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Abstract. A p-phenylenediamine—catechol-based oligomer was synthesized via oxidative
polycondensation in an acidic medium under ultrasonic irradiation, employing potassium persulfate as
the oxidant to obtain an oligomeric material. The resulting material was characterized by
Fourier-transform infrared (FT-IR) spectroscopy, ultraviolet—visible (UV-Vis) spectroscopy,
thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR) spectroscopy, scanning
electron microscopy (SEM), X-ray diffraction, and electron spin resonance (ESR) spectroscopy.
FT-IR and NMR analyses confirm that the reaction conditions (with and without surfactant, in presence
of ethanol) significantly affect the composition of the resulting materials. It was established that,
depending on the reaction conditions, the formation of a trimer composed of two para-phenylenediamine
units and one catechol moiety, as well as the formation of poly-1,2-dihydroxybenzene, occurs in different
ratios. No products of the individual polycondensation of p-phenylenediamine were detected.
UV-Vis spectroscopy indicates wide-band-gap semiconducting behavior, with an optical band gap of
approximately 4.7 eV estimated from the Tauc plot analysis. TGA shows the oligomer is stable
up to ~270°C. SEM revealed an irregular, predominantly flake-like fragmented surface morphology
without well-defined individual particles. ESR confirmed unpaired electrons within the oligomer
structure. Temperature-dependent conductivity measurements revealed an unusual conductivity trend,
where conductivity slightly increased with decreasing temperature within the investigated range.
At room temperature, the measured conductivity is 1.06 x 107 S/cm.
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Introduction

Aromatic amines are an important group
of compounds with many industrial and
technological applications due to their unique
chemical and physical properties [1-3]. Among
them, polyaniline (PANI), one of the earliest
known conducting polymers, was first synthesized
in the 19" century, via the polymerization of
aniline in an acidic medium [4-6]. PANI has drawn
extensive attention due to its unique property
profile, including electrical conductivity [7,8],
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environmental stability, favourable magnetic
and optical properties [9,10], redox activity,
low density, and ease of synthesis [11]. These
features have enabled its integration into various
devices such as LEDs [12], OLEDs [13], solar
cells [14], sensors, capacitors [15], electrochemical
systems [16], batteries [17], and anti-static coatings
[18], as well as its application in electromagnetic
shielding [19], and other advanced electronic and
optical technologies. Nonetheless, the widespread
use of this material is hindered by its limited
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solubility in
processability.

Phenylenediamines, key derivatives of
aniline, possess two primary amino groups
that facilitate the oxidative coupling reactions
of  monomers  [20-24]. Among these,
para-phenylenediamine (PPD) is one of the
most  extensively studied diaminobenzenes,
undergoing oxidative polymerization to yield
poly-(p-phenylenediamine) a conjugated polymer
distinguished by its remarkable redox activity,
excellent chemical stability, and broad application
potential in fields such as electrochemistry, dyes,
and the rubber industry [25-30].

Phenol and its derivatives are a versatile
class of compounds that have attracted significant
attention due to their exceptional properties, such
as excellent antioxidant activity, chemical
reactivity, thermal and chemical stability, and wide
applicability in pharmaceuticals, cosmetics,
polymers, and their potential for use in conducting
polymers and electrochemical devices [31-35].

Catechol (1,2-benzenediol), a key phenolic
derivative, is distinguished by its two adjacent
hydroxyl groups, which impart strong antioxidant
capacity, metal-chelating ability, and enhanced
chemical reactivity [36].

Catechol-based systems represent an
important and versatile platform with applications
in adhesives and coatings, smart polymers,
biomedical materials, antimicrobial polymers, and
related fields [37-40].

Although  numerous research articles
address the synthesis, characterization, and
applications of  poly-para-phenylenediamine
[41,42] and poly-phenols, the copolymerization
of 1,2-dihydroxybenzene with PPD remains
underexplored, with only a limited number of
studies [43,44].

Given the growing interest in polymers with
diverse functional groups [45], copolymerizing
PPD with catechol offers an effective strategy
to integrate the beneficial properties of both
monomers, yielding hybrid materials with
improved  electrical ~ conductivity, greater
mechanical flexibility, and superior thermal
stability, thereby broadening their potential for
a range of applications.

