1:1) can be detected in the EPR spectrum of pure
water  after γ-ray  irradiation,[45] which  is  consistent  with  the
theoretical  simulation results  shown in Fig.  2(c),  because the
concentrations  of  ·OH  and  ·H  in  the  system  are  both  high.
However, the irradiated water dissolved with aniline only pro-
duces the characteristic  signal  of  DMPO-H,  indicating that  ·H
does not participate in the reaction or reacts very slowly (cap-
tured by DMPO),  whereas  ·OH can react  quickly  with aniline,
leading to the disappearance of the DMPO-OH signal. Howev-
er,  no  other  intermediate  radicals  were  captured  by  DMPO.
After γ-ray irradiation of 0.2 mol/L HNO3 and NaNO3 aqueous
solutions,  there  was  no characteristic  signal  of  DMPO-H,  and
only  the  signal  of  ·OH  appeared  in  the  EPR  spectra,  because
DMPO-NO3 is  easily  decomposed  into  DMPO-OH  in  aqueous
solutions  according  to  the  results  in  the  literature.[46] In  the
EPR spectrum of  the irradiated NaNO3/aniline solution,  there
was  no ·OH signal,  which was  replaced by a  typical  signal  of
carbon-centered  radical  with  six  characteristic  peaks
(1:1:1:1:1:1).  The  above  results  indicate  that  aniline  can  react
rapidly with ·NO3, ·OH, and other free radicals in this system to
produce carbon-centered radical  intermediates  that  are  cap-
tured by DMPO; however,  no polymer is formed. In compari-
son, the EPR spectrum of the irradiated HNO3/aniline solution
was  consistent  with  the  paramagnetic  resonance  signal  of
proton-doped  PANI  reported  in  the  literature.[47] This  also
proves  that  aniline  undergoes  rapid  reactions  with  all  free
radicals  produced  in  HNO3 solution  under γ-ray  radiation  to
generate  PANI. Fig.  3(b)  shows  the  change  in  the  pH  of  the
HNO3/aniline solution as a function of the absorbed dose. At
the  beginning  of  the  irradiation  (<1.7  kGy),  the  pH  value  of
the system decreased rapidly with the absorbed dose, that is,
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the radiation time, and then almost leveled off, which is simi-
lar to the phenomenon observed during the chemical oxida-
tive polymerization of  aniline.[36] It  means that  the radiation-
induced polymerization reaction of aniline should be accom-
panied  by  the  oxidative  dehydrogenation  of  aniline  units  to
lower the pH of the reaction system. For comparison, the EPR
spectra  of  the  irradiated  H2SO4 and  H2SO4/aniline  solutions
are also shown in Fig. 3(a).  It  can be seen that there is only a
signal of ·OH, and no signal of ·SO4 can be found in the irradi-
ated  H2SO4 solution  because  the  rate  constants  of  the  reac-
tion  between  ·SO4

− and  ·H,  as  well  as  HO2·  and  ·OH,  are  so
large  (see Table  1)  that  they  cannot  be  captured  by  DMPO.

However, in the EPR spectrum of the irradiated H2SO4/aniline
solution,  only  the  ·OH  signal  was  present,  but  the  intensity
was  significantly  weakened.  These  results  indicate  that  the
polymerization of aniline under γ-ray radiation should be initi-
ated  by  the  radiolysis  product  of  NO3

− under  acidic  condi-
tions rather than the ·OH produced by the radiolysis of H2O.

According  to  the  radiolysis  reactions  in  HNO3 and  NaNO3

aqueous solutions, the oxidative active species in the system
include  not  only  ·NO3 but  also  NO2

− and  H2O2.  NO2
− can  be

detected  using  the  chromogenic  method  with  sulfanilamide
and N-(1-naphthyl)ethylenediamine  dihydrochloride.[25] As
shown in Fig.  3(c),  the  UV-Vis  spectra  of  the  irradiated HNO3
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Fig. 2    (a) Digital photos of an aqueous solution containing aniline (0.11 mol/L) and NaNO3 (0.2 mol/L) before and after γ-ray irradiation
(dose  rate:  29  Gy/min,  absorbed  dose:  41.8  kGy);  (b)  MS  spectrum  of  the  product  from  the  irradiated  NaNO3/aniline  system;  (c)  the
simulated time-dependence of the concentrations of eaq

−,  ·H,  ·OH, and ·NO3 produced in H2O, 0.2 mol/L of HNO3 and NaNO3 solutions
under γ-ray radiation by MCAP-FACSIMILE software.

