
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

“Hybrid Materials of Polyaniline and Acidic Hexaniobate Nanoscrolls: 

High polaron formation and improved thermal properties” 

 

Claudio H. B. Silva, Ana M. Da Costa Ferreira, Vera R. L. Constantino and Marcia L. 

A. Temperini* 

 

Departamento de Química Fundamental, Instituto de Química da Universidade de São 

Paulo (USP), C.P. 26077- CEP 05513-970 – São Paulo, SP – Brazil. 

 

 

Tel.: +55 11 3091 3890; fax: + 55 11 3091 3890. 

E-mail address: mlatempe@iq.usp.br (Marcia L. A. Temperini). 

 

 

Keywords: polyaniline, hexaniobate, hybrid material, nanomaterial, thermal properties, 

Raman spectroscopy, Scanning electron microscopy 

 

 

Page 1 of 29 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

Abstract 

The study of hybrid materials of components combined in nanoscale range is an active 

field due to the possibility of new technologically relevant applications. This paper 

reports the structural characterization and investigation of the thermal properties of a 

new hybrid material formed by the mixture of dispersions of polyaniline (PANI), a 

conducting polymer, and acidic hexaniobate nanoscrolls (NbONsc), a semiconducting 

metal oxide. Resonance Raman spectra indicate that the relative population polaronic to 

bipolaronic segments in the hybrid material prepared at pH 2.5 is higher than indicated 

for pristine PANI prepared in 1.0 mol L
-1

 hydrochloric acid. Although the hybrid 

material was prepared at pH 2.5, electron paramagnetic resonance spectra indicate 

similar polaron populations comparing with pristine PANI, which indicate that the 

hybrid material presents a high conversion of bipolaronic to polaronic segments. Such 

features were attributed to a strong interaction between the PANI and the acidic 

NbONsc, inducing conformational changes of the polymeric chains and high formation 

of polarons at pH 2.5 (secondary doping). Thermogravimetric analyses showed that the 

on-set temperatures of polymer decomposition in the hybrid materials are ca. 15 °C 

higher comparing with pristine PANI. More interestingly, RR spectroscopy data showed 

that PANI in the presence of NbONsc remains in its doped form even after heating at 

150 °C for 90 min, which was not observed for the pristine polymer. Based on a simple 

experimental procedure reported here, thermally stable hybrid nanomaterials of highly 

doped PANI and acidic hexaniobate nanoscrolls were successfully prepared and 

characterized and exhibit potential applications for electronic devices. 
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1. Introduction 

 Polyaniline (PANI) has shown great potential for development of materials for 

different fields such as chemical sensing,
1-2

 energy storage,
3-6

 and memory devices.
7-8

 

The conducting form of PANI, the emeraldine salt (PANI-ES), is obtained by the acid 

doping of its non-conducting form, the emeraldine base (PANI-EB). The great 

enhancement of the electrical properties of PANI upon doping process is mainly 

attributed to the formation of polaronic species (also known as radical-cations),
9-13

 as 

schematized in figure 1 (adapted from refs 9 and 10). The acid doping of PANI is 

initiated by the protonation of imine nitrogen atoms of PANI-EB, resulting in paired 

spin species (diamagnetic species), the bipolarons (also known as dications). These 

structures may be converted to polarons, which are unpaired spin species (paramagnetic 

species), by an internal redox process.
9-13

 Although the electrical properties of PANI are 

strongly associated to the presence of polarons the bipolaron-polaron relation is 

important to characterize the doping state of PANI-based materials. Figure 1 also shows 

that further protonation of the polymeric chains (called overdoping) may lead to the 

decrease of polaron population, due its conversion to bipolarons. Considering that the 

conduction mechanism is associated to polarons, the overdoping of polymeric chains is 

unfavorable for the electronic properties of PANI. This effect was reported for PANI 

doped in very high acidic media, such as 75% sulfuric acid.
13

 Besides of protonation 

aspects, conformational changes of the polymeric chains may also occur, inducing a 

high formation of polarons by the organization of the polymer backbone. Therefore, this 

effect (called secondary doping) may lead to a great improvement of the electrical 

properties of PANI and is one of the most desirable features for designing hybrid 

materials of PANI.
14-15
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Figure 1. Scheme of the doping and overdoping processes of polyaniline and formation 

of the bipolaron and polaron segments. The anions are not shown. Adapted from refs 9 

and 10. 