The aim of this study was to investigate the
polycondensation of para-phenylenediamine in the
presence of 1,2-dihydroxybenzene, to determine
the structure of the resulting products, and to
evaluate the influence of reaction conditions on the
course of oxidative polycondensation, with a
particular focus on the formation of materials
exhibiting electrical conductivity and on

organic solvents and poor

identifying the most favourable conditions for
obtaining products with desirable functional
properties.

In particular, the study focused on
identifying the products formed under different
conditions: in an aqueous acidic medium with and
without surfactant, as well as in an aqueous acidic
medium with the addition of organic solvents, both
in the presence and absence of surfactant. In
addition, the physicochemical characteristics of the
obtained materials were studied using a range of
analytical methods included spectroscopic
methods such as nuclear magnetic resonance
(NMR), Fourier-transform infrared (FT-IR), and
ultraviolet—visible (UV-Vis) spectroscopy,
microscopic and structural analysis used scanning
electron microscopy (SEM) and x-ray diffraction
(XRD), thermal and electronic properties were
assessed by thermogravimetric analysis (TGA) and
electron spin resonance (ESR), conductivity was
measured with the four-probe method.

Experimental
Materials
Para-phenylenediamine (= 98%) (PPD)

and 1,2-benzenediol (1,2-BD) (catechol, > 99%)
were used as monomers without further
purification.  Potassium  persulfate  (PPS,
K2S20s, > 99%) served as the oxidizing agent.
Dodecyl amine (> 99%) used as surfactant.
Hydrochloric acid (HCI, 37 vol%) was diluted to
prepare a 1.0 M aqueous solution for the acidic
medium. Ethanol (96%) and distilled water were
used for washing the final product. All chemicals
and solvents were purchased from Sigma—Aldrich
(Germany). Deionized water was used throughout
all the experimental processes.
Methods and instruments
Synthesis of PPD / 1,2-benzenediol copolymer
under ultrasonic irradiation

Method A. The oxidative polycondensation
of PPD with 1,2-benzenediol was conducted
in 1.0 M HCI using potassium persulfate (K2S20x)
as the oxidant. PPD (25 mmol, 2.7 g) and
1,2-benzenediol (25 mmol, 2.75 g) were dissolved
in 50 mL of 1.0 M HCI in a 250 mL three-neck
round-bottom flask equipped with an ultrasonic
probe, a thermometer, and a water-cooled
condenser. The reaction mixture was maintained
at 0-15°C under continuous stirring. Prior to
oxidation, the solution was sonicated for 20 min to
ensure complete homogenization of the monomers,
after which the polymerization was initiated.
Upon completion of the reaction, the mixture
was allowed to cool to room temperature, then
isolated by vacuum filtration and washed
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thoroughly with 500 mL of deionized water to
remove any unreacted monomers, inorganic
residues, and excess acid. Further purification was
performed by repeatedly washing the filtrate with
ethanol until it became clear. The product was
dried in a vacuum oven at 60°C for 48 h to obtain
a dark green powder. The synthesized compound is
a black solid substance soluble in polar organic
solvents (DMSO, DMF, acetone, etc).

Method B. First, PPD (25 mmol, 2.7 g) and
1,2-benzenediol (25 mmol, 2.75 g) were dissolved
in a mixture of 50 mL 1.0 M HCI and 50 mL
ethanol inside a 250 mL three-neck flask (equipped
with  ultrasonic  probe, thermometer, and
condenser) at 0—15°C. Once complete dissolution
was achieved, 0.54 g dodecyl amine (DDA) was
added to the solution. The mixture was then
sonicated for 20 min. After sonication, potassium
persulfate (K2S20s, 25 mmol, 6.275 g dissolved in
50 mL water) was added dropwise over 30 min
during ongoing sonication. Following this
addition, the reaction was maintained for 6 h.
Throughout the reaction, the mixture gradually
changed from light brown to dark green, indicating
oxidative polymerization. Importantly, the entire
polycondensation was carried out in 1.0 M HCI,
using K-S:0s as the oxidant.

