
1. Introduction
Polyaniline (PANI) has attracted great attention for
many applications such as electrochemical storage de-
vices [1, 2], perovskite solar cells [3, 4] and so on [5],
owing to its properties such as excellent chemical sta-
bility, simple synthesis, highly adjustable electronic

and electrochemical performances, good thermal sta-
bility and so forth [1, 6–15]. Two challenges have
faced the scientific community during the synthesis
of PANI via oxidative chemical polymerisation. The
first one is to obtain PANI in emeraldine salt form
(the only conductive form of PANI), while the second
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one is to prepare PANI with homogeneous nanos-
tructured morphology. As for the first challenge, it
is agreed that an acidic medium is required to
achieve the formation of PANI by chain growth with
emeraldine salt form [16]. However, following the
standard polymerisation procedure, the conventional
acidic media is not convenient to prepare PANI with
nanostructured morphology. So far, researchers have
been directed toward adding ionic liquids into the
conventional acidic media [1, 6]. It was reported that
ionic liquids induce the formation of well-defined
one-dimensional morphology of PANI in Emeral-
dine salt form [1, 6].
PANI in emeraldine salt form, also known as doped
or protonated PANI, is the form of PANI in which
some chemical species are incorporated into the back-
bone of PANI. Doped PANI exhibits an increment
of PANI charge carriers, improvement of its electri-
cal conductivity, and control of its surface wettability
as compared to emeraldine base form (i.e. undoped
or deprotonated PANI) [17–23]. The transformation
between the emeraldine base and salt form is a re-
versible simple reaction. For the conversation of em-
raldine base to emeraldine salt, it is enough to dis-
perse it in conventional acidic media: an imine nitro -
gen forms a covalent bond with free protons result-
ing from the dissociation of acid (AH), and the
counter ions of the medium maintain the electroneu-
trality of charged PANI (see Figure 1a) [24–26]. As
for the ionic liquids, the mechanism of the doping
process is not yet well reported, to the best of our
knowledge. Some literature has mentioned that dis-
ubstituted imidazolium salts dope PANI via nonco-
valent interactions [8, 21, 22, 27–31] since they are
characterised with the absence of labile proton [32].
For example, the hydrogen atom located on the 2-po-
sition of the imidazolium ring can interact with the
imine nitrogen of PANI through a hydrogen bond
(see Figure 1b). However, other literature has shown
that the aprotic ionic liquids are easily removed from
PANI during its purification [8, 27, 28]. Since the
size as well as the type of dopant affect the properties

of PANI [20], herein we present a study on the ap-
proach followed in the doping process of PANI pre-
pared by the assistant of the protic ionic liquid.

2. Experimental part
2.1. Chemicals
Pyrrolidine (99%, Aldrich, St. Quentin Fallavier
France), p-toluene sulfonic acid (99.8%, Sigma
Aldrich, St. Quentin Fallavier, France), ammonium
peroxodisulfate (98%, Sigma Aldrich, St. Quentin
Fallavier, France) were used as supplied. Aniline
(99.8%, Acros Organics, Geel, Belgium) was dis-
tilled and then kept under an argon atmosphere in a
refrigerator before use.

2.2. Synthesis of pyrrolidinium p-toluene
sulfonate [Pyrr][PTS]

Pyrrolidinium p-toluene sulfonate [Pyrr][PTS] (chem-
ical structure shown in Figure 2) is prepared by a
simple neutralisation reaction between Brӧnsted acid
and the corresponding base [33]. Briefly, the reaction
was performed in a three-necked round-bottomed
flask immersed in an ice bath equipped with a reflux
condenser, a thermometer and a dropping funnel.
136 g of p-toluene sulfonic acid were placed in the
round-bottomed flask and then dissolved with the
minimum amount of needed distilled water. On the
other side, 55.93 g (0.79 mol) of pyrrolidine was in-
troduced into the dropping funnel. The pyrrolidine
was slowly added into the aqueous solution of
p-toluene sulfonic acid. The temperature was ob-
served during the addition of the pyrrolidine and
kept lower than 20 °C. After finishing the addition
of pyrrolidine, the resulting mixture was stirred at
room temperature (i.e. 20°C) overnight. The residual

F. Al-Zohbi et al. – Express Polymer Letters Vol.18, No.9 (2024) 901–910

902

Figure 1. Doping PANI a) with conventional acidic media and b) with substituted imidazolium ionic liquids.

