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Abstract
Poly (o-aminophenol-co-m-phenylenediamine) P(oAP-mPDA) as a copolymer is successfully synthesized by mechano-
chemical solid state polymerization (MCSSP) as a green and simple method. The mechanochemical solid state poly-
merization is achieved by a developed Mortar Grinder RM200 without using any solvents during the preparation
process. The copolymer was also prepared by traditional interfacial polymerization method (IP). A comparison between
the resulting copolymers of the two methods is conducted by various analyses including, Fourier transform infrared
spectra (FTIR), ultra violet, visible spectra (UV-Vis), X-ray diffraction (XRD), scanning electron microscope (SEM), and
thermogravimetric analysis (TGA). The analyses revealed that there is a good agreement between the two copolymers
synthesized by MCSSP and IP method. The energy band gap was determined and found to be 2.19 eV and 2.09 eV for
the copolymer synthesized by MCSSP method and the IP method, respectively. The investigated copolymers are located
in the semiconductor material range and displayed a good thermal stability.
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Introduction

Conjugated polymers have super physical and chemical prop-
erties such as lightweight, corrosion resistance, and flexibility
of design. They have been widely applied in semiconductors
as organic materials and photoelectronic fields, based on their
electron-conjugated system [1–5].Various synthesizing

methods of polyaniline or polyaniline derivatives have been
applied for example, electropolymerization, interfacial poly-
merization, seeding polymerization, electrospinning, template
free method and chemical oxidative polymerization method
[6–11]. In comparison with the conventional synthesis
methods, the solid-state synthesis route has many advantages
including reduced pollution, rapid, simple, free hazard sol-
vent, economically method and considered environmental
friendly route [12–15]. By solid-state polymerization method,
volatile organic solvents during polymerization are overcome
[16]. The chemical synthesis of conducting polymers is at-
tractive owing to its ability to fulfill the requirement of big
quantities and ability to control the product properties by
varying the reaction conditions [17–20]. Recently,
polyorthoaminophenol as a hompolymer has been synthe-
sized by Zoromba and Abdel-Aziz based on MCSSP method
[16]. This work aims to polymerize ortho amino phenol with
meta phenylene diamine as comonomers by MCSSP as an
eco-friendly method (free organic solvents) and compare the
product with that of the conventional standard interfacial po-
lymerization method. The properties of the resulting P(oAP-
mPDA) are investigated by comparative studies of FTIR, UV-
vis, XRD, SEM, and the energy band gap (Eg) value.
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Materials and methods

All chemicals were used without further purification. Ortho-
amino phenol was purchased from Aldrich, ammonium
persulphate, m. phenylene diamine, ethanol, and chloroform,
dimethyl formamide were purchased from Merck.

Synthesis of o-aminophenol with m-pheylene
diamine copolymer by mechanochemical solid
polymerization

This copolymer was synthesized by ammonium persulphate
as an oxidizing agent. Typically, 1.6 g o-aminophenol mono-
mer and 1.6 g meta phenylene diamine and 4.1 g ammoni-
um persulphate initiator in a solid state were mixed by a
mechanical stirrer at 950 rpm for 10 min at room tempera-
ture. The resulting solid mixture was kept at room tempera-
ture for 4 h and then grinded by using a Grinder RM 200 for
10 min as shown in Fig. 1. The observed color spontane-
ously changed to grey at the beginning of the milling pro-
cess. The resulting grey solid mixture from the grinding
process was dispersed in 100 ml equimolar ratio of ethanol
and distilled water (1:1) using magnetic stirrer with gentle
heating in order to dissolve unreacted monomer, oligomer
and excess initiator. Filtration process was carried out for the
obtained copolymer. The solid retained on the filter paper
(copolymer) was washed with distilled water several times
followed by ethanol. The resulting copolymer (2.3 g) was
assigned by P(oAP-mPDA)SP.