Method C. First, PPD (25 mmol, 2.7 g) and
1,2-benzenediol (25 mmol, 2.75 g) were dissolved
in 50 mL of 1.0 M HCI in a 250 mL three-neck
round-bottom flask equipped with an ultrasonic
probe, thermometer, and water-cooled condenser.
Dodecylamine (DDA) was then added as a
surfactant, and the mixture was sonicated for
20 min to ensure complete monomer
homogenization. After homogenization, the
reaction mixture was kept at 0-15°C under
continuous stirring. Polymerization was initiated
by adding potassium persulfate (K.S20s) as the
oxidant.
4,5-bis(4-aminophenylamino)cyclohexa-3,5-
diene-1,2-dione 1. FT-IR (v, cm™) 3218, 3016,
2867, 2591, 2287, 1706, 1604, 1564, 1506, 1408,
1420, 134, 1285, 1223, 1168, 1130, 1103, 1060,
1017, 968, 898, 819, 711. UV- 200-260 nm,
280-350 nm, 450 nm. TGA- 150°C, 260-300°C.
'H NMR (400 MHz, DMSO-dg) § 9.24 (s, 2H, NH),
7.32-7.18 (m, 4H), 7.08-6.95 (m, 4H),
5.68 (s, 2H). *C NMR (101 MHz, DMSO-ds) &
179.1, 148.7, 145.1, 125.3, 119.2, 115.7, 94.3.
Poly-(1.2-dihydroxybenzene) 2. FT-IR (v, cm™)
2921, 2851, 2598, 1607, 1579,1543, 1509, 1450,
1423, 1361, 1305, 1291, 1178, 1135, 1076,
1024, 826, 821,747. 'H NMR (400 MHz,
DMSO-ds) 0 6.85 (s, 10H), 6.72 (dd, J= 5.8,
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3.6 Hz, 2H), 6.59 (dd, J= 5.8, 3.6 Hz, 2H).
3C NMR (101 MHz, DMSO-ds) 6 145.7, 120.0
(bs), 119.7, 116.1.
Characterization

The molecular structure of the synthesized
materials was examined by Fourier-transform
infrared spectroscopy (FT-IR) using a Bruker
Alpha-P spectrometer equipped with an ATR
accessory (Wismar, Germany) in the range of
400-4000 cm™. UV-Vis absorption spectra were
recorded for solutions of the substance in
dimethyl sulfoxide (DMSO) using a Shimadzu
UV-2600 spectrophotometer (Japan).

Liguid NMR spectra (*H-, -C-,
BCIH-HSQC, BC'H-HMBC, ®N!'H-HSQC,
BN!H-HMBC experiments) were recorded for
2% solutions in DMSO-ds at 400 MHz on either a
Bruker Avance IlIl (Bruker, Rheinstetten,
Germany) or a Bruker Avance Neo (Bruker,
Ettlingen, Germany). Chemical shifts (J) are
reported in parts per million (ppm) relative to the
deuterated solvent peaks, with the signal centre as
the reference.

MALDI-TOF mass spectra were acquired
using a Bruker RapifleX MALDI-TOF/TOF
instrument (Bruker Daltonics, Bremen, Germany)
equipped with a Smartbeam 3D laser, operating in
positive reflectron ionization mode (RP). Samples
were initially dissolved in DMSO and
subsequently diluted (1:9, v/v) with acetonitrile to
ensure a final DMSO content below 10%,
minimizing signal suppression effects. Due to
limited solubility, samples were only partially
dissolved. The analytes were mixed with
2,5-dihydroxybenzoic acid (DHB) as matrix in a
1:2 (sample: matrix) ratio, deposited onto a
MALDI target plate, and allowed to dry prior to
analysis. Mass spectra were recorded in the
m/z range of 100-3200 Da. Spectra were acquired
both as individual sample spectra and as overlays
with the matrix spectrum to facilitate identification
and exclusion of matrix-related signals.