Figure 2. Chemical structure of pyrrolidinum p-toluene sul-
fonate [Pyrr][PTS].



water was eliminated under vacuum, and the collect-
ed [Pyrr][PTS] was dried at 60 °C under vacuum.

2.3. Synthesis of the conventional PANI in
emeraldine salt form (PANI-2) and
emeraldine base form (PANI-2/B)

The conventional PANI in emeraldine salt form
(PANI-2) was prepared using the standard synthetic
procedure reported in our previous work [33]. Briefly,
aniline (1 g, 0.01 mol) was dissolved in 35 mL of hy-
drochloric acid HCl 1 mol/L at room temperature
under magnetic stirring. The resulting mixture was
then cooled at 5°C using a thermostat. The polymeri-
sation reaction was then induced by dropwise adding
an aqueous acidic solution of ammonium persulfate
(NH4)2S2O8, containing 3.06 g of (NH4)2S2O8 dis-
solved in 15 mL of 1 mol/L HCl and cooled at 5 °C,
into the aniline solution. The reaction was kept under
stirring for 24 h at 5°C. The obtained dark green pre-
cipitate was collected after filtration, washing till pH
neutral with deionised water then dried for 15 h
under vacuum at 60 °C. The structure of PANI was
confirmed with attenuated total reflectance – fourier
transform infrared spectroscopy (ATR-FTIR), as dis-
cussed in our previous work [33].
For the conversation of the emeraldine salt form (i.e.
PANI-2) to emeraldine base form (i.e. PANI-2/B),
the obtained PANI-2 was dispersed in ammonia so-
lution (NH4OH, 5%) for 24 h under vigorous mag-
netic stirring at room temperature. The PANI-2/B
was collected following the same workup as PANI-2.

2.4. Reprotonation of PANI-2/B with the
assistant of [Pyrr][PTS]

500 mg of PANI-2/B was dispersed into 5 mL of dis-
tilled water under vigorous magnetic stirring at room
temperature for a half-hour. Then, an amount of
[Pyrr][PTS] was added in such a way that the weight
ratio of [Pyrr][PTS]/water was 7/93, 12/88, 16/84
and 48/52, respectively. The resulting mixture was
kept under magnetic stirring for 24 h at room tem-
perature, then filtrated and washed with the distilled
water until pH neutral. The collected powders were
dried at 60°C for 15 h under vacuum. Table 1 intro-
duces the designations of the different materials
(PANI-2/B/PIL) resulting after dispersion in
[Pyrr][PTS]/water as well as the designations of the
conventional PANI in emeraldine salt form (PANI/2)
and in base form (PANI-2/B).

2.5. Synthesis of PANI in binary mixture of
[Pyrr][PTS]/water 

This synthesis was performed using the same proce-
dure as for the conventional PANI (i.e. PANI-2), re-
placing aniline with anilinium p-toluene sulfonate
[Ani][PTS] and hydrochloric acid with binary mix-
ture of [Pyrr][PTS]/water as detailed in our previous
work [34] The weight ratio of [Pyrr][PTS] to water
was varied as 30/70, 48/52 and 70/30. To define the
role of [Pyrr][PTS], pure PANI (i.e. PANI-1) was
also prepared following the above-mentioned
process without the presence of [Pyrr][PTS] in the
polymerisation medium. The obtained PANI was
singled as summarised in Table 2.

2.6. Characterisations
Thermogravimetric analysis (TGA) was done using
Perkin Elmer (Villebon-sur-Yvette, France) model
simultaneous thermal analyser STA 6000 in a nitro-
gen atmosphere between 25 and 900 °C at a heating
rate of 10 °C/min.
Electrical conductivity measurements of the doped
PANI samples were conducted at room temperature
using a four-probe technique on pellets containing
200 mg of PANI and pressed at 1 t, with a thickness
of 1200–1300 μm, using a Keithley 6220 current
source and Keithley 2182 A nanovoltmetre.
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Table 1.Abbreviated names of the conventional PANI in
emeraldine salt form (PANI-2) and base form
(PANI-2/B) as well as the abbreviated names of
P PANI obtained after dispersion PANI-2/B in
[Pyrr][PTS]/water with different weight ratio [wt%].

