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ABSTRACT: Intrinsically electrically semiconducting microparticles of
semiladder poly(m-phenylenediamine-co-2-hydroxy-S-sulfonic aniline)
structures containing abundant functional groups, like —NH—, —N=,
—NH,, —OH, —SO;H as complexation sites, were efficiently
synthesized by chemical oxidative copolymerization of m-phenylenedi-
amine and 2-hydroxy-S-sulfonic aniline. The obtained copolymers were
found to be nonporous spherical microparticles that were able to achieve
greater 7m-conjugated structure, smaller particle aggregate size, and
stronger interaction with Pb(II) ions than poly(m-phenylenediamine)
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containing only —NH—, —N=, and —NH,. A potentiometric Pb(II)

sensor was fabricated on the basis of the copolymer microparticles as a crucial solid ionophore component within plasticized
PVC. The sensor exhibited a Nernstian response to Pb(II) ions over a wide concentration range, together with a fast response, a
wide pH range capability, a long lifetime of up to S months, and good selectivity over a wide variety of other ions and redox
species. The process for synthesizing the microparticles and fabricating the Pb(II)-sensor can be facilely scaled-up for use in the
straightforward long-term online monitoring of Pb(II) ions in heavily polluted wastewaters. This study develops an
understanding of the facile synthesis of conducting microparticles bearing many functional groups and their structures governing
the potentiometric susceptibility toward interaction between Pb(II) ions and the microparticles for fabricating robust long-lived
Pb(II)-sensor, signifying the potential suitability of such novel materials for inexpensive sensitive detection of Pb(II) ions.
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1. INTRODUCTION

During the past few decades there has been an increasing global
concern over the public health impacts from environmental
pollution. Lead(II) ions, among the most serious of environ-
mental pollutants, have adverse effects as they accumulate in
the body, especially for children and pregnant women,
potentially resulting in behavior disorders, anemia, mental
retardation, and permanent nerve damage. Therefore, it is very
important to accurately measure the lead levels in the natural
environment or in physiological fluids as early as possible.
Universal detecting methods for trace lead are used, including
atomic absorption spectrometry; inductively coupled plasma
mass spectrometry;1 and electrochemical,® colorimetric,>*
fluorometric,” ™ and ﬂuoro-chromogenic10 sensing methods.
The potentiometry, as one of the most important electro-
analytical methods, is a direct method that does not require a
pretreatment of samples and has apparent advantages including
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simple instrumentation, facile sensing membrane preparation,
superior detection limit, fast response, wide dynamic range,
high analyte selectivity, minimal use of toxic solvents, and low
cost over most of the other methods. It is well-known that the
ionophore is a crucial component embedded in the sensing
membrane. It should ideally form relatively strong, selective,
and reversible complexes only with the target ion, so that
interference is absent.

One of the pioneering works exploring the possibility of
improving the performance of Pb**-ISE by assembling the
electrode technique is achieved.'' They used ion buffered Pb**
inner solution, achieved the lower detection limit of 3 X 107°
M, and successfully assayed the heavy metal ion at nanomolar
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concentrations in drinking water. They also developed Au-
POT-MMA/DMA solid-contact electrodes which showed
better performance than the corresponding liquid-contact
ISE, realizing a lower detection limit on subnanomolar
level.'> Some other excellent improvement on Pb**-ISE has
been accomplished by developing polyarylates as sensing
membrane matrix instead of plasticized PVC with the purpose
of reducing the ion flux across sensing membrane, and
furthermore introduced some Pt nanogarticles to enhance the
conductivity of the membrane matrix.">~"> Covalently binding
the ionophore to polymer backbones is another promising
solution that can efliciently help to reduce transmembrane ion
fluxes.'® The lower detection limit of 10~ M could be reached
by the Pb*"-ISEs based on the ETHS234 (ionophore for lead
ion) bonded to polyurethane using a conventional inner
electrolyte (0.1 M Pb(NOs,),). Actually, solid ionophores were
also developed for Ag™ISE, in which an ionophore-gold
nanoparticle conjugate that confines the ionophore to ion-
selective membranes using inert nanoparticle carriers is
responsible for the nanomolar detection limit.'” As inspired
by this aforementioned work, other solid functional polymers,
such as polyaminoanthraquinone,'® sulfonic phenylenediamine
copolymer,'® and copolyaniline®® synthesized in our group,
have also been chosen for the design of the Pb**-ISE, and even
better lower detection limit was achieved if combining
plasticizer-free membrane with the solid ionophone. Despite
these above advances, developing a simple, cost-eftective ISE
with superior lower detection limit and long lifetime that does
not require sophisticated processing is still challenging.

Many ligands have been investigated as lead(Il)-ISE
ionophores incorporated into poly(vinyl chloride) membranes
as matrix. The ionophores developed for the selective
complexation or coordination of Pb(II) include macrocyclic
compounds such as crown ethers,”" calixarenes with right cavity
size,” nitrogen comgounds,23 and some O/S atom-enriched
organic compounds.”* However, the above-mentioned ion-
ophores generally require sophisticated synthesis conditions
and tedious procedures, leading to difficulty in achieving wide
practical application at low cost. One problem is the naturally
insufficient stability of these ionophore-containing Pb(II)
sensors due to inevitable loss of ionophores during usage
process, consequently leading to short lifetime of the sensors.
Recent studies suggested that some conjugated and/or
electrically conducting polymers have significant interaction
with metal ions,****7*° such as copolyaniline and poly(m-
phenylenediamine) (PmPD), when they were used as
ionophore of Pb(1I)-ISE,***" where amino (—NH,) and
imino (—NH— and —N=) groups on and in the polymer
chains play a key role in the complexation between the chains
and the metal ions. Many functional-group-containing con-
ducting polymers, such as carbon nanotubes, show extremely
selective sensitivity toward changes in their local chemical
environment that originates from the susceptibility of their
electronic structure to trace amounts of specifically interacting
molecules.’”” This chemical sensitivity has made them ideal
candidates as ultrasensitive ionophores for incorporation into
the design and fabrication of advanced sensors. It should be
noted that the Pb(II)-sensor containing the PmPD homopol-
ymer particles as ionophore does not seem to demonstrate very
superior detection limit possibly due to their relatively poor
particle dispersibility and also relatively fewer group species. It
is reported that the aromatic amines bearing the sulfonic groups
are an amazing copolymer modifier for significantly improving

self-doping and stabilizing properties, heavy-metal ion inter-
action, and redispersibility of the corresponding particles.
Developing new immobile leak proof polymer ionophores
containing sulfonic and other functional groups on the polymer
chains in order to (1) increase specific area of the particles and
effect complexation interaction with the ions, (2) significantly
lengthen the lifetime of the sensors, and (3) simplify synthetic
process for producing these ionophores by a facilely scalable
procedure remains a challenge.