The thermal stability of the polymer was
investigated by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC),
performed on a STA 6000 (Perkin Elmer
Instruments, USA) under a nitrogen flow
(20 cm®min) over the temperature range from
25°C to 800°C at a heating rate of 10°C-min™,
The X-ray diffraction (XRD) patterns were
obtained with a Bruker AXS D8 Advance
diffractometer (Wismar, Germany). The samples
were mounted on conductive carbon tape and
coated with a 20-nm layer by direct-current
sputtering. To analyse the morphology of the
nanocomposites, Scanning Electron Microscopy
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(SEM) images were obtained using a
Field Emission JEOL SEM 7001F (Tokyo, Japan)
in secondary electron imaging (SEI) mode.
Samples containing free radicals A (1) in the
polycrystalline state were studied by electron spin
resonance (ESR) at room temperature using a
SE/X-2544 EPR spectrometer. The microwave
frequency used was 9.4 GHz. The electrical
conductivity of the oligomer was measured using
a Keysight B2910BL source/measure unit
(SMU) and applying a voltage of 42 V to each
investigated sample. Ultrasonic Homogenizers
and ultrasonic emulsification device probe
sonicators (FS3N140303, 100 W, 40 Hz,
manufactured in the USA) have been used in
polymer synthesis to enhance reaction rates
through cavitation induced by ultrasonic energy.
This cavitation leads to the formation and collapse
of tiny bubbles, thereby affecting solubility,
diffusivity, penetration, and monomer transport in
the medium.

Results and discussion
FT-IR analysis

The FT-IR spectrum of the synthesized
compound via Method A is presented in Figure 1
(red curve). A broad absorption band in the
3550-2585 cm™ region results from overlapping
O-H (centred near 3350 cm™) and N-H (around
3218 cm™) stretching vibrations, both attributed
to hydrogen-bonded functional groups that suggest
intermolecular hydrogen bonding. The absorption
peak at 3016 cm™ corresponds to aromatic (C—H)
stretching, while bands at 1564 and 1506 cm™ are
assigned to benzenoid (C-C) ring stretching.
The 1285-1346 cm™ region exhibits aromatic
amine (C-N) stretching bands, and the 1168 cm™
band is attributed to C-O stretching in phenolic

groups. Bands at 819 and 715 cm™ indicate
out-of-plane C-H deformation in isolated and
adjacent aromatic C—H groups. Collectively, these
FT-IR signals support the formation of
PPD-catechol co-oligomers. The absence of an
intense absorption band characteristic of carbonyl
groups in the region of 1690-1750 cm™ supports
the assumption that catechol is present
predominantly in the phenolic rather than
guinonoid form.

The FTIR spectrum of the sample obtained
by Method B (Figure 1, blue curve) differs
significantly from that of sample A, further
confirming the formation of materials with
different compositions. In the spectrum of sample
B, the absorption band at 3218 cm™ and the group
of intense bands in the 1200-1400 cm™ region,
characteristic of amino groups, are absent.
At the same time, more intense signals are
observed in the 1000-1200 cm™ region, which
are attributed to C-O single-bond stretching
vibrations.  This observation supports the
assumption that, under the experimental conditions
of Method B, polycatechol is formed.

NMR analysis

To elucidate the structure of the
surfactant- containing samples, NMR spectra
were analysed for samples prepared in the
presence of ethanol (Method B), which reduces
protonation of aromatic amino  groups.
Under standard acidic conditions (Method C),
signal broadening, presumably due to the
formation of corresponding cations, decreases
spectral resolution and complicates quantitative
analysis. However, the positions of the peaks in the
'H NMR spectra remain visually unchanged.
This effect does not influence the quality of the
13C NMR spectra.
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Figure 1. FT-IR absorption spectrum of oligo-(PPD-co-1,2-BD) obtained via Method A and Method B.
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Thus, in the 'H NMR spectrum
(Figure 2(a)), signals are observed in the
upfield region corresponding to the surfactant,
dodecyl amine, while several groups of signals
appear in the downfield region. Signals at 6.72
and 6.59 ppm (dd) are characteristic of the
aromatic ortho- substituted fragment attributed to
1,2- dihydroxybenzene. A singlet at 6.85 ppm is
also present. The integral ratio of the doublet of
doublets to this singlet is 1:1:5, respectively.
An intense broadened signal at 7.69 ppm is also
observed, most likely corresponding to the
protonated amino group of the surfactant, as
confirmed by COSY spectra (Figure S1,
Supplementary material), where a cross-peak with
methylene protons adjacent to nitrogen (2.76 ppm)
is detected. Additionally, low- intensity singlets at
0 9. 24 and 5. 68 ppm are present, which are
characteristic of dione structure 1 (Figure 3),

