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Abstract Poly(m-phenylenediamine) (PmPDA) was synthe-
sized via an oxidative polymerization using benzene-1,3-
diaminium dodecyl sulfate (P2) as the monomer. P2 is a new
concept of reactive surfactant because, unlike conventional
polymerizable surfactants where the polymerizable group is
a carbon—carbon double bond, therein, the polymer chain
propagates through the diaminium group. Polymerization in
aqueous micellar solution, chloroform/water interface, and
xylene/water emulsion allowed successful synthesis of
PmPDA. Infrared and UV—vis spectroscopy revealed that
PmPDA share chemical structure, based on phenazine with
open segments, rich in quinoid rings (pernigraniline-like),
and partially doped, regardless of the method of synthesis.
Conversely, electron microscopy exhibited important effect
on morphology (nanofibers, pot-like, and globular
nanoparticles) as a function of polymerization method and
temperature. Additionally, cyclic voltammetry indicated
electroactivity in all products, showing reduced/semi-
oxidized and semi-oxidized/oxidized redox transitions with
differences concerning synthesis method and temperature. A
paraffin/PmPDA core—shell composite was obtained by emul-
sion polymerization method taking advantage of P2
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amphiphilic properties. Electron microscopy evidenced mi-
croencapsulation, whereas thermal properties (melting tem-
perature, melting enthalpy, thermal stability, and viscosity as
function of temperature) suggested promising properties for
the design of form-stable phase change materials.
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Introduction

Polyphenylenediamine (PPDA) belongs to the large family of
polyanilines, sharing a structure based on quinoid and benze-
noid groups. PPDA is derived either from ortho- (o-), meta-
(m-), or para- (p-) phenylenediamine (PDA). Literature sug-
gests that PPDA consists of a ladder-like structure of aromatic
nitrogenous heterocycles (phenazine) irrespective of the
monomer [1-3]; however, differences in the polymer ladder
depending on the monomer used have been reported [3].
Likewise, polyaniline (PAni), depending on polymerization
conditions, PPDA presents oxidation isomers [4].
Modifications to polymerization conditions, dopant, oxidizing
agent, or pH allows improving PPDA properties, which has
permitted to develop applications in, for example, biosensing
or metal ion adsorption [3, 5-10].

Several groups have developed synthetic strategies that
have enabled them to design and control PPDA microstruc-
ture. Thanks to this, they have developed materials with spe-
cific morphologies that have exhibited varied properties. For
example, Wang et al. developed a method for synthesizing
PpPDA in a controlled manner. Synthesis was achieved in
aqueous medium with chloroauric acid as the oxidizing and
polyvinilpirrolidona (PVP) as the surfactant. They found that
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the presence of PVP is an important condition in microstruc-
ture control (spindle-like, diamond-like, centrosymmetric
leaf-like, and parallelogram-like) [11]. The group of Sun
et al. synthesized core—shell composites using silver nanopar-
ticles as the shell. The combination of PmPDA with silver
nanoparticles, obtained by chemical polymerization in aque-
ous phase, allowed designing sensors for peroxide and nucleic
acid sequences thanks, respectively, to the catalytic activity and
fluorescence [6, 12]. The same group of Sun et al. reported the
use of PmPDA with rod and belt microstructures obtained by
chemical polymerization in aqueous phase and organic sol-
vents, using ammonium persulfate (APS) as oxidant. In both
cases, the microstructure was used as a platform for sensing
nucleic acid sequences [13, 14]. Sang et al. reported the ab-
sorption of sulfate ions by microparticles of PmPDA synthe-
sized in aqueous medium using APS as oxidant at 25 °C. They
found that the concentration of the oxidizing agent and the pH
are critical conditions in yield and ion adsorption efficiencies
[15]. Wang et al. reported the design of a sensor for detecting
metalloproteinase 2. In this investigation, spherical nanoparti-
cles of PmPDA, synthesized in a mixture of water and
methylpyrrolidone and catalyzed by APS, were used as sensor
platform due to high electron density [16]. Furthermore, Jiang
et al. reported a method to obtain different structures of POPDA
in aqueous media induced by the incorporation of NaCl (sodi-
um chloride). They found that by modifying the concentration
of NaCl, it is possible to modify the microstructure (belts,
shaped bun, agglomerates, or long belts) [17].