Synthesis of o-aminophenol, m-pheylenediamine
copolymer by interfacial polymerization as traditional
method

The two-phase polymerization was performed in 200 ml
bottles at room temperature. The same amount, the ratio
of the reactants and the initiator in the MCSSP method
were applied in the interfacial polymerization method.
OAP and mPDA monomers were dissolved in chloroform,

ammonium persulphate as an initiator was dissolved in
distilled water. Separately, ammonium persulphate (oxidiz-
ing agent) solution was added gently alongside of co-
monomers mixture container. The copolymer formation
was gradually observed between the organic and aqueous
layers during the addition process. The entire aqueous
phase was filled with copolymer homogeneously. The
resulting copolymer was separated from the two phases
and collected. Then it was washed several times with dis-
tilled water, followed by ethanol to remove unreacted
monomer, oligomers and excess of the oxidizing agent.
The resulting copolymer (2.5 g) was dried at 60 °C for
24 h and assigned by P(oAP- mPDA)IP.

Characterization

FT-IR analysis

The FT-IR spectra of the considered copolymers powder were
recorded using World’s Smallest Laboratory FT-IR
Spectrometer. The ALPHA in combination with Bruker
Optics powerful OPUS/Mentor software and extensive infra-
red libraries provide easy-to- use turnkey solutions where un-
known substances are identified in seconds.

UV-visible absorption spectra measurements

The UV–visible absorption spectra of prepared copolymer
samples were measured using Shimadzu UV–visible spectro-
photometer (M160 PC) at room temperature in the range of
200–800 nm. The copolymers was dissolved in dimethyl
formamide (DMF) and DMF has been taken as a reference
solvent as well during the measurement performance. The
optical band gap (Eg) was measured from the absorption spec-
tra data. Eg was calculated from Tauc’s relation for direct
transitions [21, 22].

Fig. 1 Illustration of mixing
process by mechanical stirrer and
grinding process by Mortar
Grinder RM200
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Thermal analysis

The thermal stability of the copolymers was recorded by ther-
mogravimetric analyzer- TGA 4000 PerkinElmer. The ther-
mal decomposition of the considered copolymer was applied
under N2 atmosphere in the range of 30–750 °C at a heating
rate of 10 °C/min.

X-ray diffraction

The X-ray diffraction spectra (XRD) of the copolymer sam-
ples was carried out by Burker D8 advanced XRD (x-ray
diffractometer using the Cu-Kα radiation wavelength (λ =
1.54 Å). The scanning range was set from 5 to 80°. The op-
erating conditions were 40, divengency slit: 1 mm, Ni filter,
Lynx Eye one dimensional detector and detector slit 3 mm.
The crystallinity analysis is calculated based on the peak area
from EVA software.

SEM

The surface morphological study of the copolymers powders
was carried out using scanning electron microscope (SEM),
FE-SEM Zeiss Leo Supra 55. Samples were sputtered by a
thin film of gold to improve the conductivity.

Results and discussion

FTIR spectra

Figure 2 shows that FT-IR of ortho aminophenol and meta
phenylene diamine copolymer prepared by mechanochemical
solid state polymerization P(oAP-mPDA)SP and interfacial
polymerization P(oAP- mPDA)IP. The two broads centered

at 3423 and 3261 cm-1 indicate to the presence of secondary
amino groups. This confirms the occurrence of polymeriza-
tion and formation of the copolymer in bothmethods (MCSSP
and IP) through –NH- linkage. The strong bands at 1587 and
1571 cm-1 can be attributed to C-N stretching vibrations for
quinoid structure for P(oAP-mPDA)SP and P(oAP-mPDA)IP

copolymers, respectively. The bands are located at 1498 and
1494 cm−1 can be attributed to C-N stretching vibrations for
benzenoid structure for P(oAP-mPDA)SP and P(oAP-
mPDA)IP copolymers, respectively. The absorption bands at
1297 and 1313 cm−1 for P(oAP-mPDA)SP and P(oAP-
mPDA)IP indicate to C-O-C [23, 24] (etheric linkage) struc-
ture in the copolymer forming ladder structure in the copoly-
mer either prepared by MCSSP or IP method. As can be seen
from the FTIR analysis, the resulting bands from P(oAP-
mPDA)SP is in a good agreement with the resulting band from
for P(oAP-mPDA)IP.