 

Table 2    Main radiation chemical reactions and the corresponding rate constants in NaNO3 aqueous solution in an inert atmosphere ([NaNO3]=0.2 mol/L).
 

System pH Reaction kp (M−1·s−1) Ref.

NaNO3/H2O 6.80

H2O → eaq
−, ·H, ·OH, HO2·, H2, H2O2 − [41]

NO3
− → ·NO3 + e− − [32]

NO3
− + eaq

− → ·NO3
2− 9.7×109 [44]

·NO3
2− + H2O →·NO2 + 2OH− 5.5×104 [44]

NO3
− + ·H → ·NO2 + OH− 1.0×107 [32]

·NO2 + ·H→ HNO2 1.0×1010 [32]
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and NaNO3 solutions showed characteristic absorption at 543
nm,  corresponding  to  the  presence  of  azo  compounds  with
chromophores. This indicates that NO2

− was formed in the ir-
radiated system, and the concentration of NO2

− in the irradi-
ated NaNO3 solution was much higher than that in the irradi-
ated  HNO3 solution.  NO2

− is  the  product  of  the  reaction  be-
tween NO3

− and eaq
− or ·H. Thus, the concentration of ·NO3 in

the NaNO3 solution was comparatively lower than that in the
HNO3 solution.[32,44] The result indicated that the radiation-in-
duced  polymerization  of  aniline  is  independent  of  the  con-
centration  of  NO2

−.  H2O2 can  be  quantified  using  the  colori-
metric method with titanium sulfate.[24] In the UV-Vis spectra
shown  in Fig.  3(d),  the  characteristic  absorption  at  410  nm
corresponding  to  TiO2H2O2 was  observed  in  the  irradiated
H2O, NaNO3 and H2SO4 solutions,  but no absorption was de-
tected  in  the  HNO3 solution.  This  was  due  to  the  consump-
tion of H2O2 reacting with NO2

− in the acidic system.[32] How-
ever,  the  polymerization  of  aniline  does  not  occur  in  H2SO4

solution. This result suggests that the radiation-induced poly-
merization of aniline in HNO3 solution is not related to H2O2.

Furthermore,  the  HNO3/aniline/TBA  and  HNO3/aniline/
KSCN systems were selected to investigate the effect of ·NO3

on the radiation-induced polymerization of aniline. TBA is an
effective scavenger  of  ·OH and ·H,  whereas KSCN is  an effec-
tive scavenger of ·NO3.[32,48] As shown in Fig. 3(e), brown pre-
cipitates appeared in the HNO3/aniline/TBA system, similar to
the  color  of  oligomers,  while  the  product  obtained  from  the

irradiated HNO3/aniline/KSCN system was lighter in color and
dissolved in water.  TBA can clear the ·OH produced by water
radiolysis and inhibit the reaction of HNO3 with ·OH to gener-
ate  ·NO3,  thereby  reducing  the  concentration  of  ·NO3 in  the
system and making aniline polymerization difficult. However,
KSCN  completely  removes  all  ·NO3 in  the  solution,  the  poly-
merization  reaction  of  aniline  cannot  be  carried  out,  and  no
polymers or oligomers are formed. This result proves that ra-
diation-induced polymerization of aniline in HNO3 solution is
primarily associated with ·NO3 rather than ·OH.

The Effect of pH on Radiation-induced Polymerization
of Aniline and the Morphology of PANI

The concentration of HNO3
The pH of the system was adjusted by changing the HNO3 con-
centration  at  a  fixed  [aniline]. Figs.  4(a)−4(d)  show  digital  pho-
tos of the irradiated HNO3/aniline solution with different [HNO3]
and [aniline]  of  0.11 mol/L,  as well  as SEM images of  the prod-
ucts. When [HNO3]  is 0.08 mol/L, the pH of the solution is 4.14,
the irradiated system appears  brown and the products  are mi-
crospheres  with  a  particle  size  of ca.  636  nm  (Fig.  4a).  When
[HNO3]  exceeds  0.2  mol/L,  the  pH  of  the  system  drops  below
1.13, all the irradiated systems appear dark green and the mor-
phology of the products are strip-like PANI with a length of mi-
crometers  (Figs.  4b−4d),  which is  similar  to  the morphology of
PANI prepared by chemical oxidation using (NH4)2S2O8 as an ox-
idant  in  HNO3 or  HCl  system  (Fig.  S1  in  the  electronic  supple-
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Fig. 3    (a) EPR spectra of the irradiated H2O, H2O/aniline, NaNO3, NaNO3/aniline, HNO3, HNO3/aniline, H2SO4, H2SO4/aniline solutions containing
DMPO (dose rate: 29 Gy/min, absorbed dose: 1.7 kGy); (b) the change of pH value of the irradiated HNO3/aniline solution with the absorbed dose;
(c) UV-Vis spectra of NO2