 

 Considering that PANI-based materials have been used to produce many 

electronic devices, the thermal stability of doped form of PANI is an important issue for 

many practical applications. Most of the procedures described in literature reports 

hydrochloric acid media for preparation and/or doping of PANI chains. Therefore, 

polyaniline usually suffers dedoping process after thermal treatments at 100-200 
o
C due 

to high volatility of dopant (hydrogen chloride).
16-17

 

 Combination of PANI and inorganic layered materials (ILMs) in nanoscale 

range may result in hybrid materials which present improved features, such as 

electrochemical, mechanical or thermal behavior, or novel properties not observed for 

the isolated components.
18-21

 An ease procedure to preparation of hybrid materials is the 

direct addition of dispersion of PANI to the dispersion of delaminated (or exfoliated) 
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particles of the inorganic layered material. This synthetic route presents some 

advantages comparing to classical in-situ polymerization of intercalated monomers as, 

for example, better control of PANI/ILM weight ratio by choice of proportion of 

dispersions and absence of not desired by-products of polymerization process, such as 

low molar weight oligomers. 

 Hexaniobate is a semiconducting metal oxide which structure is constituted of 

negatively charged layers of [NbO6] octahedral units jointed by corners and edges, and 

interlayer cations, such as potassium ions, of the precursor form K4Nb6O17.
22-24

 The 

acidic form of hexaniobate, H2K2Nb6O17, can be easily prepared by a cation-exchange 

reaction.
24-25

 Moreover, it has been reported that protonic niobates and titanoniobates 

are promising materials to produce solid acid catalysts for different chemical reactions 

due to their high acidic surfaces.
26-27

 Therefore, concerning the application of 

hexaniobate for designing hybrid materials with PANI, H2K2Nb6O17 form is very 

interesting because it could also act as a doping agent for the polymeric chains. 

  New possibilities of applications of layered materials are achieved by exfoliation 

(or delamination) processes, producing interesting nanoparticles and giving rise to novel 

nanodevices.
28

 Several authors have reported that the treatment of hexaniobate with n-

alkylamines and tetra(n-alkyl)ammonium hydroxides is a straightforward procedure to 

obtain stable colloidal dispersions of the exfoliate nanoparticles.
28-31

 It has been reported 

that treatment of K4Nb6O17 with tetra(n-butyl)ammonium hydroxide (TBAOH) results 

in the exfoliation and curling of the delaminated layers, producing 1D nanoparticles, 

called hexaniobate nanoscrolls (NbONsc). Our group has shown that the treatment of 

H2K2Nb6O17 with TBAOH is also an efficient procedure to provide colloidal dispersions 

of the protonic hexaniobate nanoscrolls (schematized in figure 2).
32
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6 

 

Figure 2. Scheme of exfoliation process of lamellar hexaniobate and formation of 

hexaniobate nanosheets and nanoscrolls (NbONsc). 

 

 According to our previous paper,
32

 hybrid films of PANI and NbONsc prepared 

by layer-by-layer assembly technique presented interesting electrochromic features, 

which were attributed to the high polaron formation induced by a strong interaction 

between the components of the material. This paper reports a simple preparation and 

spectroscopic characterization of a novel hybrid nanomaterial of polyaniline and 

scrolled nanostructures of protonic hexaniobate, H2K2Nb6O17. The thermal properties of 

this hybrid material were also investigated. 
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2. Experimental Section 

 Aniline (Merck) was distilled under reduced pressure prior to use. Niobium 

pentoxide (CBMM - Companhia Brasileira de Metalurgia e Mineração) was used as 

received. TBAOH aqueous solution (Sigma-Aldrich, 55%) was used as received. All 

other chemicals (Merck) were also used as received. 