—am

Mold., 2026, 21(1), 112-124

corresponding to an oxidized and substituted
1,2- dihydroxybenzene. The signal at 9.24 ppm is
attributed to an amino group. Literature reports
indicate that secondary amine protons may appear
in this region [43]. The signal at 5.68 ppm
corresponds to a CH group of this fragment.
To determine whether this fragment is connected
to the oligomer molecule, additional one- and
two- dimensional NMR spectra were analysed.
Due to the low content of this fragment,
the *C NMR (Figure 2(b)) and HSQC (Figure S2)
spectra do not provide sufficient information
for  structural  conclusions. However, in
the HMBC spectrum (Figure S3), cross-peaks
for these signals are observed at approximately
180 ppm and 150.4 ppm, values characteristic
of carbons adjacent to hydroxyl and amino
groups in such kind of molecules [43],

respectively.
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It was observed that when oxidative
polycondensation is carried out without ethanol
(Method C), the resulting product shows a fourfold
increase in the ratio of the trimer fragment proton
integrals relative to the rest of the molecule.
This enables the detection of minor signals in the
13C spectrum and their assignment to the discussed
fragment. Thus, in the "C NMR spectrum
(Figure S4), signals appear at 179.1, 148.7, 115.7,
and 94.3 ppm, and the intensity of the signal at
125.3 ppm increases significantly. According to
DEPT data (Figure S5), the signals at 125.3, 115.7,
and 94.3 ppm correspond to CH groups. The latter
signal is particularly characteristic and can be
clearly attributed to the CH group of the catechol
fragment of trimer 1. The remaining CH signals
correspond to protons in the 2,6- and 3,5-positions
of the para-phenylenediamine ring. These protons
in the '"H NMR spectrum (Figure 2(a)) give
multiple signals in the region of 7.30-6.97 ppm,
which is further confirmed by weak cross-peaks
in the HSQC spectrum (Figure S2). At the same
time, no correlations between this structure and
other fragments are observed in the HMBC spectra
(Figure S3). All of this data confirms the
formation of the compound 1 (Figure 3) in the
reaction mass.

As a next step to confirm the proposed
structure, elemental analysis was performed to
determine the carbon-to-nitrogen ratio. For this
purpose, the synthesis was carried out under

NH,

HO N
H

1

oxidative polycondensation conditions in an acidic
aqueous medium without a surfactant (Method A).
However, the resulting sample consisted
predominantly of compound 1 with a minor
amount of compound 2, as indicated by the integral
intensities in the '"H NMR spectrum (Figure S6).

Similarly, the data corresponding to the
remaining signals were analysed to elucidate the
structure of the second component in the sample
mixture. Analysis of the HMBC data (Figure S3)
shows that the aromatic protons of the terminal
ortho-dihydroxy benzene unit correlate with a
quaternary carbon at 145.7 ppm, which is typical
for a carbon atom bonded to a hydroxyl group
in such systems. In turn, the singlet protons at
6.85 ppm correlate only with carbons resonating at
around 119 ppm, indicating overlap among
multiple signals with very similar chemical shifts.
Such a result is only possible if these protons are
nearly equivalent.

Based on these data, it was assumed that the
second compound formed in the reaction medium
under oxidative polymerization conditions in the
presence of a surfactant and ethanol (Method B) is
poly(ortho-dihydroxybenzene) with structure 2
(Figure 3). The integral value of 2 for each doublet
of doublets at 6.60 and 6.72 ppm was assigned,
assuming that a linear molecule contains one
terminal ortho-fragment. Accordingly, the singlet
at 6.98 ppm has an integral value of 10,
corresponding to five 1,2-dihydroxybenzene units.

SOOI T

Figure 3. Oligomers obtained via oxidative polycondensation of p-phenylenediamine and catechol.
H H H
N N N N N N NH»
N N N
HoN N N N N N N
H H H
n

Figure 4. Product obtained via oxidative polycondensation of p-phenylenediamine in the presence of DDA.