− in the irradiated aqueous solutions detected by sulfanilamide and N-(1-Naphthyl) ethylenediamine dihydrochloride; (d)
UV-Vis  spectra  of  H2O2 in  irradiated  aqueous  solution  quantified  by  titanium  sulfate;  (e)  digital  photos  of  the  irradiated  HNO3/aniline,
HNO3/aniline/TBA, and HNO3/aniline/KSCN solutions.
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mentary information, ESI). The concentration of HNO3 has a sig-
nificant impact on the degree of protonation of aniline and the
amount of oxidative ·NO3 produced by the radiolysis of NO3

−. In-
creasing  the  HNO3 concentration  was  conducive  to  the  radia-
tion-induced  polymerization  of  protonated  aniline  to  form
polyaniline.  It  indicates  that  the  radiation-induced  polymeriza-
tion  of  aniline  in  HNO3 solution  is  closely  related  to  the  NO3

−

concentration of the solution.
As a contrast, the digital photos of the irradiated weakly al-

kaline NaNO3/aniline solution with the same concentration of
NO3

− are  shown  in Figs.  4(e)−4(h),  and  SEM  images  of  the
products are displayed accordingly. All  products were micro-
spherical oligoanilines with particle sizes of 300–500 nm. The

results show that radiation-induced polymerization of aniline
requires  not  only  NO3

− but  also  a  certain  concentration  of
protons.

The concentration of aniline
In  order  to  further  demonstrate  the  effect  of  pH  on  the  radia-
tion-induced polymerization of aniline, pH was also adjusted by
changing the concentration of aniline at a fixed [HNO3]  of 0.08
mol/L,  as  shown  in Figs.  5(a)−5(f).  It  can  be  seen  clearly  that
when [aniline]≥0.10 mol/L, i.e., pH≥3.62, the irradiated solutions
become  brown  and  all  products  are  microspherical  oligoani-
lines. When [aniline]≤0.08 mol/L, i.e., pH≤2.13, the irradiated so-
lutions are nearly dark green and all products are strip-like PANI.
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Fig. 4    SEM images of the products in the irradiated HNO3/aniline and NaNO3/aniline solutions with different [NO3
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mol/L,  (b,  f)  0.2  mol/L,  (c,  g)  0.5  mol/L,  and  (d,  h)  0.7  mol/L;  the  insets  are  the  digital  photos  of  the  corresponding  reaction
systems ([aniline]=0.11 mol/L, dose rate: 29 Gy/min, absorbed dose: 41.8 kGy).
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When [aniline]=0.09 mol/L, that is, pH=2.88, the irradiated solu-
tion  was  brown-black.  Both  strip-like  and  microspherical  prod-
ucts  were  present  simultaneously.  The  findings  unequivocally
demonstrate  that  the  successful  radiation-induced  polymeriza-
tion of aniline in HNO3 solution has an upper pH limit. The radia-
tion-induced polymerization activity of  aniline at  different con-
centrations of HNO3 and aniline is summarized in Fig. 5(g). PANI
can  be  successfully  obtained  only  when  [HNO3]>[aniline], i.e.,
pH<2.5.  These  results  are  consistent  with  the  reaction  condi-
tions required for the chemical oxidative polymerization of ani-
line widely reported in the literature.[11,36,49] It  is also confirmed
that the radiation-induced polymerization of aniline in HNO3 so-
lution requires the involvement of both H+ and NO3

−.