In this Article, a new Pb(II) ionophore of semiladder
poly(m-phenylenediamine-co-2-hydroxy-S-sulfonic aniline) mi-
croparticles containing five types of functional groups such as
—NH,, —NH—, —N=, —SO;H, and —OH in/on the
polymer chains was designed and synthesized by a direct
chemical oxidative polymerization of m-phenylenediamine and
2-hydroxy-S-sulfonic aniline. The polymerization yield, molec-
ular structure, supramolecular structure, particle size, morphol-
ogy, and the resulting physical and chemical properties are
discussed. Applications as ionophores for the fabrication of
Pb(II)-sensor having relatively long lifetime have also been
elaborated.

2. EXPERIMENTAL SECTION

2.1. Reagents. m-Phenylenediamine (mPD), 2-hydroxy-S-sulfonic
aniline (HS), ammonium persulfate ((NH,),S,05), high molecular-
mass poly(vinyl chloride) (PVC, dielectric constant 1.4), dioctyl
phthalate (DOP, dielectric constant 5.1), tetrahydrofuran (THEF),
sodium tetraphenylborate (NaTPB), oleic acid (OA), lead nitrate
(Pb(NO;),), and other nitrates or chloride salts of cations as
commercial reagents in analytical grade from China Chemicals Market
are used as received. Working solutions with varying Pb(II) ion
concentrations were produced by gradually diluting a 0.1 M Pb(NO;),
stock solution. All sample solutions were prepared with highly pure
water having electric resistance of higher than 18.0 MQ cm.

2.2. Synthesis of Poly(mPD-co-HS) Microparticles. Poly(mPD-
co-HS) copolymer particles as an ionophore were facilely prepared by
a chemical oxidative copolymerization of mPD and HS comonomers,
as illustrated in Scheme 1. A typical preparation procedure of the
poly(mPD-co-HS) microparticles is as follows: mPD (2.055g, 19
mmol) and HS (0.211 g, 1 mmol) were mixed in a glass flask which
contained 75 mL of 1.0 M HCl. Ammonium persulfate (4.564 g, 20
mmol) was dissolved separately in 25 mL of 1.0 M HCl to prepare an
oxidant solution. Both of them were placed in a water bath at 30 °C for
30 min. The comonomer solution was then stirred and treated with
the oxidant solution dropwise at a rate of one drop (60 uL) every 3 s
over a period of 30 min at 30 °C. The reaction mixture was constantly
magnetically stirred in the 30 °C water bath for 24 h, and then the
resulting polymer microparticles were centrifuged and rinsed
thoroughly with distilled water to entirely remove the residual oxidant,
water-soluble oligomer, and other possible byproducts. The resulting
black solid powders of as-prepared copolymer salts were left to dry in
air at 50 °C for 3 days. The possible reaction formulation is displayed
in Scheme 1.

2.3. Characterization of Poly(mPD-co-HS) Microparticles.
UV—vis spectra were recorded by UV765CRT (Shanghai Jing-ke
Instruments Factory, China). IR spectra were obtained by Nicolet FT-
IR NEXUS-470 instrument. Raman spectra of the solid powder of the
polymers and the polymer-based char were achieved by British
Renishaw inVia Raman Microscope (Bert) by using laser at 785 nm
solid state diode. X-ray photoelectron spectra were obtained by Kratos
AXIS Ultra DLD instrument. Wide-angle X-ray diffractograms were
recorded by Japan Rigaku D/max 2550 instrument. The size and
morphology of the copolymer particles were observed by a Jeol JSM-
6340F field emission scanning electron microscope (FE-SEM) and
FEI Tecnai F20-G2 FEGTEM high-resolution transmission electron
microscope (TEM). The samples for FE-SEM observation were
dispersed by using ethanol on a silicon wafer and then subject to gold
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Scheme 1. Nominal Chemical Oxidative Copolymerization
of m-Phenylenediamine (mPD) and 2-Hydroxy-5-sulfonic
Aniline (HS) for the Synthesis of the Semiladder or Partial
Ladder Poly(mPD-co-HS) Microparticles Bearing Five Kinds
of Functional Groups That Can Significantly Ligate Pb(II)
Ions by Complexation (Green Dash Arrows) and Ion
Exchange (Blue Dash Lines)
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sputtering prior to observation. A dilute ethanol dispersion of the
particle samples was ultrasonically prepared and dropped onto a
copper grid covered with a carbon film to make a specimen for TEM
observation. Particle size in water was analyzed by Beckman Coulter
LS230 laser particle-size analyzer. The bulk electrical conductivity of
the polymer particle sheet was obtained according to its thickness and
resistance measured with a UNI-TUT70A multimeter.

2.4. Lead(ll) lon Adsorption onto the Microparticles.
Adsorption of Pb** ions onto poly(mPD-co-HS) copolymer particles
was performed by using batch experiments. For batch tests, a given
amount of the copolymer microparticles was added to Pb(NO;),
aqueous solution (10 mL) at a known concentration (0.965 mM) at a
temperature of 30 °C. After a 30 min treatment, the microparticles
were filtered from the aqueous solution. The concentration of lead ion
in the filtrate after adsorption was measured by using chemical
titrimetric analysis.*> The amount of adsorbed lead ions on the
microparticles was calculated according to eqs 1 and 2, where Q is the
adsorption capacity (mg g7'), q the adsorptivity (%), C, and C the
Pb(II) concentrations before and after adsorption (mg L7'),
respectively, V the initial volume of the Pb(II) solution (mL), and
W the weight of the adsorbent added (mg).

