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Abstract
Self-cross linked poly(4,4′-diaminodiphenylmethane) was prepared by an oxidative polymerization. Also a molecular 
imprinted polymer was prepared by employing 4,4′-diaminodiphenylmethane as the functional monomer, ammonium per-
sulfate and dibenzothiophene as the oxidizing agent and template, respectively. It is suggested that the π–π stacking effect 
between 4,4′-methylenedianiline and dibenzothiophene induced the compact imprinted polymer and the formation of more 
imprinted sites. Field emission scanning electron microscopy, X-ray diffraction, differential scanning calorimetry and FTIR 
spectroscopy were used for the characterization of the synthesized polymers. The removal of template molecules leads to the 
preparation of molecularly imprinted polymer (MIP), which was subsequently used as an electrode material for the prepara-
tion of an electrochemical sensor for the detection of dibenzothiophene. Electrochemical behavior of dibenzothiophene on the 
sensors’ construction based upon the application of imprinted (MIP) and non-imprinted (NIP) polymers was investigated in 
0.1 mol  L−1 of  LiClO4 (as the supporting electrolyte), by means of cyclic voltammetry. The obtained cyclic voltammograms 
of the MIP electrode showed one irreversible anodic peak at ~ 1.5 V. This peak was attributed to the electrochemical oxidation 
of dibenzothiophene to dibenzothiophene sulfoxide. The current variation acquired through the developed imprinted sensors 
as a function of dibenzothiophene concentration was linear in the concentration range of 60–150 mg  L−1. The corresponding 
limit of detection was calculated as 11 mg  L−1. The imprinted sensor showed a significantly improved sensitivity towards 
the investigated analyte rather than that observed using a non-imprinted polymer.
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Introduction

Sulfur-containing compounds of fuels are considered as the 
major sources of environmental hazards such as acid rain 
and health problems [1]. Consequently, desulfurization of 
fuels becomes an urgent task. Thiophene and its derivatives 
are among the main sulfur compounds in petro-fuels with the 
boiling points higher than 100 °C. These compounds contain 
usually up to 50–80% of the total sulfur content in diesel. 
It is estimated that the commercial gasoline and diesel con-
tain 300–500 mg kg−1 sulfur compounds, which depend on 

the oil source and refinery process [2–4]. Different methods 
have been developed for the selective measurement of the 
sulfur compounds [5–7]. Aromatic sulfur compounds are 
the main materials which cannot be quantitatively removed 
by the hydrodesulfurization process. Determination of the 
concentration of thiophene and its derivatives over the other 
aromatic and olefin compounds present in the hydrocarbon 
fuel in different kinds of diesel oils can be used for improv-
ing the methods used for desulfurization.

Dibenzothiophene (DBT) and their isomers can be iden-
tified by gas chromatography–flame photometric detection, 
gas chromatography–mass spectrometry [8], X-ray fluores-
cence spectrometry (XRF) [9], and electrochemical methods 
[10]. The general application of electrochemical methods for 
the detection of DBT comprises of polarography with mer-
cury electrodes [11]. High-cost skilled analytical methods 
such as GC and GC–MS, and toxicity of mercury limit the 
usage of mercury electrodes in the analytical practice, so 
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the application of these methods is limited. Therefore, the 
development of new sensing systems for the detection of 
DBT remains a necessity.

Molecularly imprinted polymer (MIP) technology is a 
method which offers the possibility to develop synthetic 
receptors for target molecules [12]. This method has been 
used in various applications such as chemical sensors [13]. 
Particular advantages of the MIP-based sensors are their low 
production cost and their expanded area of function under 
various environmental conditions with respect to tempera-
ture, pH, ionic strength, and complex matrices. Molecular 
imprinting of conductive polymer is generally used for the 
production of electrochemical sensors [14]. These polymers 
are able to bind target molecules with various size, shape, 
and chemical functionalities. By extraction of the target mol-
ecule (i.e., imprinting step) they will be acting as a selective 
host for the analyte.