2.1. Synthesis of polyanilines and dispersion of emeraldine salt polyaniline (PANI-ES) 

 PANI-ES was synthesized following well-known chemical route of oxidative 

polymerization of aniline with ammonium peroxydisulfate in 1 mol L
-1

 hydrochloric 

acid (pH ca. 0).
33-35

 PANI-EB was prepared by dedoping PANI-ES in 0.1 mol L
-1

 NH3 

solution. PANI-ES dispersion (pH 2.5) in water/N,N-dimethylacetamide (9/1 in volume) 

was prepared following procedure described in literature.
19, 36

 The concentration of the 

dispersions used for preparation of the hybrid materials was 4.2 x 10
-3

 mol L
-1

, 

considering the tetrameric constitutional repeating unit of PANI (see figure 1). A 

detailed description of the experimental procedures is presented in Supporting 

Information. 

2.2 Syntheses of hexaniobates and colloidal dispersion of hexaniobate nanoscrolls 

 Precursor form of hexaniobate (K4Nb6O17) was synthesized by usual ceramic 

method, heating stoichiometric mixture of Nb2O5 and K2CO3 at 1100 °C for two steps 

of 5 hours each.
24, 37

 The obtaining of hydrous phase K4Nb6O17∙3H2O was confirmed by 

X-ray diffractometry (XRD) data (d040 peak at 9.3 Å). The protonic hexaniobate 

(H2K2Nb6O17) was prepared by treating K4Nb6O17 with 6 mol L
-1

 HNO3 solution (reflux 

at 60 °C for 6 days).
24, 31, 37

 The hydrous phase H2K2Nb6O17∙H2O was confirmed by 

XRD (d040 peak at 7.9 Å) and thermogravimetric analysis (TGA) data. Colloidal 

dispersion of hexaniobate nanoscrolls (NbONsc) was prepared according to Shiguihara 
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et al.,
31, 38

 by treating H2K2Nb6O17 with TBAOH solution, using TBA
+
/H

+
-hexaniobate 

molar ratio of 0.75. The concentration of NbONsc in the dispersion was ca. 1.2 g L
-1

. 

For the preparation of the hybrid materials the pH of the dispersion was adjusted to 2.5. 

A detailed description of the experimental procedures is presented in Supporting 

Information. 

2.3 Preparation of the hybrid materials of doped polyaniline and hexaniobate 

nanoscrolls 

 The hybrid materials were prepared by the simple mixture of the dispersions at 

pH 2.5, as schematized in figure 3. Approximately, 17.0 mL of PANI dispersion was 

slowly added to 55.0 mL of NbONsc, and stirred for 48 h. Afterwards, the mixture 

volume was divided in two equal portions. The first portion was centrifuged (7500 rpm 

for 30 min), and the obtained solid was named PNb(pH2.5). For the second portion, the 

pH of the mixture was reduced to 0.1 (similar acidity of preparation media of pristine 

PANI) by addition of drops of hydrochloric acid solution, and then centrifuged. The 

solid obtained by this route was named PNb(pH0.1). Therefore, the hybrid materials of 

doped PANI and hexaniobate nanoscrolls were prepared at two acidity conditions (2.5 

and 0.1) in order to study the protonation/doping behavior of the polymer in the 

presence of the metal oxide nanoparticles and to compare their structural features with 

pristine PANI (prepared in HCl 1 mol L
-1

, pH ca. 0). 
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Figure 3. Scheme of preparation procedure of the hybrid materials PNb(pH2.5) and 

PN(pH0.1). NbONsc = hexaniobate nanoscrolls. DMA = N,N-dimethylacetamide. 

 

2.4. Characterization 

 Morphological characterization was performed for the samples (pristine 

polyaniline and hybrid materials) dispersed in acetone and deposited on silicon 

substrates, which were attached to aluminum stubs by a double-sided copper tape. For 

hexaniobate sample, the colloidal dispersion of NbONsc (pH adjusted to 2.5) was 

directly deposited on silicon substrates. Scanning Electron Microscopy images (SEM 

images) were recorded in a Field Emission Scanning Electron Microscope (FE-SEM, 

JEOL JSM-7410) from Central Analítica do Instituto de Química – Universidade de São 

Paulo (CA-IQUSP), using acceleration voltages of 3-5 kV. Energy dispersive X-ray 

(EDX) spectra were also acquired for different points at the same regions of the SEI 

images to probe the presence of niobium atoms in the materials. For this purpose, 

acceleration voltages of 7-8 kV were used. 