Q=(C, - QV/W (1)
q=(C, — C)100%/C, ()

2.5. Preparation of Sensing Membrane and the Sensor
Assembly. The procedure for preparing the PVC-based sensing
membrane consisted of thoroughly mixing the ingredients of 183 mg
of plasticizer DOP, 99 mg of high molecular-mass PVC, 3 mg of
copolymer ionophore, and 15 mg of OA ion-exchanger in 5 mL of
THEF. The mixture was stirred at 25 °C to a viscous solution while
ultrasonic treatment was also performed to promote the dissolution or
dispersion of the ionophore for 2 h and then cast into a 28 mm
diameter glass ring that was affixed onto a glass plate. After the solvent
was allowed to evaporate at room temperature for 24 h, the resulting
membranes were peeled off from the glass, and the membrane discs of
14 mm diameter were cut out and carefully glued onto a 10 mm inner

diameter plastic tube. A 1.0 X 10~* M Pb(NO,), solution was used as
an inner reference system, and Ag/AgCl electrode was employed as an
inner reference electrode. The electrodes were conditioned in 1.0 X
10* M Pb(NOj), solution overnight.

2.6. Potential Measurement. All response potentials were
precisely examined by using the following electrochemical assembly
setup:

Ag|AgCIIKCl(saturated solution)ll Pb(NO,), (1.00 X 1074 M)
[PVC sensing membraneltest solution Il KNO;(1.00 M)
Il KCl(saturated solution)IHgZCIleg

Saturated calomel electrode (SCE) was applied as an outer reference
electrode, and the cell potential was measured by varying the
concentration of test solutions in a range between 1.00 X 107% and
1.00 X 107" M. Potentials were measured with PXSJ-216
potentiometer (Shanghai Lei-Ci Instruments Factory, China) with a
sensitivity of 0.1 mV and an input resistance of greater than 1 X 10"
Q. The potential readings were recorded after the response potential
remained stable (drift < 1 mV/S min). The potential response curves
were plotted as a logarithmic function of Pb(II) ionic activity. The
activities of the primary ions were based on the activity coeflicient,
which is calculated according to Debye—Huckel equation:

0.5

1 + BaI®® 3)

Here I is the total ionic strength of the tested solution, Z; the valency
of Pb(II) ions, B constant of 0.328 A™! at 25 °C, and a volume
coefficient of Pb(II), which is approximately equal to effective radius of
Pb(1I) (S A).

The response time of the electrode was determined by measuring
the time which elapsed between the instant when the ISE and a
reference electrode were brought into contact at which the activity of
the lead(II) ions in the solution was changed and the first instant at
which the emf/time slope (AE/At) became equal to 0.6 mV/min. The
lower detection limit was taken as the activity of Pb(II) ions at the
point of intersection of the extrapolated linear midrange and final low
concentration level segments of the calibration plot. Selectivity
characteristics were determined according to the IUPAC recom-
mended fixed interference method. All pH adjustments were made
with HNO; or NaOH solution.

2.7. Lifetime Measurement. The lifetime of the Pb(II)-sensor
was measured by the following process: after the sensor was fabricated,
the detection performance to Pb(II) was recorded about twice a week
in the first month. During daily use, the electrode was stored in a 1.00
x 107* M Pb(NO,), solution. After the ISE had been used for a
month, its performance including Nernstian slope and linear range was
measured again once every week. If the slope was above 95% of the
first test slope, we considered that the sensor to be alive, otherwise
rejected as out of its lifetime.

log r, = —0.509Z,

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Copolymer Microparticles. The
chemical oxidative copolymerization of mPD and HS
monomers with ammonium persulfate as an oxidant in 1.0 M
HCI aqueous solution at 30 °C produces fine and uniform black
microparticles as a resultant product with a semiladder or
partial ladder chain structure,***"**** as illustrated in Scheme
1. Figure 1 shows that the polymerization yield increases
monotonically from 26.0% to 91.6% with increasing mPD
content from 0% to 100%. That is to say, more mPD
monomers would steadily strengthen the polymerization
activity, resulting in higher synthetic yield. It is obvious that
the synthesis of poly(mPD-co-HS) microparticles is efficient or
productive when the mPD monomer ratio is higher than 90 wt
% or HS ratio is less than 10 wt %. On the contrary, more HS
monomers would weaken the polymerization activity because
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Figure 1. Variation of copolymerization yield and electrical
conductivity of the copolymer particles with mPD/HS molar ratio at
the initial polymerization temperature of 30 °C for 24 h. The red
dashed line means a simple addition of two homopolymer yields.

of stronger and stronger steric hindrance, attracting electron
effect, and water-soluble tendency from sulfonic groups in HS
monomer. Note that HS monomer and its homopolymer are
water-soluble, and the HS homopolymer can be obtained only
when a nonaqueous precipitator like acetone is used instead of
water, but all other six polymer samples with mPD and HS
molar ratios from 100/0 to 50/50 have been purified or washed
with water. However, the copolymerization between mPD and
HS actually happens because the electrical conductivity of the
polymers nonmonotonically changes with HS contents, ie.,

decreases first and then increases, giving a minimum
conductivity of 5.03 X 10™® S/cm at an HS content of SO
mol %, because the sulfonic and hydroxyl groups introduced
into mPD units can induce torsion in the copolymer backbones,
thereby shortening the conjugation length.”>~>® However, HS
homopolymer demonstrates slightly lower conductivity than
mPD homopolymer but much higher conductivity than mPD/
HS(50/50) copolymer, possibly due to higher chain structure
regularity and thus better self-doping effect than the
copolymers.