Recently, we reported on the synthesis of polystyrene/PAni
core—shell nanocomposites and nanographite/PAni composites
using anilinitum dodecyl sulfate as the monomer precursor of
PAni [18-20]. In these works, the anilinium salt allowed, respec-
tively, stabilizing styrene emulsion polymerizations and
assisting graphite exfoliation. Subsequently, the PAni shell was
produced by an oxidative polymerization catalyzed by ammo-
nium persulfate, that is, the salt is, simultaneously, surfactant and
monomer of PAni. Based on these properties, we considered it
as a new concept of reactive surfactant, with the difference that
the anilinium group is the reactive site and not a carbon—carbon
double bond as in conventional reactive surfactants.

Herein, we report on the synthesis of poly(m-
phenylenediamine) (PmPDA) using benzene-1,3-diaminium
dodecyl sulfate (P2) as the monomer (Fig. 1a). In this two-
tailed amphiphile, the diaminium group is the reactive site.
Through this group, the ladder-like structure propagates via
an oxidative polymerization. Additionally, the dodecyl sulfate
counterions provide P2 with surface-active properties, that is,
P2 is a surfactant. In this work, we studied polymerization
method effect on PmPDA morphology, chemical structure,
and electroactive properties. PDA chemical polymerization
in the aqueous phase has been widely studied; however,
heterophase systems have not been so popular. Emulsified
and micellar systems were employed to synthesize
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Fig. 1 a Chemical structure of reactive amphiphile, benzene-1,3-
diaminium dodecylsulfate (P2). b General structure of a conventional
reactive surfactant which includes hydrophilic head-group, counterion,
hydrophobic tail, and free radical polymerizable C—C double bond

nanocomposites and to control nanostructure [21-23].
Concerning interfacial polymerization, widely used method
for the synthesis of polyaniline nanofibers, only one report
was found [24]. Consequently, many aspects on PPDA syn-
thesis related to monomer modification and synthesis method
offer the opportunity to contribute with new knowledge in this
field. Motivating results inspired the synthesis of paraftin/
PmPDA core—shell composite, via emulsion polymerization
method for stable-form phase change material application.
With P2, we wish to contribute to the development of conju-
gated polymers and with the design of reactive surfactants
with functional groups other than the conventional carbon—
carbon double bonds, but keeping surfactant-monomer con-
cept concurrently. Considering the significant difference in
reactivity between P2 and the conventional reactive surfac-
tants (Fig. 1b), no details on this issue are given. Relevant
literature addressing this topic can be consulted [25, 26].

Experimental
Reagents

m-Phenylenediamine (WAKO), ammonium persulfate (re-
crystallized from a saturated aqueous solution at 45 °C), sodi-
um dodecyl sulfate (SDS), hydrochloric acid, ethanol, xylene,
acetone, and paraffin (m.p. 45 °C) were used as delivered
(Nacalai Tesque) unless something else was indicated. Tri-
distilled quality water was used in all experiments.

Synthesis

P2 was synthesized by reacting m-phenylenediamine (mPDA)
with protonated SDS at 60 °C. P2 purification was carried out
by recrystallization from water; first, the product was dis-
solved in water at 60 °C and left to cool at room temperature.
The crystals were recovered by filtration and evaporated at
room temperature (purification procedure is repeated two
times). P2prr 2940 cm ™' (C—H,v,,CHs); 2859 cm ' (C-H,
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v,,CH,), 2920 cm™' (C—H,v,,,CH,); 1210 cm™" (S=0,, V4,
S0y), 1066 cm ™' (S=0,,v,,S0,), 805 cm™' (S—-0,v4,SO0,);
2620 cm™' (NHs " Vovertone)s 1520 cm ™' (N-H,v,, NH,"),
1600 cm ™! (N-H,v,NH,"); 1495 cm ! (C-H,w,anilinium)
950 cm ™' (C-H,p,anilinium). P2y yie 360 nMm (70-7* ppenazin
fragments)~