UV-visible absorption spectra measurements

Figure 3 shows the Uv-visible absorption spectra measure-
ments of P(oAP-mPDA)SP and P(oAP- mPDA)IP. Figure 3
reveals that there is a good agreement between the two
main peaks from each copolymer. The investigated peaks
for both copolymers are located at 293, and 501 nm. These
peaks are characteristics for π -π* and π –polaron transi-
tion through the copolymer chains. The third peak which
is a characteristic for polaron -π* is located at 346 nm for
P(oAP- mPDA)SP and for P(oAP-mPDA)IP is located at
409 nm. At the third peak, Bathochromicaly red shift oc-
curred from 346 nm in P(oAP-mPDA)SP to 409 nm in
P(oAP-mPDA)IP. This can be attributed to that the nucle-
ation process in the mother solution has more chance to
takes place in the IP method of the copolymer than in the
MCSSP method. This process gives P(oAP-mPDA)IP

Fig. 2 FT-IR of P(oAP-mPDA)SP

and P(oAP-m-PDA)IP
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more ordered structure, longer chains, and more
crosslinking compared to the P(oAP-mPDA)SP. The long
chain increase the possibility of the presence of double
bonds alternative with single bond (conjugated system)
which leads to red shift [16].

Determination of optical band gap

The optical band gap (Eg) was measured from the absorp-
tion spectra data. Eg was calculated from Tauc’s relation
for direct transitions [22]. The absorption coefficient (α)

was calculated from the absorption spectra data by apply-
ing the relationships α = A/d, where d is the light path
length. For allowed direct transitions, the optical band gap
can be described by:

ahvð Þ1=2 ¼ B hv−Egð Þ
B is a parameter depends on the transition probability.
Plotting (αhν)1/2 versus hν the direct transitions could
be obtained by extrapolating the linear portion of the
curve to (αhν)1/2 = 0. P(oAP-mPDA)SP has higher value
of Eg than that of P(oAP-mPDA)IP as shown in Fig. 4.

Fig. 3 UV-Visible absorption
spectra measurements of P(oAP-
mPDA)SP and P(oAP- mPDA)IP

in DMF solution
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Fig. 4 Absorption coefficient in
the form of (αhν) 0.5 versus hν of
P(oAP-mPDA)SP and P(oAP-
mPDA)IP
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The optical band gaps (Eg) were estimated and it was
found to be 2.19 and 2.09 eV for P(oAP-mPDA)SP and
P(oAP-mPDA)IP respectively. The observed values of op-
tical band gaps reveal that the investigated copolymer
either synthesized by MCSSP method or IP method are
located in the semiconductor materials range. The energy
band gap value of P(oAP-mPDA)SP is higher than the
energy band gap value of P(oAP-mPDA)IP, this is in a
good agreement with the results reported in previous
works [16]. On the other hand, the neutral polyaniline as
a homopolymer has a band gap of 2.8 eV while doped
polyaniline has an optical band gap of 2.21 eV. This
means that polyaniline is showing strong absorption for
visible light and for this reason some researchers used it
in photocatalysis [25, 26]. The band gap energy of un-
doped poly ortho phenylene diamine was found to be
2.25 eV [27]. The energy gap for polyaniline ortho
aminophenol copolymer was found to be 2.35 eV [3].
Based on the calculated band gap values for the present
investigated copolymers, they are located in the semicon-
ductor materials range.