Furthermore, the mPD/HS (50/50) copolymerization can
semiquantitatively be confirmed by the yield of up to 59.5%
that is higher than 50%. At least 9.5 mol % HS units have been
incorporated into the polymer chains, forming copolymer
chains. Otherwise, all HS homopolymer should be washed away
from the final products by water. Assuming that copolymeriza-
tion follows a simple addition of two homopolymer yields of
91.6 and 26.0 for mPD and HS comonomers, respectively, as
predicted by the red dash line in Figure 1, the copolymerization
yield would be 58.8%. However, higher actual yield of 59.5%
implies that copolymerization does happen between mPD and
HS comonomers. The polymerization at other comonomer
ratios from 70/30 to 80/20 is a slightly negative copolymeriza-
tion effect but a positive copolymerization effect at the
comonomer ratios from 90/10 to 95/S.

3. 2. Macromolecular and Supramolecular Structure
of Copolymer Microparticles. UV—Vis Spectra. UV—vis
absorption spectra of the copolymer salts in DMSO in Figure
2a show four characteristic bands: the strongest band 1 around
265-285 nm due to 7—x* transition of all aromatic rings in
copolymer chains, which has a blue shift compared with the
aniline/sulfonic aniline copolymer;®” the weak band 3 in a long
wavelength range of 550—650 nm due to n—n* excitation of
benzenoid to the quinoid ring in the polymer chains; the
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Figure 2. (a) UV—vis in DMSO and (b) FT-IR spectra of the copolymer particles with seven mPD/HS molar ratios. (c) Wide-angle X-ray
diffractograms and (d) the size distribution of the polymer microparticles of mPD/HS molar ratios of 100/0 and 95/S synthesized with

(NH,),S,04/monomer molar ratio of 1/1 in 1.0 M HCI at 30 °C.
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Figure 3. Raman spectra of (a) the copolymer particles with six mPD/HS molar ratios and (b) the copolymer particle-based char at high
temperature in two inert atmospheres (argon and nitrogen) and (c) the X-ray photoelectron spectra (XPS) of two typical copolymer microparticles
of mPD/HS molar ratios of 95/5 and 50/50 synthesized with (NH,),S,0s/monomer molar ratio of 1/1 in 1.0 M HCI at 30 °C.

medium band 2 at 370—450 nm mainly due to HS units in the
copolymers because only a very weak band 2 appears in the
mPD homopolymer,® an indication of the existence of the HS
units in the synthesized copolymer; the weakest band 4 at 910—
1090 nm mainly due to mPD units in the copolymers because
stronger band 4 appears in the polymers containing more mPD
units. Note that the mPD/HS(95/5) copolymer has stronger
band 4 than the mPD homopolymer, and the mPD/HS(50/50)
copolymer also has stronger band 4 than the mPD/ HS(70/30)
copolymer, because the mPD homopolymer generally has lower
solubility in DMSO than the mPD/HS(95/5) copolymer
containing a small amount of HS units that can improve the
solubility in common solvents. In fact, only the lower
molecular-weight part in the mPD homopolymer could be
soluble in DMSO, leading to weaker band 4 than the mPD/
HS(95/5) copolymer. Considering that, the mPD/HS(50/50)
copolymer has higher solubility in aqueous HCI medium than
the mPD/HS(70/30) copolymer containing a lower amount of
HS units. That is, during the post purification process, some
mPD/HS(50/50) copolymer containing less than SO mol %
mPD units would be acidic water-soluble and then removed,
leading to lower synthetic yield and higher mPD-unit content
than 50% or even 70% in the final water-insoluble copolymer
obtained. However, the situation about band 2 is more
complicated since the band 2 may be related to both the
small 77-conjugation inside the phenylene rings and the large 7-
conjugation along the polymer chains. Therefore, it is hard to
explain the complicated relationship between the band 2
intensity and mPD/HS ratio.

There is no significant absorption in the UV—vis spectra of
both monomers at a wavelength of longer than 350 nm,>>**°
possibly indicating that a copolymerization indeed occurred
between mPD and HS comonomers. Moreover, all five

22100

copolymers exhibit stronger band 3 in a wavelength range
from 500 to 900 nm than two homopolymers, and particularly
mPD/HS(95/5) copolymer always has the strongest absorption
in a wavelength range from 700 to 1090 nm. These two facts
would suggest that the copolymers possessing more 7-
conjugated structure are achieved, which could be used to
verify a positive copolymerization effect mentioned earlier.

IR Spectra. Figure 2b shows the IR spectra of the
microparticles of seven representative polymers. The broad
and weak bands 1 at 3188 and 3313 cm™ correspond to the
N—H stretching of amine, imine, and/or O—H stretching.30’35
The mPD/HS(95/5) copolymer demonstrates that the
stronger band at 3100—3300 cm ™" could be the evidence that
there are more N—H and O—H groups in the copolymer than
two homopolymers. The two absorptions specified as 2 and 3 at
1611 and 1489 cm™' are associated with the stretching of
quinoid and benzenoid rings,*”*® respectively. It is revealed that
there are more benzenoid rings in the mPD unit-containing
copolymer shown in Scheme 1 than HS homopolymer, but the
mPD/HS(95/5) copolymer is an exception. The weak
absorption peak 4 of C—N vibration in mPD units lies at
1289 cm™!, which coincides with an earlier analysis.** The
stronger bands S and 6 at 1214 and 1176 cm ™/, respectively, are
associated with the C—N stretching on the HS units because
HS homopolymer also has two similar strong absorption,® but
the mPD homopolymer does not. The sharpest absorption
band 7 at 1031 cm™' may be related to the symmetric
stretching vibration of the —SO;™ group on the HS units. In
short, these adsorption bands evidently indicate that the
products obtained are not the mixture of the two homopol-
ymers but indeed true copolymers, because water-soluble HS
homopolymers have been removed completely.
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Raman Spectra. Figure 3a shows the Raman spectra of the
solid microparticles of six representative polymers. Two
characteristic Raman absorbance bands centered at 1328 and
1563 cm™! correspond to the Raman vibration of C—N and
quinoid/benzenoid rings, respectively. It is found that both of
the bands gradually shift to higher wavenumber, and these peak
shifts are evidence for copolymer formation one more time,
because the polymer-based char at 650—850 °C in argon and
1000 °C in nitrogen demonstrated almost constant Raman
shifts at 1318 and 1587 cm™' due to D- and G-bands,
respectively, regardless of the mPD/HS ratio variation, as
shown in Figure 3(b).