Krafft temperature (K, 50 °C) and critical micellar con-
centration (cmc, 1.5 mmol L") were determined by electrical
conductivity measurements. Electrical conductometry is a
classical method to determine Kt and cmc [27-29]. This
method is particularly suitable for ionic surfactants. It is based
on the abrupt change of slope in the curve of electrical con-
ductivity versus concentration of the surfactant in aqueous
solution. At the cme, the spontaneous self-assembly of the
surfactant molecules occurs, because the micelles are bulkier
than the surfactant molecules in solution, the conductivity
decreases causing slop reduction. The procedure was as fol-
lows: an aqueous solution of P2 was prepared at 55 °C. In a
glass vessel, demineralized water (conductivity 1.8 uS cm ™)
was loaded and tempered at 55 °C. Progressive additions of
1 mL each time of the solution were achieved. The evaluation
consisted in measuring the change in electrical conductivity as
a function of salt concentration; as mentioned, the cmc was
evidenced by the slope change.

P2 (0.1 g, 0.156 mmol) was polymerized via aqueous mi-
cellar solution (50 mL ;) using mechanical stirring
(100 rpm) for 24 h. Emulsion polymerization of P2 was
achieved using xylene as the dispersed phase (10 mL,yjene/
50 mLyqe); in this process, mechanical stirring (300 rpm)
was applied for 24 h. Concerning interface polymerization, it
was performed using a water/chloroform system (50 mL e/
50 mLcpoloform)- P2 contained in chloroform was the lower
phase, whereas an APS aqueous solution was the upper phase;
these polymerizations were left for 24 h without any stirring.
In all polymerizations, APS (0.312 mmol) was used as the
unique catalyst. Temperature effect (0, 25, or 50 °C) was eval-
uated. To purify the product, first, acetone was added to pre-
cipitate the polymer; subsequently, progressive additions of
the solvent were made until no color was observed in the
eluent. Experimentation details can be consulted in
Supplementary Material.

Measurements

PmPDA was characterized using an infrared spectrometer
(FTIR-4100, JASCO); the samples were dispersed by sonica-
tion in acetone and then deposited on potassium bromide com-
pressed pellets with the aid of a capillary. UV—vis spectra were
recorded using a spectrophotometer (V-370, JASCO); sam-
ples were prepared in N,N-dimethylacetamide. Melting-
recrystallization cycling of the core—shell composite and par-
affin were run in a differential scanning calorimeter (Thermal
Analyst 2100, TA Instruments); sample were run under air

atmosphere and heating rate of 10 °C min'. Morphology
was characterized using a field emission scanning electron
microscope (JSM-7401F, JEOL Ltd.) and a field emission
transmission electron microscope (JEM 2200FS, JEOL
Ltd.); samples were prepared placing a droplet of polymeriza-
tion product on a holey—carbon—copper grid and then left to
dry at laboratory conditions. Additionally, PmPDAs were
characterized by cyclic voltammetry (CV) using a
potentiostate analyzer (model 1260 plus 1287, Solartron).
Electrochemical measurements were performed in a standard
three-electrode cell at room temperature using Pt square foil
(area=0.75 cm?) as the counter electrode and Ag/AgCl/satu-
rated KCI as the reference electrode. The electrolyte was a
sulfuric acid (H,SO,) solution 1 M. All analyses were per-
formed at a scan rate of 25 mV s~ ' by sweeping the potential
between —0.5 and +1.0 V against Ag/AgCl reference elec-
trode. Working electrodes were made with carbon paste;
5 mg of sample was deposited for measurement. Core—shell
dispersion viscosity dependency with respect to temperature
was evaluated using a rotational rheometer (MCR 501, Anton
Paar Physica); samples were run using concentric cylinder
geometry, swiping temperature from 25 to 60 °C, heating rate
of 2 °C min"!, and shear constant of 0.001 s .