Radiation-induced Polymerization Mechanism of
Aniline
Based on the above experimental and characterization results, a
radiation-induced  polymerization  mechanism  of  aniline  was
proposed, as illustrated in Fig. 6. When γ-ray radiolysis of water
molecules occurs, a large number of active species can be pro-
duced,  such  as  ·H,  eaq

−,  ·OH, etc.  In  strongly  acidic  solutions
(pH<2.5), eaq

− produced by water radiolysis is immediately neu-
tralized by H+ to  form ·H,  subsequently,  ·H  reacts  with NO3

− to
generate  HNO2,  and  as  a  result,  the  DMPO-H  signals  were  ab-
sent in the EPR spectrum of the irradiated HNO3 aqueous solu-
tion.  NO3

− is  converted  to  strongly  oxidative  ·NO3 through  di-
rect ionization and a reaction with ·OH. The consumption of re-
ductive eaq

− and ·H, along with the generation of oxidative ·NO3,
makes the entire system full of an oxidizing atmosphere. Subse-
quently, ·NO3 reacts with protonated aniline to generate aniline
cationic  free  radicals,  which  can  undergo  electron  rearrange-

ment to form quinone imide carbon free radicals,  thereby initi-
ating  the  polymerization  of  aniline.  In  the  chain  growth  stage,
these two free radicals react with each other to form an unsta-
ble  dimer  with  two  positive  charges  (reaction  ①).  This  dimer
quickly removed protons from imide N to generate a new sec-
ondary amine cation (reaction ②). The latter is then oxidized by
·NO3 to a secondary amine cation radical, which rearranges into
a dimer possessing a quinone imide carbon radical (reaction ③).
Reaction  ①,  ②,  and  ③ repeats  over  and  over  again,  PANI
macromolecular free radicals are eventually formed. Owing the
strongly  acidity  and oxidation of  the system,  some phenylene-
diamine units in macromolecular free radicals may be oxidized
to a quinoid structure,  and quinone imine is  easily protonated.
Furthermore, the benzene ring unit in the PANI chain was elec-
trophilically  replaced  by  ·OH  in  the  solution  into  the  phenol
structure.  Macromolecular  free  radicals  can  be  terminated  by
the normal double-group reaction or the reaction with ·OH, ulti-
mately yielding PANI salt with a specific degree of oxidation.

Electrochemical Property of Radiation-Synthesized
Polyaniline
The polymerization method, doping process of proton acid, and
electrolyte  type  have  a  great  influence  on  the  electrochemical
properties  of  PANI.[50−52] The  electrochemical  properties  of  the
radiation-synthesized  PANI  were  characterized  using  cyclic
voltammetry  (CV),  galvanostatic  charge-discharge  (GCD),  and
electrochemical  impedance  spectroscopy  (EIS).  The  samples
were labelled as PANI-R0.2,  PANI-R0.5 and PANI-R0.7,  respectively,
based on the [HNO3] of the preparation systems. Figs. 7(a)−7(c)
show the CV curves of the PANI-R0.2, PANI-R0.5, and PANI-R0.7 sys-
tems. Three redox peaks at 0.31 V (A/A'), 0.49 V (B/B') and 0.70 V
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Fig. 6    Proposed radiation-induced polymerization mechanism of aniline in this work.
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(C/C') are clearly observed in PANI-R0.5 and PANI-R0.7 systems, re-
spectively. Among them, the A/A' and C/C' peaks are associated
with the mutual transition between the reductive and oxidizing
states  of  PANI,  while  the  B/B'  peak  is  attributed  to  the  hy-
drolyzed  products  of  the  quinoid  units  in  the  molecular
chain.[53,54] However,  a  prominent  redox  peak  of  B/B'  was  de-
tected  in  PANI-R0.2.  Based  on  the  proposed  polymerization
mechanism  in Fig.  6,  the  molecular  units  of  radiation-synthe-
sized PANI are easily oxidized to form quinoid units, and aniline
units are more easily oxidized with the increase in pH owing to
the  strongly  oxidizing  atmosphere  caused  by  the  radiolysis  of
HNO3 solution. Therefore, the intensity of the B/B' peak in the CV
curve of PANI-R0.2 was higher than those of PANI-R0.5 and PANI-
R0.7. Figs. 7(d)–7(f) show the GCD curves of the PANI-R0.2,  PANI-
R0.5, and PANI-R0.7 systems, all of which exhibit nonlinear charge-
discharge processes.[55] According to the GCD curve at a current
density of 1 A/g, the specific capacitances of PANI-R0.2, PANI-R0.5