X-ray Photoelectron Spectra (XPS). Figure 3c shows the
XPS spectra of the microparticles of two representative
copolymer microparticles of mPD/HS molar ratios of 95/5
and 50/50. The symmetry of the S,, peaks is very good,
signifying only one type of S atom in sulfonic groups. The
symmetry of the Ny, and O, peaks is not as good as the S,,
peaks but still good, since there are three types of N and O
atoms, respectively, in —NH—/—N=/—NH, and O=S/
HO—S/HO—C groups. The asymmetry of the C, peak is the
highest, which is the evidence that five types of C atoms in C—
N, C—H, C=N, C—S, and C—O groups all exist in the
copolymers. These XPS spectra have been used to calculate the
atomic composition of C, N, O, and § in the copolymers, as
listed in Table 1. It is seen that observed C content in the two

Table 1. Atomic Composition for Two Typical mPD/HS
Copolymers

mPD/HS (mol/mol) C;, (wt %) N, (wt %) O (wt %) S (wt %)

95/5 (exptl) 75.1 8.3 15.1 LS
95/5 (theoretical) 70.3 27.0 1.8 0.9
50/50 (exptl) 75.6 6.6 16.0 1.8
50/50 (theoretical) 51.1 14.9 22.7 11.36

samples is higher than theoretical one, while the mPD/HS(95/
5) copolymer has higher experimental O and S content than
theoretical ones, because more than 5§ mol % HS monomers
could participate in the copolymerization that results in the
copolymers containing more than S mol % HS units. However,
less than SO mol % HS monomers could participate in the
mPD/HS(50/50) copolymerization that produces the mPD/
HS(50/50) copolymers containing less than 50 mol % HS
units, in which the experimental N, O, and S content is lower
than theoretical content. These results are in agreement with
the above relevant discussion.

Wide-Angle X-ray Diffractograms. The wide-angle X-ray
diffractograms of the microparticles of the mPD/HS(95/S)
copolymer and mPD homopolymer in Figure 2¢ present broad
diffraction peaks in a Bragg angle range from 15° to 35°, which
is typical diffraction of amorphous polymers. Hence two
polymer microparticles have amorphous structure character-
istics. It seems that the mPD homopolymer has even higher
amorphous level. This amorphous structure should favor the
penetration, interaction, and then adsorption of heavy metal
ions into the microparticles because the macromolecular chains
in the amorphous states are relatively looser and more
disordered than those in the crystalline states.

3.3. Size and Morphology of Poly(mPD-co-HS) Micro-
particles. Particle size is one of the most important factors that
influence the interaction degree between the particles and
heavy metal ions. Smaller size usually indicates higher specific

surface area and more active acting sites exposed on the surface
for otherwise similar nonporous polymer particles. Considering
that the mPD/HS (95/5) copolymer particles have the second
highest synthetic yield, the third-highest conductivity, the
highest band 4 intensity of UV—vis spectra, and the strongest
interaction with Pb(II) ions (as shown later), the size
distribution and morphology of the mPD/HS (95/5)
copolymer particles have been carefully analyzed, as revealed
in Figures 2d and 4. The number-average diameter of the

10 pm =

Figure 4. SEM and TEM images of mPD/HS (a) 100/0, (b) 95/5, (c,
d) 70/30 copolymer microparticles synthesized under (NH,),S,04/
comonomer molar ratio of 1/1 in 1.0 M HCI at 30 °C.

copolymer particles is found to be 2.44 ym that is smaller than
that of the mPD homopolymer (3.16 um).>® The decrease of
the particle size in water media should be attributed to
improved water-dispersibility of the copolymer particles
because of electrostatic repulsion of the negatively charged
sulfonic and also hydroxyl groups on HS units, 336 which could
efficiently stabilize the small particles with high surface energy.
Note that the size polydispersity index of the copolymer
particles is 2.16 that is slightly higher than that of the mPD
homopolymer (1.17), signifying that the copolymer particles
are basically uniform fine particles. Thus, smaller fine particles
would result in more efficient interaction between the mPD/
HS (95/5) copolymer and Pb(II) ions.

Since the copolymer particles could agglomerate to some
extent in water, the size of the particles given by laser particle-
size analysis is larger than that by SEM and TEM sometimes.
SEM observation in Figure 4 indicates that all of the mPD/HS
copolymer particles also aggregate into large particles to some
extent regardless of ethanol dispersion. However, some
particles dispersed well and have an average diameter of
down to around 500, 700, 900, 1600, 2000, and 1100 nm for
the mPD/HS copolymer particles of 100/0, 95/5, 90/10, 80/
20, 70/30, and 50/50, respectively. It seems that the elementary
particles of the mPD/HS(100/0) polymer, ie., mPD
homopolymer, are the smallest, but their dispersion is the
weakest. It is of interest to find that the mPD/HS(95/5)
copolymer particles have the second smallest size and the best
dispersion. The field-emission TEM images in Figure 4d further
confirmed that the mPD/HS(95/S) copolymer microparticles
are smaller than mPD/HS(70/30) copolymer microparticles,
having average diameters of 600 and 800 nm, respectively.

dx.doi.org/10.1021/am505463f | ACS Appl. Mater. Interfaces 2014, 6, 22096—22107



ACS Applied Materials & Interfaces

Research Article

80 —

165

a)
— 4160
. 76F "o
Z J155 2 5
2 3 E
g J150 £ =
5 12} T~ — 172§
o o C
il \\/ 1145 8 &
= © O
a - =a
* 68} J140 2
J135
6l A A A \ A
0 10 20 30 40 50
HS content / mol%
-40 (— T T T T T
o[ © —
)
-80} & J 10-2 M
100} ¢
E mmm)/ 10 3 M s >
E a20f 47um § E
S 140} pr—T g | s
8 -160 ,»’1 oS m 150 um 8
s 2
a 180} & &
200} 106m
220}
-240 -‘5 N N s 2 N
0 10 200 300 400 500