Results and discussion
Critical micellar concentration

The curves of specific conductivity versus temperature and
specific conductivity versus P2 concentration are shown in
Fig. S1 (Supplementary Material). P2 presented a Krafft tem-
perature (Kr) of 50 °C (Fig. Sla). This property indicates the
critical temperature for micelle formation. Based on this re-
sult, cmc was determined at 55 °C (Fig. S1b), giving a value of
1.5 mmol L™" which was, respectively, two and five times
lower than those reported for the anilinium salt
(2.99 mmol L") and SDS (7.9 mmol L") [18]. The substitu-
tion of the small hydrophilic counterion by a voluminous hy-
drophobic organic counterion results in changes in surfactant
micellar behavior. When aromatic counterions are present,
transitions from spherical micelles to rodlike, elongated, or
wormlike micelles have been reported [30-33]. Cmc reduc-
tion, as a function of organic counterion hydrophobicity, has
also been observed [34-36]. These changes were attributed to
organic counterion fitting into the chain palisade [37]. In the
present case, diaminium group location within the hydrocar-
bon micellar palisade seems restricted considering the sulfate
anions pull the diaminium group to the micellar surface.
Figure S2 shows the molecular models for P2, the anilinium
salt, and SDS. As observed, the molecule of P2 occupies a
larger area compared with the others, causing water—air inter-
face saturation at lower concentration and the reduction of the
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cmc as a consequence (FTIR characterization of P2 is reported
in Supplementary Material, Fig. S3).

Chemical structure of PmPDA

Figure 2 shows FTIR spectra of PmPDA. Characteristic peaks
at 1620 and 1500 cm™" were ascribed, respectively, to quinoid
and benzenoid rings stretching. Intensity difference of these
bands was related to the abundance of these rings in the poly-
mer ladder [38]. This suggests that PmPDA contains a higher
proportion of quinoid to benzenoid rings in all cases; conse-
quently, in analogy with polyaniline, pernigraniline-like ar-
rangements seem the preferred. The bands at 1400 and
1250 cm ™' were associated, respectively, to stretching of N—
C of imine of phenazine structure and to N—C of benzenoid
rings. The bands at 1110, 1050, and 620 cm ! were ascribed to
S—-O stretching of sulfate group. Sang et al. reported the ab-
sorption sulfate ions by PmPDA at 1110 cm™' [15], suggest-
ing, in the present case, that the ammonium groups are coun-
terions of dodecyl sulfate anions. Literature remarks the pres-
ence of the doping agent in this region [2, 39]. At high field,
the bands at 3340 and 3160 cm™' were attributed, respectively,
to N-H stretching of -NH, (amino) and —-NH- (imino)
groups. The proportion of these bands has also been related
to the relative abundance of benzenoid to quinoid rings in the
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Fig. 2 Infrared spectra of PmPDA obtained by different synthetic
methods. Aqueous micellar solution at 50 °C (W50), emulsion
polymerization at 25 °C (XR) and 50 °C (X50), and interface
polymerization at 25 °C (CR) and 50 °C (C50)
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ladder structure [3], suggesting also higher content of quinoid
rings. Finally, the small teeth observed at 2920 and 2850 cm
were ascribed, respectively, to C—H asymmetric and symmet-
ric stretching of —CH,— groups of dodecyl sulfate anion.
Literature has pointed equivalent bands for PAni doped by
SDS [40]. According to Sulimenko et al. [41], PmPDA does
not protonate even in acid medium, which seems the case of
the PmPDA produced by emulsion polymerization; however,
the PmPDA produced by micellar solution or interface pre-
sents, apparently, certain degree of doping.

UV-vis spectrometry was performed as a complementary
technique to FTIR. PmPDA spectra presented similar wide
absorption pattern despite of the synthetic method, Fig. 3a.
A maximum absorption band in the region close to 360 nm
was attributed to 7t-7t* transitions of phenazin fragments.
Sulimenko et al. [41] reported similar spectra for PmPDA,
suggesting chemical structure complexity, related to the vari-
ety of C—N possible links, as the possible reason. Sestrem
et al. characterized PmPDA oligomers; in this study, phena-
zine absorption at 365 nm was reported [42]. Concerning
chemical structure, Huang et al. [3] pointed differences in
the PPDA obtained by the three PDA isomers, suggesting
phenazine open structure for PmPDA.
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Fig. 3 a UV-vis spectra of PmPDA obtained by different synthetic
methods. b PmPDA proposed chemical structure (model based on
literature [3])
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It is worth mentioning that the group of Li et al. has
been one of the most active groups in this topic. They
reported NMR studies of PoPDA and copolymers. 'H
NMR spectra gave evidence of open rings in the ladder
structure due to the presence of -NH, groups on phena-
zine unit [43, 44]. They also reported that the 'H NMR
spectrum of PmPDA had not been obtained because of
the limited solubility of this compound [45]. However,
later they reported the characterization of this polymer
by '>C NMR of solids giving also evidence of open rings
[46].