H H H H H H
N N N N N N NH,
YL X I oy
H,N N N N N N N
H H H H H H
n

Figure 5. Product obtained via oxidative polycondensation of p-phenylenediamine without DDA.
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It is worth noting that numerous examples
of polycondensation of para-phenylenediamine
have been reported in the literature, even under
similar conditions [45-47], with different product
structures and mechanisms proposed. To exclude
the formation of poly(para-phenylenediamine),
the  polycondensation was  carried out
under identical conditions but  without
1,2-dihydroxybenzene. However, in this case, a
completely different product was obtained,
as confirmed by comparison of the spectral
data with those of samples prepared in the
absence of 1,2-dihydroxybenzene. When a
surfactant was used, the product exhibited a
doublet in the 'H NMR spectrum (Figure S7),
characteristic of conjugated protons, and three
signals in the *C NMR spectrum (Figure S8)
at 149.2, 126.3, and 114.6 ppm, which is consistent
with the structure of poly(para-phenylenediamine)
shown in Figure 4 and agrees with literature
data [46].

When the reaction was performed without a
surfactant, the obtained product showed only one
CH signal at 7.28 ppm in the 'H NMR spectrum
(Figure S9) and two signals in the *C NMR
spectrum at 120.1 and 134.8 ppm, which may
correspond to the structure presented in Figure 5.
Such a structure has not been reported in the
literature to the best of our knowledge. It should
also be noted that detailed NMR studies of such
systems are scarce, which limits a full comparative
analysis.

Thus, it was demonstrated that the target
product is not a result of polycondensation of para-
phenylenediamine. The absence of nitrogen is
further supported by the lack of cross-peaks in the
"N'H-HMBC spectrum.

To  wverify the  assumption  that
ortho-dihydroxy benzene can participate in such
reactions, oxidative polycondensation was carried
out in the absence of para-phenylenediamine.
Under these conditions, a product was obtained
whose 'H NMR spectrum (Figure S10) exhibited
signals similar to those observed in our case,
namely a singlet and two doublets of doublets.
However, the degree of polymerization was lower;
according to the obtained data, dimers were
predominantly ~ formed.  Nevertheless, the
formation of such a structure confirms the validity
of our assumption.

Thus, it can be concluded that 1,2-dihydroxy
benzene, acts as an inhibitor of oxidative
polymerization, yielding a trimer (structure 1) that
does not undergo further chain growth. This
behaviour can be explained by the stability of the
radical formed during the initiation step of radical
polycondensation, which results in delocalization
across the entire conjugated system. Consequently,
this stabilization renders the trimer unreactive
toward further propagation. The use of a surfactant
in an acidic aqueous medium lead to the formation
of a mixture of compounds 1 and 2 in
approximately a 1:1 ratio. The addition of an
organic solvent (ethanol) further increases the
content of compound 2, reaching a ratio of
compounds 1:2 = 1:4 under the described
conditions.

MALDI-TOF MS analysis.

Figure 6(b) presents the MALDI-TOF
mass spectrum in comparison with the reference
spectrum Figure 6(a). A signal at m/z 649.565 is
observed, which correlates with the expected
values for protonated polycatechol species
(theoretical molecular weight ~640 Da).
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Figure 6. The MALDI-TOF mass spectrum of reverence DHB (a) and the MALDI-TOF mass spectrum of
the sample in comparison with the reference spectrum of DHB (b).
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Additionally, signals in the m/z range of
322 are detected, which can be attributed to the
presence of trimer. The relatively low intensity of
the observed peaks is consistent with the low
concentration of the analyte in the sample.

The proposed mechanisms for the
formation of compounds 1 and 2 are presented in
Schemes 1 and Scheme 2, respectively. Upon
interaction of the sulfate radical anion with a
catechol molecule, homolytic abstraction of a
hydrogen atom from one of the hydroxyl groups
occurs, resulting in the formation of a radical
species characterized by several resonance
structures, among which structure 1 is considered
the most stable. This intermediate subsequently
reacts with a para-phenylenediamine molecule to
form intermediate 11, which undergoes enolization
to yield intermediate I11. Further interaction of the
latter with a para-phenylenediamine-derived
radical leads to the formation of compound 1.