Polyaniline and its derivatives are conductive polymers 
which have been employed in the construction of sensors 
[15]. 4,4′-Methylenedianiline (MDA), known as diaminodi-
phenyl methane, is an aromatic amine that has been used as 
a raw material or intermediate for the synthesis of industrial 
chemicals. It is also well known as a curing agent for resins 
[16, 17].

Oxidative polymerization has been reported as a powerful 
technique for the design, synthesis, and architecture of novel 
multifunctional polymers from several types of aromatic 
diamines under facile reaction conditions [18–21]. This 
potential approach motivates us to apply this method for the 
preparation of poly(4,4′-methylenedianiline) (PMDA). This 
study also bears the results obtained by the application of 
the imprinted polymer poly(4,4′-methylenedianiline) (MIP/
PMDA) as a modifier for fabricating an electrochemical sen-
sor for the detection of DBT.

Experimental

Materials

MDA functional monomer and ammonium persulfate 
 (NH4)2S2O8 were purchased from Sigma-Aldrich (Darm-
stadt, Germany). Acetonitrile and DBT were purchased from 
Sigma-Aldrich (Mumbai, India). All other chemicals were of 
analytical grade, commercially available and used without 
further purification.

Instruments

Cyclic voltammograms were recorded on a Metrohm vol-
tammeter (model 797 VA computrace, Switzerland) using a 
three-electrode system. Saturated calomel electrode (SCE) 
and a platinum wire were used as reference and counter 

electrodes, respectively. Fourier transform infrared spectra 
were recorded on a FTIR instrument (Brucker-Vector 22 
spectrophotometer, Germany). Scanning electron micro-
scope (MIRA3TESCAN, USA), X-ray diffractometer 
(Bruker D8 Advance, Germany) and differential scanning 
calorimeter (DSC) (Mettler FP90) were used to study the 
properties of PMDA.

Synthesis of DBT‑imprinted (MIP) 
and non‑imprinted (NIP) polymers

The MIP/PMDA was prepared by the following method. Half 
a gram MDA and 0.1 g DBT were first dissolved in 42 mL 
acetonitrile/water (70/30 v/v%), by stirring the solution mag-
netically for 10 min. To this solution 1.2 g of ammonium 
persulfate was added as the oxidant. The obtained mixtures 
were ultrasonically irradiated for 30 min at 0 °C. Finally, the 
mixtures were filtered and washed with water and acetoni-
trile. Thereby the PMDA polymer was obtained, which was 
inserted with the DBT templates. The obtained polymer was 
washed with water and acetonitrile. For the removal of tem-
plates, the obtained product was washed three times, with 
10 mL acetonitrile under ultrasonic irradiation for 90 min. 
The non-imprinted polymer (NIP) was also prepared by fol-
lowing the same polymerization process except elimination 
of the template during the applied process.

Fabrication of modified electrode

For the preparation of modified carbon paste electrode, 
0.020 g graphite powder and 0.005 g MIP/PMDA were 
mixed. Then, 0.010 g liquid paraffin was added to this mix-
ture and the mixture was further mixed until a homogeneous 
paste was formed. This paste was then used for the fabrica-
tion of the modified carbon paste working electrode.

Electrochemical characterization and measurement

A solution of  LiClO4 (0.1 mol  L−1) in acetonitrile was used 
as the electrolyte. All the electrochemical experiments were 
conducted by scanning the potential with 100  mVs−1 at room 
temperature.

Results and discussion

The monomer MDA possesses two functional aniline 
groups. The aniline moieties can primarily be polymerized 
to form an organic conductive polymer. Additionally, in the 
polymerization of MDA, the network structure of the poly-
mer is produced in the absence of a cross-linker. The lack 
of cross-linker in the production of the network structure is 
an advantage for the molecular imprinting of PMDA. The 



405Iranian Polymer Journal (2020) 29:403–409 

1 3

schematic representation of the fabrication process for the 
polymerization of MDA and molecular imprinting of PMDA 
is shown in Scheme 1.