Consequently, we can say that the PmPDA produced
by the three methods of polymerization, share a chemical
structure based on phenazine with open segments, rich in
quinoid rings (pernigraniline-like), and partially doped,
Fig. 3b.

Fig. 4 Micrographs of PmPDA
obtained by different synthetic
methods: a, b aqueous micellar
solution at 50 °C; ¢, d emulsion
polymerization, respectively, at
25 and 50 °C; e, f interface
polymerization, respectively, at
25 and 50 °C

Morphology

Electron microscopy allowed studying synthesis method ef-
fect on the PmPDA morphology, Fig. 4. As for the aqueous
micellar polymerization, a great deal of 2D nanostructures
(nanomats) was observed, some of them apparently rigid
(Fig. 4a) and others even rolled (Fig. 4b). Such 2D nanostruc-
tures are formed by the lateral self-assembling of fibers, as
observed in the inset. Wideness of some 2D nanostructures
coincided with fiber diameter (about 25 nm), suggesting that
some of these structures are monolayers of finely intercon-
nected fibers. It is noteworthy that only particle dispersions
(no fibers or other structured arrangement) were obtained by
the micellar polymerization of the anilinium salt [18].
Concerning emulsion polymerization, morphology indicated
P2 polymerization at the water—xylene interface, as a great
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deal of pot-like nanostructures was observed, especially at
25 °C. Pot-like morphology suggested that during xylene
evaporation, the fibers retracted giving the appearance as if
they were sliced in half. The tendency to form 2D nanostruc-
tures at 50 °C was notable (Fig. 4d); however, fiber self-
assembling was not as ordered as in the micellar polymeriza-
tion. At 25 °C, the fibers look entangled around the pot-like
structures which apparently restricted self-assembly (see the
inset). Finally, interfacial polymerization (Fig. 4e, f) showed
no tendency to form 2D structures or fibers; instead, intercon-
nected spherical particles are observed (Fig. 4c). PPDA with
microstructure, for example, nanorods, nanospheres, leaf-like,
petal-like, diamond-like microparticles, multi-angula
microrods, or dendalion-like microparticles, have been report-
ed. In these, pH, oxidizing agent concentration, oxidizing
agent to monomer molar ratio, or surface additives (surfac-
tants or water-soluble polymers) were the shape driving con-
ditions [5, 11, 24, 47, 48]. This indicates that diverse variables
determine microstructure, most of them not related with the
monomer itself.