HO - 0 O A o)
000 — 3010 =
HO HO HO™ HOY (& H*

NH
HO NH, /©/
— J L
HO N - HO
H -

In the presence of a surfactant, competing
interactions involving amino-containing
compounds in the reaction medium appear to
occur. Alternatively, dodecyl amine may
preferentially surround para-phenylenediamine
molecules through hydrogen-bonded associations,
thereby reducing their reactivity. In contrast,
catechol tends to form intramolecular hydrogen
bonds between its two hydroxyl groups and is
therefore less susceptible to interaction with the
surfactant. As a consequence, due to the reduced
reactivity of para-phenylenediamine, the radical
intermediate | preferentially reacts with a second
catechol molecule (Scheme 2), leading to the
formation of intermediate 1V, which is
subsequently converted into intermediate V.
Further oxidation results in the formation of
dimer VI. Subsequent chain growth proceeds
through the addition of radical | to the growing
polymer chain.
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UV-Vis spectroscopy

UV-Vis spectroscopy was employed to
assess the optical and electronic properties of the
synthesized compound. As shown in Figure 7, the
synthesized aromatic oligomer reveals a highly
conjugated electronic structure with a distinct
optical band gap. Intense m—n* transitions in the
deep-UV region (200-260 nm) confirm the
preservation of the aromatic backbone following
polymerization. Additionally, the presence of a
pronounced absorption shoulder attributed to
n—7* transitions (280-350 nm), together with a
broad visible-light peak centred at 450 nm,
indicates effective chain growth and the
development of an extended conjugated system
involving the lone pairs of nitrogen and oxygen
atoms. The optical band gap was estimated using
Tauc plot analysis (inset in Figure 7) and was
found to be approximately 4.7 eV. This value
suggests that the obtained material behaves as a
wide-band-gap organic semiconducting system.
The observed optical response reflects the
influence of the conjugated aromatic framework
together with the presence of heteroatom-
containing functional groups formed during
oxidative polycondensation.
Thermogravimetric analysis

Thermal degradation of the sample was
examined by thermogravimetric analysis (TGA),
as shown in Figure 8. The graph shows a
multi-step weight-loss, indicating distinct thermal
degradation processes. The initial weight
loss = 3.5% observed bellow 150°C is attributed
to the removal of adsorbed water and residual
solvent molecules. The main degradation step
occurs in the most critical region around
260-300°C, with a significant mass loss of

about 39.5%. This process is associated with the
decomposition of the oligomeric linkage or the loss
of a smaller, low-molecular-weight oligomeric
fraction, as evidenced by the peak in the derivative
thermogravimetric (DTG) curve centred at
approximately 300°C (DTGmax = —8%/min).

Beyond 350°C, a gradual mass loss of
approximately 17% 1is observed up to 700°C,
corresponding to the further degradation and
carbonization of the conjugated backbone.
The material retains a relatively high residual mass
of about 40% at 700°C, indicating enhanced
thermal stability. Overall, the observed thermal
behavior is consistent with previously reported
aromatic amine-based conductive oligomers
[48,49], suggesting that the synthesized materials
exhibit moderate thermal stability and may be
promising for electronic applications.
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Figure 7. UV-Vis spectrum of
oligo-(PPD-co-1,2-BD).
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Figure 8. Temperature dependence of the weight loss of oligo-(PPD-co-1,2-BD) (blue) and DTG (red) curves
during heating up to 700 °C at a rate of 10 °C/min.
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Figure 9. SEM micrographs of oligo-(PPD-co-1,2-BD) recorded at different magnifications, showing the
evolution from compact aggregated domains (a) to irregular flake-like and partially stacked structural
assemblies at higher magnification (b,c).