Response time /' s

d)
100}

120

-180F

-200} |

L b)
-120

-150

-180 |
210} NaTPB

=240

m—a//A

-

P

No copolymer ]

/f

ionophore

8 7

6 5

4

-140

-160 |

log[Pb(ll) / M]

46.0
6.5

|
0 200 400 600 800
Response time /' s

Figure 5. (a) Adsorption of Pb(II) at an initial Pb(II) concentration of 0.965 mM onto mPD/HS copolymer particles with a sorbent dose of 10 mg
at 30 °C for 0.5 h. (b) Potentiometric response of Pb(II) sensor based on mPD/HS copolymer:PVC:DOP (1.0:33.0:61.0) sensing membrane with a
thickness of 150 ym with two ion-exchangers of OA and NaTPB. (c) Dynamic response time profiles of the Pb(II) sensors with mPD/HS
copolymer:PVC:DOP:OA ratio of 1.0:33.0:61.0:5.0 in two membrane thicknesses of 150 and 47 pm. (d) Effect of pH on the response potential at
Pb(II) concentrations of 1.0 X 107> M with mPD/HS copolymer:PVC:DOP:OA ratio of 1.0:33.0:61.0:5.0.

Moreover, the copolymer is a kind of loose aggregate consisting
of spherical nonporous particles. This morphological feature of
the mPD/HS copolymer particles is propitious to the
significant interaction or complexation between the copolymer
chains and lead(II) ions when using the copolymer particles as
a crucial ionophore in Pb(II) sensors.

3.4. Pb(ll) Sensor Based on Poly(mPD-co-HS) lon-
ophore. Complexation of Poly(mPD-co-HS) with Lead lons.
One of the important interactions between the poly(mPD-co-
HS) particles and Pb(II) ions is complexation of Pb(II) ions
onto the ligating functional groups like —NH—, —N=, —
OH, —SO;H, and —NH, on the copolymer.31 The complex-
ation could quantitatively be described by adsorption capacity
and adsorptivity of Pb(II) onto the microparticles as shown in
Figure Sa. The adsorption capability is heavily dependent on
the polymer composition. As the HS content increases from 0
to 50 mol %, the adsorbance and adsorptivity both significantly
rise first and then decrease, simultaneously demonstrating the
maximal adsorbance and adsorptivity of 157.74 mg ¢! and
78.87%, respectively, at the HS content of 5 mol %. Compared
to the mPD homopolymer particles, the mPD/HS (95/5)
copolymer particles have an adsorptivity enhancement by
12.02%, which can be ascribed to the introduction of an
optimal amount of ligating active sulfonic and hydroxyl groups
and the best dispersion of the particles in Pb(II) aqueous
solution as shown in Figure 4b. That is to say, the interaction
between the mPD/HS (95/5) copolymer and Pb(II) ions could
be the strongest. Therefore, this specific copolymer particles
have been used as novel ionophore for the fabrication of Pb(II)
sensor in the following investigation.

22102

Sensing Performance of Pb(ll) Sensors. As can be seen in
Figure Sb, both the potentiometric sensors with poly(mPD-co-
HS) particles as an ionophore show satisfactory Nernstian
response to Pb(II) ions over a wide range, especially for the
sensor with S wt % OA as ion exchanger. In other words, a
lipophilic OA additive would result in a wider linear range than
hydrophilic tetraphenylborate salt. The detection limit and
linear range of the former sensor are found to be 10755 M and
10755-107" M, respectively, which are superior to 10753 M
and 107%°—10723 M of the latter. Superior detection sensitivity
to Pb(II) may be attributable to a unique synergistic
complexation effect between —NH,/—NH—/—N=/—
OH/—SO;H groups and Pb(II) ions. The superiority of OA
may result from fewer hydrogen ions from OA (pK, = 5.02),
which would be helpful to realize lower detection limit.** It
should be noticed that a copolymer particles-free electrode with
copolymer:PVC:DOP:OA weight ratio of 0:33:61:5.0 showed
the poorest linear potential response simply because of the
absence of copolymer sensing materials that can achieve the
valuable complexation between the copolymer ionophore and
Pb(II) ions. That is to say, 1 wt % of the copolymer particles in
the sensing membranes plays a vital role in linear and sensitive
response to Pb(II) ions. The linear sensitive response might be
attributable to a unique ability for tendency of the particles to
connect with each other and accordingly form a nanochannel or
nanonetwork of effectively conducting electrons and ions over
the entire sensing membrane.®” Therefore, OA was selected as
the ion-exchanger for the following sensor study.

The response time of the sensor to Pb(Il) ions is mainly
determined by the interaction rate between Pb(II) ions and the
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11,31,42—53

Table 2. Logarithmic Selectivity Coefficients for the Pb(II)-Sensors by a Fixed Interference Method at an Interfering Ion

Concentration of 1.00 X 1073 M“

compound

NaNO,
KNO,
Hg(NO;),
Co(NO;),
CdCl,
Ba(NO;),
Cu(NO3)2
Zn(NO,),
Mn(NO;),
Ca(NO3),
Mg(NO;),
Ni(NOy),
Cr(NOs),
AlCl,
FeCly

interfering ion

Na(I)
K(1)
Hg(ID)
Co(II)
Cd(11)
Ba(Il)
Cu(1I)
Zn(1)
Mn(1D)
Ca(I1)
Mg(1I)
Ni(1I)
Cr(1m)
AL(ITD)
Fe(III)

detection limit (M)

10—6.1
10—6.3
10—3.5
10—5,3
10753
10754
10—5.4
10—5.6
10—5.8
10—6.1
10—6.1
10—6.2
10—5,2
10—5.7
10—5.7

selectivity coeff KB}y
1071/(107%) * = 107
107%%/(107%) * = 107

1073%/1073 = 107°%
107%%/107% = 107
1073/107% = 1073
1074/107% = 107**
10734/1073 = 107%*
107%6/107% = 10726
1073%/1073 = 1072%
10—6.1/10—3 - 10—3.1
107%1/107% = 107!
10—6.2/10—3 _ 10—3.2