and  PANI-R0.7 were  calculated  to  be  88.8,  384.2  and  357.9  F/g,
respectively. The electrochemical properties of PANI are related
to its  degree of protonation and oxidation,  and optimizing the
appropriate levels of protonation and oxidation can significant-
ly  enhance  the  specific  capacitance  of  PANI.[13] The  synthetic
system  of  PANI-R0.2 has  the  lowest  concentration  of  HNO3,  its
protonation  degree  is  relatively  low.  According  to  the  ratio  of
the  characteristic  peaks  at  1576  cm−1 (quinoid  ring)  and  1502
cm−1 (benzene  ring)  in  the  FTIR  spectra  of  the  three  samples
(Fig. 7g), the proportions of oxidized/reduced structural units in
the  molecular  chains  of  PANI-R0.2,  PANI-R0.5,  and  PANI-R0.7 are
1.06, 1.11, and 1.68, respectively. The oxidation degree of PANI-
R0.7 was much higher than that of PANI-R0.5 and PANI-R0.2. From
a comprehensive perspective, PANI-R0.5 has moderate protona-
tion  and  oxidation  levels;  thus,  the  PANI-R0.5 system  has  the
highest specific capacitance. For comparison, the GCD curves of
the two samples (PANI-CHNO3 and PANI-CHCl) prepared by chem-
ical  oxidative  polymerization  initiated  by  (NH4)2S2O8 in  HNO3

and HCl solutions, respectively, similar to the synthesis of PANI-
R0.5, are shown in Fig. S2 (in ESI). The specific capacitances of the
two  systems  are  calculated  to  be  334.9  F/g  (PANI-CHNO3)  and
348.8 F/g (PANI-CHCl), respectively, indicating that the radiation-
synthesized  PANI  exhibits  a  higher  specific  capacitance  under
the same conditions. Fig. 7(h) shows the EIS Nyquist plots of the
PANI-R0.2,  PANI-R0.5,  and PANI-R0.7 systems. The diameter of the
semicircle  in  the  high-frequency  region  represents  the  resis-
tance Rct caused by charge transfer between the electrolyte and
the electrode interface, which depends on the conductivity and
electrochemical active area of the electrode material.[55,56] Rct of
PANI-R0.5 is  0.2  Ω,  which is  significantly  lower than of  PANI-R0.2

(230.2 Ω) and PANI-R0.7 (421.1 Ω), indicating its high conductivi-
ty,  which is  consistent  with  the  structural  characteristics  of  the
above analysis.

CONCLUSIONS

In  this  work,  radiation-induced  polymerization  of  aniline  in
HNO3 solution  was  successfully  achieved  at  room  temperature
without  the  use  of  chemical  oxidants.  Through  the  analysis  of
the  radiation  chemical  reactions  of  inorganic  acids  and  nitrate
salt solutions, the characterization of the intermediate free radi-
cals  in  the  irradiated systems,  and the  exploration of  the  influ-
ence of the pH of the aqueous solutions on the polymerization

activity and the product morphologies, it is confirmed that radi-
ation-induced polymerization of aniline requires not only NO3

−,
but also a certain concentration of protons. In other words, only
under  the  condition  of  [HNO3]>[aniline],  that  is,  pH<2.5,  PANI
can  be  successfully  obtained.  The  polymerization  begins  with
the oxidation of aniline cations to aniline cation radicals by ·NO3

generated  by  radiolysis  reactions,  and  goes  through  three  re-
peated steps including recombination, deprotonation, and oxi-
dation  reaction  of  ·NO3,  thus  forming  PANI  macromolecular
chain. Along with the polymerization reaction, the aniline units
were  protonated  and  oxidized  because  of  the  strongly  acidity
and  oxidation  of  the  reaction  system  under γ-ray  irradiation,
thus forming chain structural units of different oxidation states.
This also means that the molecular chain structure of radiation-
synthesized  PANI  can  be  regulated  by  the  pH,  nitrate  concen-
tration,  and irradiation conditions.  The electrochemical  proper-
ties  of  the  radiation-synthesized  PANI  showed  that  PANI  with
moderate  protonation  and  oxidation  states  could  be  synthe-
sized by the radiation method; thus, a PANI supercapacitor with
the highest conductivity and specific capacitance was obtained,
and its performance was better than that of PANI synthesized by
chemical  oxidation  under  the  same  conditions.  This  work
presents a new radiation-synthesis method and polymerization
mechanism of PANI, which not only expands the application of
radiation  techniques  in  the  field  of  polymer  synthesis  but  also
provides  a  new  idea  for  the  structural  regulation  and  perfor-
mance optimization of PANI.
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