Definitely, the conditions that give rise to the diverse mi-
crostructures in the PPDAs, and in the polyanilines, in general,
are intriguing aspects that have not yet been resolved. In liter-
ature, it is possible to find reports that have addressed this
issue, explaining the origins from different points of view. In
some cases, the geometry is attributed to the coexistence of
immiscible phases (oil/water), which allows the controlled
generation of fibers [49, 50]; however, other reports have
demonstrated that fibers can be obtained in the aqueous phase
[51]. The presence of surfactants (ionic or nonionic), which
form micellar soft-templates is another mechanism which has
also been used to explain fibrous geometries [52—54]. The
synthesis of the MCM-41 structure is a clear example of this
quality of surfactants. Homogeneous nucleation (at the initial
stage of the polymerization) and the use or not of agitation
have been reported as other determining factors in the forma-
tion of ordered fibrous structures [55-57]. Therefore, a fast
polymerization in the absence of agitation can be highly fa-
vorable for homogeneous fibrous structures. Other authors
have proposed models based on the growth process of the
polymer chain, where the primary oligomeric stages
(nucleates) are essential in defining the geometry itself,
being pH a fundamental variable [58]. Furthermore, the
multilayer model sustains polyaniline nanostructures suffer
from a variety of conformational changes along polymeri-
zation (from fibers, self-assembling of fibers and particles),
where the 7—7t stacking and cross-linking play an impor-
tant role [59]. As seen, it can be mentioned that, currently,
there is no model describing the origin of the different
morphologies reported that meets the different viewpoints.
However, in the literature, there is a significant amount of
work aimed at structural aspects of polyanilines and can be
consulted [59-64].
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In this study, we consider that the amphiphilic character of
P2 and its interaction with the medium strongly influenced the
final nanostructure. As mentioned, organic counterions favor
formation of elongated, worm-like, or rod-like micelles
[31-33]. Accordingly, it is possible to deduce that the fibers
produced in the micellar system are the product of the poly-
merization of micelles with an elongated arrangement, as pro-
posed by the soft-template model. Similar mechanisms were
proposed by Wei et al. for the system (-naphthalene sulfonic
acid/aniline [65] and by Zhang et al. for the system inorganic
acid/aniline [66]; in these, the anilinium salts (product of an-
iline quaternization by the strong acids) micellar solutions
played a template-like role (rod-like) in the synthesis of
polyaniline nanotubes. It is worth mentioning that particles
other than fibers were not observed during microscopy anal-
ysis, suggesting that polymerization of P2 was conducted,
apparently, based on a unique elongated structure.
Concerning the emulsified systems, partitioning of P2 at the
aqueous (micellar form) and emulsified phases seems to oc-
cur. According to this, P2 polymerized at the xylene—water
interface producing the pot-like structures, where the xylene
microdroplets played a template role, while elongated micelle
polymerization generated fibers as in the pure micellar poly-
merization. Interface polymerizations behaved differently, as
fibers were not produced, suggesting that micelles were not

—
200 nm

c)

‘ 200 nm

Fig. 5 Model relating PmPDA morphology and P2 micellar structure
and adsorption at the water—organic interface. a Micellar
polymerization (fibers), b emulsion polymerization (pot-like and fibers),
and c interface polymerization (globular-interconnected)
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formed in the aqueous phase. In interface polymerization, P2
was initially in the organic phase and progressively diffused to
the chloroform—water (rich in APS) interface where polymer-
ization was performed. Under this scenario, P2 polymeriza-
tion at the interface generated the interconnected networks due
to the high concentration of P2 in a restricted volume. A sche-
matic description is shown in Fig. 5.

Electroactivity

Figure 6 shows voltammograms at sweep rate of 25 mV's ' in
1.0 M sulfuric acid electrolyte. All samples exhibited
electroactivity, with one anodic peak and one or two cathodic
peaks corresponding, respectively, to reduced/semi-oxidized
and semi-oxidized/oxidized redox transitions. This assigna-
tion was made based on Wu et al. report for CV analysis of
PoPDA synthesized by electrochemical polymerization [4].
They determined using cyclic voltammetry and Raman spec-
troscopy the occurrence of at least three structures of PoOPDA
(reduced, semi-oxidized, and oxidized). From these, the semi-
reduced structure is the most chemically stable. Concerning
PmPDA, it is worth noting that in the present case, the method
of synthesis produced an important effect, as the anodic peaks
and the hysteresis cycles are much larger for the emulsified

Fig. 6 Cyclic voltammetry plots
of PmPDA obtained by different
synthetic methods. Counter
electrode of Pt, reference
electrode Ag/AgCl/saturated KCl,
1 M sulfuric acid electrolyte, scan
rate of 25 mV s ', sweeping the
potential between —0.5 and +

1.0 V against Ag/AgCl reference
electrode. Working electrodes
were made with carbon paste.

systems regarding the others. This feature indicates higher
electroactivity which could be useful for sensor design.
Zhou et al. reported the design of glucose biosensors based
on PPDAs on platinized glassy graphite. Oxidation irrevers-
ibility during the electrochemical synthesis of the three PDAs,
under this particular synthesis conditions, was found. The
PmPDA-based biosensor exhibited, particularly, high sensitiv-
ity to glucose and low permeability to interfering species [67].
Furthermore, Li et al. developed an amperometric PmPDA-
based biosensor and gold nanoparticles with horseradish per-
oxidase immobilized for peroxide detection. The presence of
the gold particles, among other things, enhances the electrical
conductivity of the PmPDA [68]. These studies demonstrate
the great potential of the PmPDA as material for the design of
electrochemical sensors.