 Resonance Raman (RR) spectra were obtained at 632.8 nm excitation radiation 

(He-Ne laser, Renishaw 7N1753) in a Renishaw Raman imaging microscope (inVia) 

equipped with a Leica microscope and a CCD detector. The spectra were recorded using 
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a 50x lens (Olympus SM Plan, N.A. 0.55) and laser power was kept below 50 W to 

avoid sample photodegradation. Peak fitting of Gaussian bands was performed by using 

GRAMS/AI software (version 9.1). 

 Electron paramagnetic resonance (EPR) spectra were recorded for solid samples 

at 77 K (liquid nitrogen) on a Bruker EMX spectrometer operating at X-band frequency, 

and using ,’-diphenyl--picrylhydrazyl (DPPH) as frequency calibrant (g factor of 

2,0036). For the proper analysis of the EPR data, the measurements were performed by 

analyzing samples of known weights and the results were discussed in term of the 

values of the integral areas of the EPR signals normalized by the weight of polymer in 

each sample (DI/m values). The weight of polymer contained in each sample was 

determined from thermogravimetric analysis data. For details of sample weights and 

polymer content in each sample, see Supporting Information (table S1). The 

normalization procedure is required considering that the samples present different 

polymer contents. Integral areas of the EPR signals were determined by using Bruker 

software (double integration procedure). 

2.5. Thermal analyses and heating treatments 

 The mass spectrometry-coupled thermogravimetric analyses (TGA-MS) were 

performed by heating ca. 5 mg of the samples from room temperature to 1000 °C. The 

TGA-MS curves were recorded on a Netzsch thermoanalyser model TGA/DSC 490 PC 

Luxx coupled to an Aëolos 403 C mass spectrometer, under synthetic air flow of 50 mL 

min
-1

 and heating rate of 10 °C min
-1

. The on-set temperatures of irreversible 

decomposition of the polymeric chains (Td) were determined by using Netzsch Proteus 

Thermal Analysis software. The heating treatments ca. 5 mg of the samples were also 

performed on the Netzsch thermoanalyser by isothermal heating at 150 °C during 90 

min, under synthetic air flow of 50 mL min
-1

 and heating rate of 10 °C min
-1

. 
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Afterwards, the heated samples were collected for structural characterization by Raman 

spectroscopy. 

 

3. Results and Discussion 

 The morphology of the hybrid materials was characterized by scanning electron 

microscopy (SEM). Figure 4(a) presents SEM image of pristine polyaniline (PANI-ES), 

showing that PANI-ES consists of granular and irregular particles, which is in 

agreement with other reported papers.
39-40

 SEM image of NbONsc sample in figure 4(b) 

is also in accordance with literature,
29, 41-45

 and shows that exfoliation of H2K2Nb6O17 

results in nanoparticles called hexaniobate nanoscrolls (NbONsc), which present high 

aspect ratio (length/diameter ratio). According to our previous paper, such nanoscrolls 

present broad diameter distribution and mean diameter of ca. 26 nm.
32

 Figure 4(c) 

shows the SEM image of the hybrid material PNb(pH2.5), which presents regions 

containing particles of high aspect ratio dispersed in irregular material. Such particles 

exhibit diameters ranging from 20 to 35 nm and are consistent with the NbONsc. 

Similar results were obtained for PNb(pH0.1) hybrid materials, as presented in 

Supporting Information (figures S1). 
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Figure 4. SEM images and EDX spectra of (a, d) PANI-ES, (b, e) NbONsc and (c, f) 

PNb(pH2.5). SEM image and EDX spectra of hybrid material PNb(pH0.1) are shown in 

Supporting Information (Figure S1). 
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 In order to confirm the compositional homogeneity of the hybrid materials in the 

micro/nanoscale range, energy dispersive X-ray (EDX) spectra were acquired for two 

different regions each sample, as presented in figure 4(d-f). As expected, EDX spectra 

of PANI-ES (figure 4(d)) only present peaks at 0.3 and 2.7 keV, assigned to carbon (K 

emission) and chlorine (K emission) atoms,
46

 respectively. The high intensities for the 

low-energy peaks (lesser than 1 keV) are not reliable for quantitative analysis of the 