Thermogravimetric analysis (TGA)

The thermal decomposition of the copolymer was carried
out on three stages. The first stage is within the range of
50–150 °C and it can be attributed to the evaporation of
moisture from the copolymer. The second thermal stage
within the range of 150–370 °C is due to thermal decom-
position of the copolymer backbone into different number
of chemical forms. The third stage is within the range 370–
800 °C and it can be attributed to the final carbonization of
the copolymer. This due to the thermal decomposition of

the copolymer chains into the number of chemical forms
[28, 29]. From TGA curves (Fig. 5), it can be noticed that
P(oAP- mPDA)IP is more thermally stable than P(oAP-
mPDA)SP, this can be attributed to the higher molecular
weight of the copolymer synthesized by the IP method.
The copolymer synthesized by the IP method has longer
chains and more crosslinking than copolymer synthesized
by solid state polymerization method. Both P(oAP-
mPDA)SP and P(oAP-mPDA)IP have a good thermal stabil-
ity (there is no decomposition before 370 °C) due to their
rigid chain structure. Thus, the resulting copolymer could
be useful for various applications by the engineering in-
dustry in different fields, including batteries [30, 31], solar
cells [32, 33], sensors [34–37], playing roles in
supercapacitors [38], electrochromic devices [39], and bio-
medical applications [40].

XRD analysis

Figure 6 shows the X-ray diffraction patterns of P(oAP-
mPDA)SP and P(oAP-mPDA)IP. The diffraction patterns
display 65.2% crystallinity of P(oAP-mPDA)IP and
17.7% crystallinity of P(oAP-mPDA)SP. The crystallinity
value of P(oAP-mPDA)IP copolymer is smaller than that
of polyortho-aminophenol homopolymer [16], while the
crystallinity of P(oAP-mPDA)SP is differ than the crystal-
linity of P(oAP-mPDA)IP. The crystallinity difference be-
tween the two copolymers P(oAP-mPDA)IP and P(oAP-
mPDA)SP may be attributed to that the chance for the
molecules to be ordered in crystal structure in IP method
is more than in MCSSP method. Copolymer synthesized
by IP method exhibits strongest peaks at 6.8°, 10°, 18.5°,
24°, 25.4, 27.7° and 32 °. The copolymer synthesized by

Fig. 5 TGA curves of P(oAP-
PDA)SP and P(oAP-mPDA)IP
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MCSSP method exhibits strongest peaks at 10°, 15.8°,
18.5°, 25.4 and 27.7°. 2θ = 25.4° is the characteristics
of the van der Waals distances between stacks of
phenylene rings through the copolymer chains [28, 41].
The crystallinity and orientation of conducting polymers
have been interested, because more highly ordered sys-
tems can display a metallic conductive state (this in
agreement with calculated optical band gap values as
semiconductors materials) and may influence the anticor-
rosion performance [42].

Surface morphology

Figure 7a and b, shows the surface morphology of the
resulting copolymers from the two methods and the images
reveal that it is in the micro-scale. On the other hand, there is
no similarity between the two SEM images. Therefore, surface
morphology of the copolymer varies according to the prepa-
ration method. Figure 7b shows that SEM micrograph of
P(oAP-mPDA)IP copolymer displays the sphere microparti-
cles with different size.

Fig. 7 SEM of (a): P(oAP-
mPDA)SP; (b): P(oAP-mPDA)IP

Fig. 6 XRD of P(oAP-mPDA)SP (red color) and P(oAP-mPDA)IP (black color)
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Conclusions

Poly (ortho amino phenol –co- meta phenylene diamine) as a
copolymer was successfully synthesized by mechano-
chemical solid polymerization. An approach to a green meth-
od, the mechanochemical solid-state polymerization was
achieved by using Mortar Grinder RM200 without using or-
ganic solvents during the preparation process. Poly (ortho
amino phenol –co- meta phenylene diamine) copolymer was
synthesized also by interfacial polymerization as a traditional
method. Based on the analysis, there is a good agreement
between the chemical structures of the copolymer synthesized
by the MCSSP method and the IP method. The energy band
gap was found to be 2.19 and 2.09 eV for the copolymers
synthesized by theMCSSPmethod and the IPmethod, respec-
tively. Copolymer synthesized by the MCSSP method dis-
plays a lower crystallinity than the copolymer synthesized
by IP method. The copolymer prepared by either MCSSP or
IP is located in the semiconductor materials range and they
displayed a good thermal stability.

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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