Obtained PANI Conventional PANI
PANI-2 Emeraldine salt form
PANI-2/B Emeraldine base form

PANI obtained after dispersion PANI-2/B in
[Pyrr][PTS]/water with different weight ratio [wt%]

Resulted PANI [Pyrr][PTS]/water wt%
PANI-2/B/PIL-7 07/93
PANI-2/B/PIL-12 12/88
PANI-2/B/PIL-16 16/84
PANI-2/B/PIL-48 48/52

Table 2. Abbreviated names of PANI prepared in
[Pyrr][PTS]/water.

[Pyrr][PTS]/water weight ratio Obtained PANI
0/100 ↔ no [Pyrr][PTS] PANI-1

30/70 PANI-1-PIL30
48/52 PANI-1-PIL48
70/30 PANI-1-PIL70



Raman measurements on PANI powders were carried
out using a micro-Raman spectro-meter (Renishaw®,
Wottom-Under-Edge, UK) with a laser source of 633
or 514 nm at room temperature.

3. Results and discussion
PANI in emeraldine salt form has successfully been
prepared in the presence of [Pyrr][PTS] in the poly-
merisation medium, as reported in our previous
work [34]. However, how effectively [Pyrr][PTS]
contribute to doping PANI remain to be uncovered.
Theoretically, the process of the contribution of
[Pyrr][PTS] in doping PANI is likely to be either sim-
ilar to that of the aprotic ionic liquid (as mentioned
in the introduction) or to the typical Brønsted acid as
illustrated in Figure 3, respectively. As for the first
approach (Figure 3a), a hydrogen atom attached to
the nitrogen atom in the pyrrolidinium cation might
exhibit hydrogen bonding with the imine function of
PANI, functionalised PANI backbone and thus alter
the structure and conformational change of the typi-
cal PANI. As for the second approach (Figure 3b), it
is suggested since [Pyrr][PTS] is highly soluble in
water. When placed in water, [Pyrr][PTS], like any
salt, is dissociated according to Equation (1) and
(2). The formed [Pyrr]+ thus releases its available
proton in the medium, as shown in Equation (3):

[Pyrr][PTS]s + H2O → [Pyrr][PTS]aq (1)
[Pyrr][PTS]aq → [Pyrr]+

aq + [PTS]–
aq (2)

[Pyrr]+
aq → Pyrr + H+ (3)

Therefore, [Pyrr][PTS] might dope PANI like the
typical brønsted acid, and the resulting pyrrolidine
is removed during washing PANI. For the demon-
stration of which approach is correct, this work is
divided into two parts: the first one discusses the
effect of [Pyrr][PTS] added with different amounts
into the polymerisation medium on the chemical
structure of PANI, while the second part presents

the possibility of reprotonation of deprotonated
PANI with the assistance of [Pyrr][PTS].

3.1. Part I: [Pyrr][PTS] as polymerization
medium for PANI

ATR-FTIR analysis, TGA analysis and Raman
analysis of PANI-1, PANI-1-PIL30, PANI-1-PIL48
and PANI-1-PIL70 (i.e. PANI prepared in aqueous
solutions of [Pyrr][PTS] as described in experimen-
tal section) were performed in order to reveal the in-
fluence of [Pyrr][PTS] on the structure of PANI and
thus confirm the correct approach (Figure 3).