10—52/(10 3)2/3 10—32

10—57/(10—3)2/3 10—37

0—57/(10—3)2/3 - 0—3.7

“The standard deviations for the triplicate tests are between 0.58 and 0.82.
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logarithmic selectivity coeff log Kpip

-0.1
-0.3
-0.5
=23
2.3
—2.4
2.4
-2.6
-2.8
-3.1
-3.1
-3.2
-3.2
-3.7
=37
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Table 3. Characteristics of Pb(II) Ion-Sensors Based on mPD/HS Copolymer Ionophores with a Thickness of ca. 150 gm
Filling with Inner Solution of 1.00 X 10~* M Pb(NO;), with Usage Time“

usage time (week) linear range (M) fitting eq

0 10765-10""? E =-3572+2928 log a
1 10765-107" E =-3093 +29.23 log a
2 107%-107" E = —2677 +29.20 log a
3 107%5-107"* E=-2277+2918 log a
4 107%0—107% E=-2932 +29.04 log a
8 10760-107"? E = —23.30 + 28.76 log a
12 107%—107" E=-2349 + 2838 log a
16 10755-10""° E = —23.10 + 28.05 log a
18 107%5-107>3 E=-1794 + 2791 log a
19 1075510723 E=-1778 + 2784 log a
20 1073%-107>3 E =-1499 + 27.11 log a

“The standard deviations for the triplicate tests range from 0.58 to 0.82.

linear correlation coeff slope (mV/decade) detection limit (M)

0.9994 29.28 1075 = 2.82 X 1077
0.9994 29.23 1076%* = 2,88 x 1077
0.9997 29.20 1075 = 3,09 x 1077
0.9994 29.18 107650 = 3,16 x 1077
0.9997 29.04 10763 = 5,01 x 1077
0.9995 28.76 1076 = 575 x 1077
0.9991 28.38 107% = 724 x 1077
0.9993 28.05 107%%%=9.12 x 1077
0.9995 2791 107%% = 1,00 x 107¢
0.9996 27.84 1075%* = 1.15 x 1076
0.9992 27.11 1075%% = 132 x 107¢

ligating groups on copolymer particles. To measure the
response time of the proposed Pb(II)-ISE, the Pb(II)
concentration of the test solution was successively changed
from 1.0 X 107 to 1.0 X 107*® M. Figure Sc shows that the
dynamic response time of the Pb(II)-sensor decreased from 25
to 16 s with increasing Pb(II) concentration from 1.0 X 107%°
to 1.0 X 107*° M. Very similar response rate for the Pb(II)-
sensors containing two membrane thicknesses of 150 and 47
um suggests that the crucial potentiometric sensing interaction
mainly occurred at the skin layer of the sensing membranes
rather than the bulk layer. The fast response at high Pb(II)
concentration is probably due to the fast exchange kinetics of
complexation—decomplexation of Pb(Il) at the interface
between Pb(II) solution and sensing membrane.

A study on the potential—pH relationship of Pb(II) sensor
based on poly(mPD-co-HS) solid ionophores reveals that, in a
pH range between 3.58 and 5.63 (Figure 5d), the potential is
quite stable with pH. That is, the Pb(I) sensor could be
satisfactorily used in the pH range from 3.58 to 5.63. At pH >
5.63, the potential decreased related either to precipitation of
Pb(OH), and/or to formation of hydroxyl lead complexes
resulting from competition of OH™ with the ionophores for
Pb(II) ions.*' The carbonate complexation may also form in
this case.'' Contrarily, the potential variation at pH < 3.58
could be related to protonation of the ligands in the membrane
phase and ion-exchanger OA can release H' to the sample
solution near the membrane side, which resulted in a loss of its
ability to form complexes with Pb(II) ions.

The sensing selectivity is obviously one of the most
important characteristics of an ion-sensor, determining whether
a reliable measurement in the target sample is possible. The
selectivity coefficient was determined by the fixed interference
method (FIM) on the basis of the potential of the solutions
containing a fixed amount of the interfering ions (B*) (1.0 X
10* M) and varying amounts of Pb(II) ions. As can be seen
from Figure 6a and Table 2, with the exception of Hg(II), for
all other divalent or trivalent interfering ions used, the
selectivity coeflicients of cations tested are smaller than 5.0 X
1073, which seems to indicate that these metal jons exert
negligible disturbances on the functioning of the Pb(II)
membrane sensor. As far as the most common monovalent
interfering ions are concerned, the logarithmic selectivity
coeflicients range from —0.1 to —0.3, signifying that small
interference is present. However, it must be noted that a direct
comparison of the numerical values of the selectivity
coeflicients would be insignificant for the interfering ions
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with different charges. In fact, interferences are comparable for
the Pb(II)-ISE in the presence of 1.00 X 10~ M monovalent or
divalent interfering ions with logarithmic selectivity coefficients
of 1 or —2, respectively.”’ Considering that Na(T) and Hg(II)
could be possible interfering ions, the potential response of the
Pb(II) sensor with mPD/HS copolymer:PVC:DOP:OA ratio of
1.0:33.0:61.0:5.0 toward four representative redox species
(Na,$,0;, NaNO,, Hg(NO;),, and H,0,) present in solutions
in a wide concentration range from 1.0 X 1077 to 1.0 X 107>
M has been reported in Figure 6b. It is found that Na,S,0;
slightly contributes to potential response slope. However,
NaNO,, Hg(NO,),, and H,0, hardly ever contribute to
potential response slope; ie., the coexistence of NaNO,,
Hg(NOs;),, and H,0, will not disturb the potential response of
the sensors toward Pb(II). Therefore, the Pb(II)-sensor
revealed comparatively good selectivity with respect to many
cations including alkali earth, alkaline earth, transition and
heavy metal ions, and ordinary redox species such as NaNO,,
Hg(1I) and H,0,.