Scanning electron microscopy

The SEM images (Figure 9) reveal that the
synthesized oligo-(PPD-co-1,2-BD) exhibits a
non-uniform and highly textured morphology.
At lower magnification, the material appears as
compact aggregates with an interconnected
domain. At higher magnification, the surface is
composed of irregular fragments combining
predominantly flake-like features. No well-defined
individual particles can be distinguished,
suggesting that the copolymerization process
promotes the formation of interconnected domains
rather than discrete entities. This morphology can
be associated with the conditions imposed by
ultrasound-assisted oxidative synthesis, where
rapid nucleation and continuous growth lead
to the formation of partially stacked and compact
structural assemblies. Such structural
characteristics may enhance surface accessibility
and contribute to improved performance in
applications involving interfacial processes.
X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis reveals a
pattern characterized by several sharp diffraction
peaks superimposed on a broad diffuse halo.
The presence of relatively sharp reflections
suggests the existence of ordered structural
domains within the synthesized material, while
the diffuse contribution indicates the coexistence
of disordered regions typical for oligomeric
systems. The most intense reflection observed at
approximately 20 = 9°, together with the group of
peaks between 18° and 25°, may be associated with
intermolecular organization promoted by hydrogen
bonding and m—7 interactions between aromatic
fragments. At the same time, the broad diffuse
contribution in the 15°-30° region suggests that the
material does not possess complete long-range
crystallinity. Overall, the XRD results indicate
partial structural ordering within the oligomeric
matrix (Figure 10).
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Figure 10. XRD patterns of
oligo-(PPD-co-1,2-BD).
ESR analysis

The ESR spectrum (Figure S11) of the
synthesized  co-oligomer  (PPD-co-1,2-BD),
measured in the X-band at room temperature,
exhibits a single resonance line with a g-factor of
2.0039 £ 0.0005 and a peak-to-peak linewidth
ABpp= (1.69 £+ 0.08) mT. The g-factor for
co-oligomer practically matches that of the
standard radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH), g= 2.0036 [50], indicating that the
unpaired electrons in the co-oligomer and DPPH
are in a similar magnetic environment. In contrast,
the ABpp of the co-oligomer is approximately
18,8 times greater than the 0.09 mT observed for
DPPH using 1.1-GHz continuous wave ESR
spectroscopy with a frequency modulation
method [51]. This broader ESR line indicates
substantially weaker exchange interactions in the
co-oligomer in comparison with DPPH.
Conductivity

Oligo-(PPD-co-1,2-BD)  nanocomposites
synthesized in different methods (A, B, and C),
both with and without surfactants demonstrated
unconventional  electrical  behaviour  when
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evaluated using a Keysight B2910BL
source/measure unit (SMU) and applying a voltage
of 42 V to each investigated sample. Unlike typical
semiconductors, where conductivity increases with
temperature, the conductivity of this compound
increased as temperature decreased (Figure 12).
The measured conductivity at room temperature
was 1.06 x 107 S/cm, highlighting the material's
distinctive temperature-dependent properties.
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Figure 12. Temperature-dependent conductivity
diagram of the oligo-(PPD-co-1,2-BD).

Conclusions

Oligomeric materials based on
p-phenylenediamine and 1,2-benzenediol were
synthesized in different media, both with and
without surfactant. This was achieved via oxidative
polymerization under ultrasonic irradiation,
employing a 1:1 monomer-to-PPS ratio at 0—-15°C
for 8 hours.

Comprehensive structural and
morphological characterization was conducted
using FT-IR, H and ®C NMR, UV-Vis, TGA,
SEM, XRD, and ESR spectroscopy. FT-IR
and NMR analyses confirmed the formation of
both  co-oligomer and homo-oligomer of
1,2-benzenediol. Reaction conditions determine
product distribution: oxidized 1,2-dihydroxy
benzene limits chain growth by stabilizing radicals
and favouring trimer formation, whereas medium
composition further modulates outcomes. Notably,
the presence of surfactant and ethanol increases the
yield of oligo-1,2-benzenediol, highlighting the
importance of these factors in guiding product
selectivity.

UV-Vis spectroscopy demonstrated that,
despite radical localization, sufficient conjugation
and electronic interactions are present to produce a
significant optical band gap, classifying the
material as an organic semiconductor. TGA results
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indicated moderate thermal stability up to 270°C.
SEM  observations revealed heterogeneous
aggregated structures composed predominantly of
irregular flake-like domains, while XRD analysis
suggested partial structural ordering within
the oligomeric matrix. ESR spectroscopy verified
the presence of stable, localized radicals with
weak exchange interactions. The electrical
conductivity, measured by the four-probe method,
was 1.06 x 1077 S/cm. In addition, the presence of
polar functional groups (-NH-) enhanced
solubility in common polar organic solvents such
as DMSO and DMF.
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