3.1.1. Infra-red spectroscopy
The obtained ATR-FTIR spectra of the resulting
PANI are presented in our previous work [34]. As
reported, the ATR-FTIR absorption bands located at
1559, 1472, 1294, 1106, and 787 cm–1 are the ab-
sorption characteristic bands of the typical PANI in
emeraldine salt form, and the bands located at 1007
and 1032 cm–1 are assigned to PTS– [34]. The char-
acteristic bands of PANI-1-PIL do not exhibit a shift
as compared to that of PANI-1, revealing that the
structure of PANI is not altered by the ionic liquid.
Indeed, it is reported that the infra-red spectrum of
PANI prepared in disubstituted imidazolium-based
ionic liquids exhibits some shift as compared to that
of the typical PANI, indicating that PANI in doped
with the disubstituted imidazolium cation itself [21].
One can, therefore, assume that the cation of
[Pyrr][PTS] does not interact with the PANI via non-
covalent interactions as no shift occurred on the
spectrum of PANI-1-PIL relative to that of PANI-1.
However, the characteristic bands of p-toluene sul-
fonate (located at 1007 and 1032 cm–1) are more in-
tense for PANI-1-PIL relative to PANI-1, indicating
a positive correlation between the intensity of these
peaks and the concentration of [Pyrr][PTS] added
into the polymerisation medium. ATR-FTIR analysis
has not revealed which approach is the most correct
thus, other structural analyses have been performed.
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Figure 3. Possible approaches of protonation of PANI prepared in aqueous solutions of [Pyrr][PTS]: a) functionalisation of
PANI with [Pyrr][PTS] itself and b) [Pyrr][PTS] as Brønsted acid in the polymerisation medium.



3.1.2. Raman spectroscopy
Raman analysis was also performed to further exam-
ine the contribution of [Pyrr][PTS] in doping PANI,
and the obtained spectra are shown in Figure 4.
 Figure 4a shows the Raman spectra of the PANI
samples using an excitation wavelength of 633 nm
(red). The observed Raman bands are typical for
PANI [27, 28, 35, 36], and can be assigned as fol-
lows: 1591 cm–1 C–C stretching of the benzenoid
units, 1500 cm–1 C=C stretching of the quinoid ring,
1378 and 1338 cm–1 C–N+● stretching in polarons,
1256 cm–1 C=C stretching of benzene diamine units,
1168 cm–1 C–H in-plane vibration of C–H, 878 cm–1

out of plane N–H bending, 808 cm–1 in-plane vibra-
tion of the benzenoid ring and out of plane vibration
of C–H, 514 and 576 cm–1 out of plane C–N vibra-
tion, and 410 cm–1 out of plane N–H deformation.
Based on Figure 4a, one can notice that:
▪ The position of the Raman bands of the PANI-1

and all the investigated PANI-1-PIL are mostly co-
incident: no shift of the bands is observed; no extra
bands appeared on the spectra of PANI-1-PIL as
compared with the spectrum of PANI-1.

▪ A shoulder at 1645 cm–1 is clearly observed in the
spectrum of PANI-1, while this is not the case in
the spectra of PANI-1-PIL. Furthermore, the peak
at 514 cm–1 displays higher intensity in the spec-
trum of PANI-1. These minor differences have not
been explained yet in the literature, to the best of
our knowledge. It might be due to the moisture
since the weight loss of water is higher for PANI-1
as compared to that of PANI-1-PIL, according to
themogravimetric analysis (Figure 5a). To further
understand this observation, Raman analysis was
also recorded at 514 nm (green) and shown in
 Figure 4b.

The resulting Raman spectra (Figure 4b) are differ-
ent as compared to those performed at 633 nm exci-
tation wavelength (Figure 4a) which is typically
observed for PANI. Comparing the Raman spectrum
of PANI-1 with that of PANI-1-PIL30 shows no im-
pact of [Pyrr][PTS] on PANI structure as these spec-
tra are superimposed. To conclude, Raman analysis
indicates that all the investigated PANI display sim-
ilar molecular structures as all the spectra are similar.
Therefore, Raman analysis reveals that the PANI
backbone is not functionalised with the pyrrolidini-
um cation.

3.1.3. Thermogravimetric analysis
To confirm the way that [Pyrr][PTS] is involved in
doping PANI (Figure 3), the thermal stability of
PANI-1 and PANI-1-PIL was studied and compared
to that of the starting materials (i.e. [Pyrr][PTS] and
anilinium salt [Ani][PTS]), using thermogravimetric
analysis (TGA) from room temperature to 900 °C
with a heating rate of 10 °C/min under nitrogen. In-
deed, the temperature at which the dopant agent of
the PANI is released might define the type of dopant
agent. Figure 5a shows the thermograms of PANI-1
and PANI-1-PIL-70, [Ani][PTS] and [Pyrr][PTS].
As one can see, the TGA thermograms of PANI-1
and PANI-1-PIL70 present three stages of thermal de-
composition as typically observed for PANI [37, 38].
The first step, weight loss, is attributed to the evap-
oration of water and the second step is assigned to
the loss of the dopant. As for the third-step weight
loss, it is attributed to the degradation and decom-
position of the polymer backbone. From Figure 5a,
one can see that PANI-1-PIL70 holds the dopant with-
out any loss of about 67 °C higher as compared with
PANI-1 (Figure 5b). The other PANI prepared in