elemental composition due to instrumental factors, such as interference of the emitted 

photons and sample-instrument interaction.
46

 In addition to carbon and oxygen peaks at 

0.3 and 0.5 keV, respectively, EDX spectra of NbONsc (figure 4(e)) present high 

intensity peaks at 1.8 and 2.2 keV, assigned to silicon (K emission) and niobium (L 

emission) atoms,
46

 respectively, and also low intensity peaks at 2.7 and 3.7 keV 

assigned to chlorine and potassium atoms,
46

 respectively. The observation of niobium 

and potassium peaks is consistent with the hexaniobate form (H2K2Nb6O17), while 

chlorine and carbon peaks could be attributed to tetra(n-butyl)ammonium and chloride 

ions from NbONsc dispersion, which pH was adjusted to 2.5 by addition of 

hydrochloric acid. The presence of silicon peak is attributed to the Si substrate, which 

was only observed for NbONsc sample due to its low thickness after deposition on 

substrate. Finally, EDX spectra of PNb(pH2.5) show peaks at 0.3, 0.5, 2.2 and 2.7 keV, 

assigned to carbon, oxygen, niobium and chlorine atoms, in addition to a peak at 1.5 

keV, which could be assigned to aluminum,
46

 probably from the sample holder (stubs). 

EDX spectra were also recorded for PNb(pH0.1) sample and were very similar to those 

obtained for the hybrid material prepared at pH 2.5 (Supporting Information, figure S1). 

 Therefore, EDX spectroscopy data and SEM images of the hybrid materials 

indicate that hexaniobate nanoparticles are homogeneously dispersed into a matrix of 

irregular morphology, attributed to PANI. As mentioned previously, such combination 
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of NbONsc and PANI in nanoscale range has been observed for hybrid films prepared 

by layer-by-layer assembly technique.
32

 

 Figure 5(a) shows the resonance Raman (RR) spectra of PANI-ES, PNb(pH2.5) 

and PNb(pH0.1) in 1700-1000 cm
-1

 range. All spectral features observed at 1700-1000 

cm
-1

 range for the hybrid materials are exclusively due to polyaniline because 

hexaniobate presents strong Raman bands only below 1000 cm
-1

,
47-48

 and also this 

inorganic material is not in resonance condition at 632.8 nm excitation radiation. 

Resonance Raman spectrum of PNb(pH2.5) presents the characteristic bands of doped 

polyaniline at 1618-1590, 1506-1485, 1335, 1257 and 1170 cm
-1

, which can be 

associated to bands in the spectrum of PANI-ES at 1619-1579 (C-C), 1515-1483 (N-

H and C-C), 1336-1317 (C-N
•+

), 1253 (C-N) and 1164 cm
-1

 (C-H).
49-52

 In order to 

study the protonation/doping behavior of PANI in the presence of the NbONsc, hybrid 

materials were also prepared at pH 0.1, similar acidity of preparation media of pristine 

PANI (pH ca. 0), as described in experimental part (hybrid material PNb(pH0.1)). The 

RR spectrum of PNb(pH0.1), presents a very similar feature comparing with the hybrid 

material prepared at pH 2.5. However, minor differences observed, such as the 

broadening of the bands at 1630-1570 and 1520-1480 cm
-1

 could indicate changes of 

PANI structure in the hybrid materials prepared at different pHs. 
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Figure 5. (a) Resonance Raman spectra (0 = 632.8 nm) of PANI-ES and the hybrid 

materials PNb(pH2.5) and PNb(pH0.1) at 1700-1000 cm
-1

 range. (b) Peak fitting of 

Raman bands at 1550-1450 cm
-1

 range (dashed lines). 

 

 Figure 5(b) shows in detail the 1550-1450 cm
-1

 range of RR spectra of PANI-

ES, PNb(pH2.5) and PNb(pH0.1). At this spectral range, the fitted Gaussian bands can 

be assigned to polaronic or bipolaronic segments,
49-52

 thus providing important 

information on the relative population of the charge carriers in the polymeric chains. 