During the process of self-assembly of MDA, DBT with 
aromatic rings can be entrapped by the polymer through 
π–π interactions. The π–π stacking interaction, a type of 
non-covalent interaction, refers to interactions involving 
aromatic groups containing π bonds. The MDA with high 
π-electron density groups and aromatic rings would increase 
π–π interaction forces and DBT loading capacity. Although, 
it is worth noting that, other non-covalent mechanisms can 
also contribute as driving forces.

Structural characterization

The molecular structures of DBT molecularly imprinted 
and non-imprinted PMDA (MIP and NIP) were character-
ized by FTIR spectroscopy (Fig. 1). The band observed at 
3373.16 cm−1 is due to N–H stretching. The absorption 
bands at 2918.74 and 2850.27 cm−1 are due to asymmetric 
C–H stretching and symmetric C–H stretching vibrations. 
The absorption peaks observed at 1614.12 and 1512.07 cm−1 
were attributed to the C = C stretching in the aromatic nuclei. 
The peaks observed at 1411, 1384, 1330, 1210, 1177, and 
1078 cm−1 represent the branch-like structure of PMDA. 
Also, the peaks found at about 810, 858 and 1098 cm−1 indi-
cate the in-plane C–H bending in the quinoid and benzenoid 
units and the out-of-plane C–H bending in the aromatic ring 
[22]. The absorption peaks of MIP/PMDA and NIP/PMDA 
do not show any significant difference for the MIP/PMDA 
and NIP/PMDA polymers.

The SEM microscope images of PMDA are displayed 
in Fig. 2. A type of spherical like particles with uniform 
distribution was revealed for PMDA. This type of uniform 
morphology can be interpreted by electrostatic interactions 
regarding the PMDA chain π − π stacking.

Spectrophotometric studies on the intermolecular inter-
actions between the functional monomers and template 
prior to polymerization could be useful for the sugges-
tion on the mechanism of binding the template and the 
imprinted polymer. Figure 3 shows the UV spectra of 

Scheme  1  Self-assemble stacking interaction between DBT and 
monomers of PMDA (a) The proposed polymerization mechanism of 
MDA (b)

Fig. 1  Comparison between 
FTIR spectra of NIP/PMDA (a) 
and MIP/PMDA (b)
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MDA, DBT and their mixture in the ratio of 2:1 with 
respect to MDA and DBT. As it is evident, in the mixture 
of MDA and DBT a new absorption peak with a rela-
tively high absorptivity at 288 nm is seen. This can be 
considered as an indication for the presence of π–π inter-
actions between these components (i.e. MDA and DBT) 
[18, 23–25]. This well-bonded interface interaction may 
also result in the reinforcement of the electrochemical 
performance of the nanocomposite as concluded in the 
electrochemical properties.

The X-ray diffraction pattern of the samples is illustrated 
in Fig. 4. This pattern shows a semi-crystalline nature with 
the peaks at 2θ 16°, 19° and 46°. These peaks are inter-
preted by considering a good molecular alignment through 
the chains created by the π − π stacking in the polymer.

The differential scanning calorimetry (DSC) analysis was 
applied to study the thermal transitions of PMDA (Fig. 5). 
In the DSC curve of PMDA, the peak was attributed to the 
glass transition temperature appearing at 112 °C, and the 
peak at 212 °C can be ascribed to the crystalline temperature 

of PMDA. This crystalline temperature is due to the pres-
ence of chain π–π stacking in polymer that verifies the 
crystalline morphology obtained by the XRD pattern. The 

Fig. 2  SEM images of PMDA 
in scale bar of (a) 5 μm and (b) 
1 μm

Fig. 3  UV–Vis spectra of MDA (2  mM), DBT (1  mM), and their 
mixture in 2:1 ratio

Fig. 4  XRD pattern of PMDA

Fig. 5  DSC curves of PMDA
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PMDA indicated a peak at 257 °C relative to the decomposi-
tion of the polymer.