Paraffin microencapsulation and characterization

As seen, P2 meets surfactant and monomer (of PmPDA) func-
tions; therefore, application for practical purposes is quite
challenging. Taking advantage of P2 adsorption at organic
water interfaces, core—shell composite design, and microen-
capsulation seem primary lines to follow. Recently, phase
change materials (PCM) development has received intense
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attention obeying worldwide necessities to save energy and to
protect the atmosphere [69]. In this application, microencap-
sulation allows the integration of PCM and construction ma-
terials with excellent results [70]. Few reports concerning
polyaniline-based PCM were found in literature, all of them
achieved by the emulsion technique using in most cases a
surfactant as stabilizer which was an important variable
[71-75]. These systems presented both high thermal stability
(TGA) and high phase change enthalpy (DSC) which makes
these composites very attractive. It is noteworthy that any
report using PPDA for an equivalent function was found.

Emulsion polymerization method allowed successful mi-
croencapsulation of paraffin (m.p. 45 °C) using a ration of
P2 to paraffin of 1 to 4 (w/w) at 60 °C. Figure 7 portrays the
as-prepared dispersion and dilution of microencapsulated par-
affin (form-stable PCM). Irregularly shaped particles close to
20-pum diameter are mostly observed; irregular shape was as-
sociated to paraffin recrystallization. While well-defined par-
ticle surface, on the other hand, evidenced paraffin encapsu-
lation, suggesting P2 polymerization on the surface of the
emulsified droplets of melted paraffin, just as in the xylene—
water emulsified systems. FTIR spectroscopy was performed
in ATR mode to characterize the core—shell composite surface,
Fig. 7a (inset). As references, spectra of pure paraffin and
PmPDA obtained by emulsion polymerization were included.
Characteristic signals of the methylene groups of paraffin at
2850 and 2920 cm ' corresponding, respectively, to the sym-
metric and asymmetric vibration of —CH,— groups are ob-
served in the core—shell. However, the bands at 3300, 1620,
and 1110 cm™' corresponding, respectively, to N—H stretching
of -NH, (amino), quinoid, and S—O stretching of sulfate
group are also observed, which indicates the presence of
PmPDA on the composite surface. The high intensity of the
C—H bonds was associated with the highest concentration of
paraffin in the composite (4:1). These results suggested that
the PmPDA is on the surface as the composite shell stabilizing
the paraffin microparticles.

To evaluate compartmentalization effect, the core—shell
composite (form-stable PCM) was submitted to melting—crys-
tallization cycling by differential scanning calorimetry
(Fig. 8a). For comparison purposes, neat paraffin and
PmPDA, obtained by emulsion polymerization, were also
evaluated. The last cycle of a series of 20 heating—cooling
cycles is included. As PmPDA shows no transition within
the range of temperature (no thermal storage), the endothermic
peaks are only attributable to paraffin. PCM and paraffin melt-
ing and crystallization temperatures were, respectively, 47 and
38 °C, and 48 and 36 °C. These results indicate slight melting
point reduction (1 °C) and crystallization increment (2 °C).
Endothermic peak sharpening in the core—shell thermogram is
another aspect to note. Zhu et al. [73] observed similar behav-
ior in palmitic acid/polyaniline/copper nanowire composites.
Thermal resistance reduction, caused by copper nanowires,
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was suggested to explain temperature changes and peak sharp-
ening. We consider that compartmentalization (confinement
of paraffin in discrete volume) improved heat transference
causing, as a consequence, shifting of melting and crystalliza-
tion temperatures.

Melting enthalpy (AH,,) showed 100 and140 J g ', respec-
tively, for the PCM and paraffin, indicating a difference of
40 J g '. Organic acid/polyaniline composites (charged or
not with certain nanomaterials) showed melting enthalpy var-
iation as a function of organic acid loading, with a general
reduction of PCM AH,,. Absorption of the liquefied organic
acid by PAni, above melting temperature, or by the
nanomaterial was attributed to cause melting enthalpy reduc-
tion in the PCM regarding the pure organic acid in terms of
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Fig. 7 Micrographs of microencapsulated paraffin by emulsion
polymerization method at 60 °C. a As-prepared dispersion and b
diluted dispersion. Inset: FTIR spectra of paraffin, form-stable PCM
(core—shell) and PmPDA
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Fig. 8 a DSC thermograms of form-stable PCM, neat paraffin, and
PmPDA (last cycle of 20 cycles). b TGA traces of form-stable PCM,
neat paraffin, and PmPDA obtained by emulsion polymerization
method. ¢ Viscosity dependency with respect to temperature of form-
stable PCM obtained by emulsion polymerization at 60 °C