The fitted band at higher wavenumber (1512 cm
-1

 for PANI-ES) is assigned to the N-H 

vibration modes of the polarons, while the band at lower wavenumber (1483 cm
-1

 for 

PANI-ES) is due to C-C of the bipolarons.
49-50

 According to figure 5(b), RR spectrum 

of PNb(pH2.5) shows higher intensity ratio of bands (1506 cm
-1

/1485 cm
-1

) than that 

observed for PANI-ES (1512 cm
-1

/1483 cm
-1

). These results show that PNb(pH2.5) 

presents a higher relative population of polaronic segments comparing with PANI-ES, 

suggesting a high conversion of bipolarons to polarons in the hybrid material. 
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Considering that PANI-ES is prepared in a much stronger acidic medium (HCl 1 mol L
-

1
) than PNb(pH2.5), such unexpected increase of the relative population of polaronic 

segments in the hybrid material could be attributed to a strong interaction between 

PANI and the NbONsc. This interaction induces conformational changes in the 

polymeric chains, increasing the population of polaron segments (secondary doping). 

The high bipolaron-polaron conversion has been reported by our group for hybrid layer-

by-layer films of PANI and NbONsc.
32

 For PNb(pH0.1) hybrid material, figure 5(b) 

shows that the intensity ratio of bands (1508 cm
-1

/1486 cm
-1

) is lower than the observed 

for PNb(pH2.5), indicating a decrease of the relative population of the polaronic 

segments when the hybrid material is prepared in strong acidic medium (pH 0.1). 

 Although RR spectroscopy identifies the polymeric segments and gives their 

relative populations, for a direct measurement of the polaronic population in the 

materials the Electron Paramagnetic Resonance (EPR) spectroscopy must be used. 

Figure 6 shows the EPR spectra of hexaniobate, PANI-ES, PNb(pH2.5) and 

PNb(pH0.1). As expected, hexaniobate does not present EPR signal, due to absence of 

unpaired spins (Nb(V) has a 4d
0
 configuration). For PANI-ES and hybrid materials, 

EPR spectra exhibit very narrow signals at g = 2,002. Such EPR signals are typical of 

organic radicals,
12, 53-56

 and can be assigned to the polaronic segments of PANI. 

According to EPR spectra, DI/m values (integral areas of the EPR signals normalized 

by the weight of polymer) for PANI-ES and PNb(pH2.5) are very similar, 54 and 55 

mg
-1

, respectively, which indicate that the polaronic populations of PANI-ES and 

PNb(pH2.5) are also similar. Such feature was not expected, since the hybrid material 

was prepared in a very lower acidity medium (pH2.5) than PANI-ES (pH ca. 0). The 

comparison of DI/m values for PNb(pH2.5) and PNb(pH0.1), 55 and 29 mg
-1

, 

respectively, indicates a significant decrease of the polaron populations when the hybrid 
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materials is prepared in a strong acidic medium (pH 0.1). Such results indicate a higher 

conversion of polarons to bipolarons in the PNb(pH0.1) hybrid material. Moreover, the 

comparison of DI/m values for PANI-ES and PNb(pH0.1) clearly indicates that, 

although these materials were prepared at the same acidity medium, the hybrid material 

present a lower polaron population. Therefore, EPR data are in accordance with RR 

spectra and suggest a strong interaction between polyaniline chains and hexaniobate 

nanoscrolls, which induces a high formation of the polaronic segments in a lower 

acidity medium (pH 2.5), but a decrease of the polaronic population in a higher acidity 

medium (pH 0.1). The latter feature can be attributed by the association of the high 

acidity of the preparation medium and high surface acidity of the NbONsc, which may 

lead to an overdoping of the of the PANI chains in the PNb(pH0.1), as schematized in 

figure 1. Furthermore, the EPR data in figure 6 clearly show that the values of EPR 

linewidth (ΔHpp) for the hybrid materials are lower than for PANI-ES (3.6, 4.7 and 9.3 

G, for PNb(pH2.5), PNb(pH0.1) and PANI-ES, respectively). These results indicate that 

NbONsc also induce an increase of the electronic delocalization of the polarons.
54, 57

 

Therefore, RR and EPR techniques indicate a strong interaction between the 

components of the hybrid materials, suggesting a secondary doping of polyaniline 

chains in the presence of the hexaniobate nanostructures. 