Cyclic voltammetry analysis

The electrochemical behavior of DBT in acetonitrile was 
investigated with modified NIP/PMDA and MIP/PMDA 
electrodes in 0.1 mol  L−1 of  LiClO4, by means of cyclic 
voltammetry in the potential range 0.0–2.0 V and the scan 
rate 100  mVs−1. The modified MIP/PMDA and NIP/PMDA 
electrodes in the absence of DBT did not show any peaks. 
As can be seen in Fig. 6, by addition of DBT (60 ppm) to the 
sample solution, the electrode modified by MIP/ PMDA gave 
a significant current as a chemically irreversible anodic peak 
at ~ 1.5 V. This peak can be attributed to the electrochemical 
oxidation of DBT to dibenzothiophene sulfoxide.

The CVs of various concentrations of DBT (i.e., 60, 100, 
120 and 150 ppm) are given in Fig. 7. The experimental 
results from cyclic voltammetry studies demonstrated that 
MIP/PMDA electrode responds to the addition of different 
concentrations of DBT. The results indicate that the oxida-
tion current increases linearly with the DBT concentration in 
the range 60–150 ppm. It is noteworthy that the correspond-
ing correlation coefficient and limit of detection (LOD) were 
found to be 0.9913 and 11 mg  L−1. The LOD was calculated 
using Eqs. 1 and 2:

where, Sm,  sb, Cm and m are the signal of the limit of detec-
tion, average current of repeated determinations of blank 
solution, standard deviation of the blank, limit of detection 

(1)Sm= S+ 3Sb

(2)Cm= (Sm − S)/m,

and slope of the calibration curve, respectively. These values 
were evaluated by four replicate determinations of the blank 
signals.

To appraise the selective attitude and the developed 
sensor, the response of the sensor towards DBT in the 
presence of an organosulfur family benzothiophene (BT) 
with a slight difference in the molecular size and struc-
ture was followed. To this end, the MIP electrodes were 
immersed in the solutions containing 60 ppm of BT. The 
sensor did not present any observable peak current. In con-
trast, by addition of DBT (60 ppm) to the sample solution, 
the cyclic voltammogram showed an irreversible anodic 
peak (Fig. 8). This showed an excellent selectivity of the 
prepared sensor.

Fig. 6  Cyclic voltammograms with (a) NIP/ PMDA electrode and (b) 
MIP/ PMDA electrode in 0.1 mol  L−1 solution of  LiClO4 in acetoni-
trile, containing DBT (60 ppm) and scan rate100  mVs−1

Fig. 7  Cyclic voltammogram with MIP/PMDA electrode in different 
concentrations of DBT (a) and calibration curve of MIP/PMDA elec-
trode (b), in 0.1 mol  L−1 solution of  LiClO4 in acetonitrile and at scan 
rate100  mVs−1
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Conclusion

In this study, NIP/PMDA and MIP/PMDA were synthe-
sized by an oxidative emulsion polymerization method and 
characterized by FTIR, XRD, SEM, EDX, DSC analyses. 
The FTIR spectra confirmed the successful formation 
of polymer. The XRD results showed a semi-crystalline 
structure for PMDA. This crystalline nature can be due to 
the chain π–π stacking in molecular alignment in PMDA. 
In the DSC curves, a crystalline temperature was detected 
for PMDA which proves the crystalline peak obtained from 
the XRD results. MIP/PMDA was used for the modifica-
tion of carbon paste electrode to fabricate a selective DBT 
electrochemical sensor. The calibration curve for DBT 
determination was obtained by applying the investigated 
sensor using the working electrode in cyclic voltammetry. 
A suitable linear range and short time required for DBT 
analysis, good selectivity and accuracy, low cost and sim-
ple preparation process are among the advantages of the 
proposed sensor. It was shown that the fabricated electrode 
can be successfully used for determination of DBT.
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