liquefaction restriction [72, 74]. Surface interaction of other
organic acids with carbon materials showed also important
effects on AH,,, melting and crystallization temperature of
PCM confined in porous materials depending on the porosity
scale [76]. In the present study, paraffin loading ((AH,,_pcas/
AH,,,_paragin) % 100) of 71.4 wt% is in the upper middle range
reported for PCM systems. We can say, consequently, that the
method followed here is feasible for PCM applications, with
the advantage that P2 permits paraffin emulsification and mi-
croencapsulation on its own, without needing any other addi-
tive, avoiding possible affections on paraffin physical proper-
ties, or high shear rate, making scaling feasible.

Figure 8b (inset) shows the traces of thermal degradation
for PCM, paraftin, and PmPDA obtained by emulsion poly-
merization. Form-stable PCM presented three-step degrada-
tion process: first, at 115 °C, which was attributed to doping
agent and oligomer evaporation; the second transition at
215 °C evidently corresponds to paraffin thermal degradation,

as compared with the blank of paraffin (219 °C), and the third
transition, at 452 °C, that fits with PmPDA backbone degra-
dation (460 °C) [77]. The second degradation step suggests
the limit of PCM thermal stability. By considering phase tran-
sition at 47 °C, we can say that the PCM is highly thermally
stable.

Figure 8c shows dispersion viscosity dependency regard-
ing temperature. Initially, aqueous suspension viscosity
remained with little variation from 25 to 30 °C, followed by
a progressive decrease until 35 °C. This viscosity reduction
was attributed to the breaking of particle suspension initial
structure. From 35 to 44 °C, a slight increase in viscosity,
considered as a signal of suspension stability, is present.
Close to 45 °C, an abrupt reduction of viscosity is observed,;
this temperature coincides with paraffin melting temperature,
which suggests unencapsulated paraffin fusion. The last tran-
sition, from 50 to 60 °C, was interpreted as the re-
emulsification of the melted unencapsulated paraffin in the
aqueous phase. It is worth saying that the evaluation was run
only until 60 °C considering temperature ranges of application
of these systems. Stable melting—crystalization cycling, ap-
propriate AH,,, and thermal stability, indicate promising per-
formance for the form-stable PCM. Additionally, the aqueous
dispersion provides the possibility to produce formulation
with, for example, polymer latexes without affecting stability
in the range temperature bellow paraffin melting point. Based
on these motivating results, a complete study on this topic is
under development and will be published later.

Conclusion

In this work, new two-tailed reactive amphiphile, benzene-1,
3-diaminium dodecylsulfate (P2), was successfully applied
for the synthesis of PmPDA. Experimentation showed that
products shared chemical structure based on phenazine
openquinoid-rich rings, as FTIR and UV-vis indicated.
Electron microscopy exhibited, moreover, that the synthetic
method is a determining condition in PmPDA morphology,
deeply related to the surface interaction of P2 with the medi-
um. Emulsion polymerization method allowed P2 successful
application in paraffin microencapsulation for the synthesis of
stable-form PCM. Electron microscopy allowed suggesting
the direct polymerization of P2 on the emulsified paraftin
microdroplet surface. Thermal properties indicated that the
form-stable PCM presents a great potential for heat storage
application. Based on these results, P2 was classified as a
reactive surfactant, as it is monomer and surfactant concur-
rently. With the difference that P2 can be used in applications
that conventional reactive surfactants cannot accomplish by
themselves. This work provided the foundations for further
research based on P2 amphiphilic properties. P2 adsorption
at interfaces and posterior polymerization stimulate the
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application of P2 and its polymer for a wide range of applica-
tions. Such applications range from sensor design and other
devices, to heavy metal ion capture, or form-stable PCM de-
sign as reported here.
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