Page 17 of 29 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

Figure 6. EPR spectra of PANI-ES, hexaniobate and hybrid materials PNb(pH2.5) and 

PNb(pH0.1). DI/m and ΔHpp are the values of the EPR signal (integral areas of the EPR 

signals normalized by the weight of polymer) and the EPR linewidth, respectively. For 

details of sample weights and polymer contents, see Supporting Information (table S1). 

 

 The thermal properties of the polyaniline/hexaniobate hybrid materials were also 

investigated. Figure 7(a) presents the thermogravimetric analysis (TGA) curves of 

PANI-ES, hexaniobate, PNb(pH2.5) and PNb(pH0.1). According to TGA curves, 

hexaniobate presents a very high thermal stability comparing with PANI-ES and hybrid 

materials. Hexaniobate undergoes mass losses of only 5 and 2% at the temperature 

ranges of 25-300 and 300-800 °C, respectively, which are attributed to water loss from 

dehydration and dehydroxylation processes, respectively.
24
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 It is well know that HCl-doped PANI presents a complex TGA curve, showing 

mainly three superimposed thermal processes of mass loss (25-120, 120-300 and 300-

700 °C). The first event is assigned to the moiety loss and evolution of unbound and 

adsorbed hydrogen chloride, while the second step is due to the loss of HCl dopant 

strongly bound to polymeric chains (a process known as thermal dedoping).
16-17, 58-60

 

The last and most prominent mass loss event (ca. 84%) is attributed to the complex and 

irreversible process of decomposition of the polymeric chains.
17, 58-60

 It is important to 

mention that other thermal events also occur during heating of polyaniline, but they do 

not lead to significant mass loss, such as chain scission and cross-linking formation.
61-62

 

 Analogously to PANI-ES, TGA curves of the hybrid materials PNb(pH2.5) and 

PNb(pH0.1) present mass loss events due to moiety loss, thermal dedoping and polymer 

decomposition, but at slightly different temperatures ranges (25-120, 120-250 and 250-

600 °C, respectively). Moreover, TGA data show that hybrid materials present residual 

masses at 800 °C, which can be attributed to the hexaniobate contents in the hybrid 

materials. According to figure 7(a), the polymer/hexaniobate contents in PNb(pH2.5) 

and PNb(pH0.1) are 35%/55% and 32%/57%, respectively. For details of the TGA 

curves and determination of the polymer/hexaniobate contents, see Supporting 

Information (figure S2). 

 Figure 7(b) shows the MS curves of hexaniobate, PANI-ES and hybrid materials 

recorded during TGA measurements for ions of m/z equal to 44, which can be attributed 

to the formation of CO2 during the heating of the samples. MS curves of PANI-ES and 

hybrid materials indicate the formation of ions of m/z equal 44 above 250 °C, in contrast 

to hexaniobate, which does not exhibit ion formation at the investigated temperature 

range. These results show that the formation of CO2 occurs for PANI-ES and hybrid 

materials during the main weight loss step (ca. 250-700 °C), as presented in figure 7(a). 
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Therefore, MS curves indicated that the main thermal event of weight loss is due to the 

irreversible decomposition of polymeric chains in PANI-ES and hybrid materials. 

 

Figure 7. (a) TGA curves and (b) MS curves (m/z = 44) of PANI-ES, hybrid materials 

PNb(pH2.5) and PNb(pH0.1), and hexaniobate. Td are the on-set temperatures of 

irreversible decomposition of the PANI chains. Detailed information of TGA data are 

available in Supporting Information (figure S2). 
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 Figure 7(a) also shows that the on-set temperatures of polymer decomposition 

(Td) in PANI-ES, PNb(pH2.5) and PNb(pH0.1) are 425, 440 and 439 °C, respectively. 

Considering that TGA curves were recorded for very similar weights of samples and, 

consequently, lower polymer weights for the hybrid materials, the enhancement of ca. 

15 °C on the Td for PNb(pH2.5) and PNb(pH0.1) are significant. Therefore, these 

results reveal that thermal stability of the PANI chains are improved in the presence of 

the hexaniobate. 