The copolymer ionophore synthesized in this study contains
abundant functional groups like —NH—, —N=, —NH,, —
OH, —SO;H as complexation sites. These groups possess lone
pair electrons that are readily attracted by the metal ions with
electron deficiency. The selectivity originates from the
differences of the electron deficiency of the metal ions. In
fact, the functional groups employed have very low binding
capability toward the alkaline and alkaline earth metal ions, and
also low binding capability toward most of the transition metal
ions except Pb(II), Hg(Il), Fe(III), and AI(II) with deficient
electrons. This proper binding capability should result from the
formation of the charge-transfer complex between the func-
tional groups and Pb(II)/Hg(II)/Fe(III)/Al(III) ions. Theo-
retically, the potential response of trivalent Fe(III) and AI(III)
is weaker than those from divalent or monovalent ions at the
same complexation extent because of the much weaker
theoretical Nernstian response slopes from trivalent ions,
resulting in much lower interfering effect of the trivalent ions
on Pb(II) response even if the same quantity of ions are
complexed. It seems that there should be an interference from
Hg(II) to some extent. However, Hg(II) concentration in the
real environmental world is generally low. Therefore, in most
circumstances, the interference from Hg(II) to the detection of
Pb(1I) would be avoided.

Long-term inspection for the Pb(II)-sensor showed a long
lifetime as listed in Table 3. In a period of 4 weeks’ usage at a
frequency of twice a week, the proposed sensor still retained
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good performance, and then continued at the same level for
over 20 weeks (S months) without any divergence in potentials
but just with a small shift in the detection limit, as shown in
Figure 6¢. The sensor has such a long lifetime because the solid
copolymer ionophore used in this investigation will not leak
during long-term usage regardless of a possible loss of the liquid
plasticizer. Another reason could be that the water-insoluble
OA has been used to totally replace partly water-soluble
NaTPB. It might be concluded that the optimal mPD/HS
copolymer:PVC:DOP:OA weight ratio in the sensing mem-
brane as schematized in Figure 6c, inset, for long-lived Pb
sensor is 1.0:33.0:61.0:5.0 for fabricating a robust long-life
Pb(1I)-sensor.

Comparative Benefits. The synthetic process of the mPD/
HS(95/5) copolymer particles having synthetic yield of up to
89.6% is simpler and more efficient and could be more scalable
than that of other ionophores. The mPD/HS(95/5) copolymer
incorporating ca. 5 mol % —OH/—SO;H groups to replace a
small amount of —NH, groups demonstrates 2.25 times better
detection limit than the mPD homopolymer without —OH/—
SO,H groups,®" which would be attributed to the effectively
synergistic effect among —NH,, —NH—, —N=, —OH, and
—SO;H groups while ligating Pb(II) ions. This synergistic
effect hardly ever exists in the complexation reaction between
Pb(II) and mPD homopolymer. In a comparison with other
typical Pb(I)-ISE sensors with plasticized PVC as ma-
trix,">"*7>3 the proposed Pb(II)-sensor with the copolymer
ionophore having five types of different functional groups that
could appropriately ligate Pb(II) ions along the unique large #-
conjugated macromolecular chains, and intrinsic electrical
conductivity accomplishes superior comprehensive perform-
ance including longer lifetime time (green bar) and/or the third
best detection limit (orange bar), as summarized in Figure 6d
and Supporting Information Table S1. As compared with the
previous article,” the shortest response time of the new sensor
to Pb(Il) where mPD and DOP-plasticized PVC were used
instead of aniline and plasticizer-free vinyl resin is improved
from 22 to 16 s. The higher electric conductivity of the DOP-
plasticized sensing membrane in this study than in the
plasticizer-free vinyl resin membrane® also significantly results
in a more facile and time-saving measurement of the potential.
It seems that these two types of Pb(II) sensors have different
characteristics and thus different application fields. The
previous sensor could be suitable for the Pb(Il) analysis of
the pure water containing an extremely trace amount of Pb(II),
while the current sensor should be suitable for the Pb(II)
analysis of the wastewater containing relatively more Pb(II)
ions.

In short, the conducting copolymer microparticles demon-
strate sensitive, selective, quick, and long-term detection of a
trace amount of aqueous Pb(II) ions in a pH range between
3.58 and 5.63 because of their highly potentiometric sensitivity
toward Pb(II) concentration changes that stems from the linear
and quantitative susceptibility of their electronic structure to
interacting Pb(II) ions. This potentiometric sensitivity makes
the copolymer particles become an ideal ultrasensitive
ionophore in PVC membrane matrix in order to fabricate
Pb(1I)-sensors for sensitively and selectively determining
Pb(II) ions at low cost.

4. CONCLUSIONS

A new mPD/HS copolymer possessing five types of different
functional groups that may properly ligate Pb(II) ions along the

unique large 7-conjugated macromolecular chains and intrinsic
electrical conductivity has been successfully synthesized as
spherical and nonporous microparticles. The conducting
copolymer microparticles demonstrate ultrasensitivity toward
changes in their local chemical environment that stems from
the linear and quantitative susceptibility of their electronic
structure to interacting Pb(II) ions. This chemical sensitivity
has made them an ideal ultrasensitive ionophore in PVC
membrane matrix for fabrication of Pb(II)-sensors for
sensitively and selectively determining Pb(II) at potentially
much lower cost and simpler sensing membrane preparation
procedure than the present PVC-based Pb(II)-sensors
containing low molecules as ionophores. This is demonstrated
by good performance characteristics obtained during applica-
tion, such as low concentration detection limit, short response
time, wide pH windows, long lifetime, and good selectivity. In
particular, the new long-life Pb sensors based on a novel
sensing membrane with many complexation sites and thus fast
and stable response have been achieved by a simplified process.
The process for producing the copolymer microparticles and
fabricating Pb(II)-sensor can be easily scaled-up in order to
supply robust sensors for facile use in the relatively long-term
online monitoring of Pb(II) in real world applications such as
heavily polluted wastewaters when even more highly sensitive
Pb(II) sensors could not be directly applicable.
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