F. Al-Zohbi et al. – Express Polymer Letters Vol.18, No.9 (2024) 901–910

905

Figure 4. Raman spectra of the different investigated PANI recorded using a) 633 nm and b) 514 nm excitation wavelengths.



[Pyrr][PTS]/water (i.e. PANI-1-PIL30 and PANI-1-
PIL48) present the same thermogram shape as that
of PANI-1-PIL70 (see Figure 5b). As all PANI-1-PIL
are thermally more stable than PANI-1, one can thus
assume that PANI-1 and PANI-1-PIL are not dope
with the same dopant type.
Comparing the thermal decomposition of the inves-
tigated PANI with that of the starting materials can
reveal the type of dopant. TGA curve of [Pyrr][PTS]
exhibits only one stage of thermal decomposition,
which begins at 303 °C. It is noticeable that the start
decomposition temperature of [Pyrr][PTS] is higher
than that of PANI-1/PIL, revealing than PANI is not
doped with the ionic liquid [Pyrr][PTS] itself. On the
other extreme, TGA curve of [Ani][PTS] presents
two stages of thermal decomposition: the first-step
weight loss undergoes decomposition around 180–
200 °C, while the second-step weight loss starts at
temperature very loss to dopant release of PANI-1-
PIL (i.e. 290°C), which is also comparable with that
of doping loss of PANI prepared in p-toluene sulfon-
ic acid and described in the literature [37]. One can
thus conclude that PANI-1-PIL is doped with PTS-
and not with [Pyrr][PTS] itself.
Concerning PTS–, which dopes PANI-1-PIL, it is
sourced from the ionic liquid [Pyrr][PTS]. Indeed,
PANI-1 is doped with the sulfate group of oxidant
agent [17, 20, 39] that, on the one hand, explains the
absence of the absorption characteristic bands of
PTS– on the ATR-FTIR spectrum of PANI-1 (as de-
scribed in Section 3.1.1) and, on the other hand, the
lower thermal stability of PANI-1 compared to
PANI-1-PIL. Thus, PANI-1 prepared from [Ani][PTS]
is not doped with PTS–, confirming that PTS– that
dope PANI-1-PIL is not derived from the anilinium
salt but from [Pyrr][PTS]. To sum up, PANI-1-PIL

is doped with PTS– derived from [Pyrr][PTS], which
acts as a typical Brønsted acid in doping PANI,
revealing that the second approach (Figure 3b) is
more likely to be the correct one.

3.2. Part II: [Pyrr][PTS] as secondary dopant
of PANI

To confirm that [Pyrr][PTS] acts like typical brønst-
ed acid in doping PANI, [Pyrr][PTS] has also been
investigated as a secondary dopant. The methodolo-
gy followed to perform this investigation is sum-
marised in Figure 6a. The conventional PANI was
prepared in emeraldine salt form and then deproto-
nated with the alkaline medium (step 1 in Figure 6a).
The transformation of the emeraldine salt form
(PANI-2) to emeraldine base form (PANI-2/B) was
confirmed with the dramatic decrease of the electri-
cal conductivity from 3 S/cm for PANI-2 to 10–9 S/cm
for PANI-2/B. The resulting PANI-2/B was then
mixed with [Pyrr][PTS] for 12 h under stirring with
different weight ratios of [Pyrr][PTS]/water (step 2
in Figure 6b), and the collected product were abbre-
viated as PANI-2/B/PIL.
To define if PANI has been redoped with the assis-
tance of [Pyrr][PTS], electrical conductivity has
been used as a criterion since it is well known that
emeraldine salt form (i.e. protonated/doped PANI)
is electrically conductive while emeraldine base
form (i.e. deprotonated/undoped PANI) is electri-
cally insulating. Figure 6b presents the evolution of
the electrical conductivity of the collected PANI-
2/B/ PIL. It is noticeable that the electrical conduc-
tivity of PANI-2/B/PIL is higher than that of PANI-
2/B, indicating that dispersing the fully deprotonat-
ed PANI-2/B (σ: 10–9 S/cm) in [Pyrr][PTS] leads to
the generation of conductive polymer (i.e. doped
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Figure 5. TGA curves of a) [Pyrr][PTS], [Ani][PTS], PANI-1, PANI-1-PIL70, and b) PANI-1-PIL30 and PANI-1-PIL48.