 Considering that several electrical devices may require operation at higher 

temperatures than room-temperature, it is convenient that PANI-based materials 

remains in its doped form upon heating. For this purpose, PANI-ES and hybrid 

materials were submitted to heating treatments (150 °C during 90 min) and 

characterized by RR spectroscopy, as shown in figure 8. RR spectrum of heated PANI-

ES shows the decreasing of the relative intensity of the band of doped PANI at 1333 

cm
-1

 and the rising of the bands at 1470 and 1221 cm
-1

, which are observed in the RR 

spectrum of the undoped polyaniline (PANI-EB) and assigned to C=N and C-N, 

respectively.
63

 Thus, these results show that pristine polyaniline undergoes thermal 

dedoping upon the heating treatment. In addition to bands of dedoped PANI, RR 

spectrum of heated PANI presents bands at 1646, 1399 and 575 cm
-1

, assigned to 

phenazine-like structures as thermally induced cross-linking segments.
64-66

 However, 

RR spectrum of PNb(pH2.5) after heating (figure 8) shows that the relative intensity of 

the band of doped PANI at 1336 cm
-1

 is not significantly affected, and the band 

(shoulder) due to dedoped PANI at 1471 cm
-1

 presents a low relative intensity. These 

results clearly demonstrate that polyaniline chains remains in the doped form upon 

heating treatment in the hybrid material, while pristine PANI is dedoped after the same 

treatment. Also, PNb(pH2.5) presents cross-linking segments after heating (bands at 
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1643,1393 and 576 cm
-1

). A very similar thermal stability was observed for hybrid 

material prepared at pH 0.1, PNb(pH0.1), revealing that of the doped form of PANI is 

not appreciably affected by the acidity of the preparation medium (Supporting 

Information, figure S3). Therefore, TGA and RR results show that hexaniobate 

nanoscrolls play an important role to the thermal stability of the hybrid materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Resonance Raman spectra (0 = 632.8 nm) of PANI-ES and hybrid material 

PNb(pH2.5) before and after heating treatments (150 °C during 90 min). For 

comparison purposes, the Raman spectrum of PANI-EB is also presented. See the RR 

spectrum of hybrid material PNb(pH0.1) in Supporting Information (figure S3). 
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Conclusions 

 According to results presented, thermally stable hybrid nanomaterials of highly 

doped PANI and acidic hexaniobate nanoscrolls were prepared by the mixture of the 

dispersions of the components. Morphological characterization by scanning electron 

microscopy and energy dispersive X-ray spectroscopy probed the presence of 

hexaniobate nanoscrolls in the hybrid materials and showed the combination of the 

components in the nanoscale range. Resonance Raman spectra indicated that the hybrid 

material prepared at pH 2.5 presents a high conversion of bipolaronic to polaronic 

segments comparing with pristine polyaniline (prepared in HCl 1 mol L
-1

), while the 

hybrid material prepared at pH 0.1 clearly showed the decrease of the relative 

population of polarons. Electron paramagnetic resonance data revealed that hybrid 

material prepared at pH 2.5 presents similar polaron population to pristine polyaniline, 

whereas the material prepared at pH 0.1 presents lower polaron population. Therefore, 

spectroscopic data suggest a strong interaction between polyaniline chains and acidic 

hexaniobate nanoscrolls, which results in a high doping effect to the polymer, leading to 

the overdoping process of polyaniline at pH 0.1. Thermal properties were investigated 

and thermogravimetric analysis curves showed that the on-set temperatures of 

irreversible polymer decomposition in the hybrid materials are ca. 15 °C higher 

comparing with pristine polyaniline. According to RR spectroscopy data, polyaniline in 

the presence of NbONsc remains in its doped form after heating at 150 °C for 90 min, 

which was not observed for the pristine polymer. The results reported here indicate the 

potential applications of these hybrid materials for development of electronic devices. 
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Graphical and textual abstract 

 

New hybrid materials of polyaniline and hexaniobate nanoscrolls were prepared by 

mixture of the dispersions. These materials show high doping of polyaniline and high 

thermal stability. 
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 New hybrid materials of polyaniline and hexaniobate nanoscrolls were prepared by mixture of 

the dispersions. These materials show high doping of polyaniline and high thermal stability. 
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