PANI-2/B/PIL). Furthermore, the electrical conduc-
tivity values gradually increase with the increment
of the amount of [Pyrr][PTS] in the dispersing medi-
um: the electrical conductivity increases from
2.81·10–6 S/cm for PANI-2/B/PIL-7 (i.e. collected
after being dispersed in [Pyrr][PTS]/water 7/93 wt%)
to 2.30·10–2 S/cm for PANI-2/B/PIL-48 (i.e. col-
lected after being dispersed in [Pyrr][PTS]/water
48/52 wt%). Based on the upward trend of the ionic
conductivity as a function of [Pyrr][PTS] in the dis-
persing medium, one can conclude that [Pyrr][PTS]
contribute to doping PANI, but it is not possible, at
this stage, to detail the mechanism of its contribution
(Figure 3). Thus, ATR-FTIR analysis of PANI2/B,
the different PANI-2/B/PIL and the neat [Pyrr][PTS]
was performed and shown in Figure 6c. First of all,
one can notice that the spectra of PANI-2/B/PIL are

superimposed with the spectrum of PANI-2/B (i.e.
typical ATR-FTIR spectrum of PANI), indicating
that [Pyrr][PTS] does not functionalise PANI as no
shift is observed on the ATR-FTIR characteristic
bands of PANI. However, the band at 1039 and
1007 cm–1, associated with the p-toluene sulfonate
group, reappeared on the spectrum of PANI-2/B-
PIL as compared with that of PANI-2/B. One can
thus conclude that p-toluene sulfonate PTS– (i.e. the
anion of [Pyrr][PTS]) contributes to doping PANI
while this is not the case of pyrrolidinium Pyrr+ (i.e.
the cation of [Pyrr][PTS]), indicating that an aque-
ous solution of [Pyrr][PTS] acts like the typical
Brønsted acid as illustrated in Figure 3b. To sum
up, noncovalent interactions between PANI and the
cation of the protic ionic liquids are not exigent re-
quirements to reprotonate the deprotonated PANI
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Figure 6.  a) Scheme of reactions followed to reprotonate PANI with the assistant of [Pyrr][PTS], b) electrical conductivity
of isolated PANI-2/B and PANI-2/B/PIL and c) FTR/ATR spectra of PANI-2/B and PANI-2/B/PIL and the neat [Pyrr][PTS].



in contrast to imidazolium-based aprotic ionic liq-
uids [1].

4. Conclusions
Herein, a study on the process of the contribution of
protic ionic liquids, namely Pyrrolidinium p-toluene
sulfonate [Pyrr][PTS], in doping PANI has been pre-
sented. On the one hand, PANI has been successfully
prepared in aqueous solutions of [Pyrr][PTS] via
standard oxidative polymerisation. The structural
analysis of the prepared PANI has shown the ab-
sence of the characteristic bands of pyrrolidinium
cation (i.e. the cation of [Pyrr][PTS]), revealing the
absence of hydrogen bonding between pyrrolidinium
cation and PANI irrespective of the concentration of
[Pyrr][PTS] in the polymerisation medium. Like-
wise, dispersing deprotonated conventional PANI
(i.e. emeraldine base form) into an aqueous solution
containing [Pyrr][PTS] greatly enhances the electri-
cal conductivity without altering the chemical struc-
ture of the collected PANI, showing that reprotonat-
ed PANI has been collected without structural-in-
duced change. To sum up, PANI in emeraldine salt
form using protic ionic liquids as a polymerisation
medium has been prepared even in the absence of
intermolecular interactions between PANI and the
cation of the protic ionic liquids. Thus, attention
should be paid to the dissociation of the protic ionic
liquids more than the noncovalent functionalisation
of PANI with the ionic liquids.
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