UNIVERSITY OF FUKUI
REPOSITORY

Dissociation kinetics at polyacrylic latex-coated
electrodes

&&2: English

HARE

~BH: 2010-01-13

*F—7— K (Ja):

*F—7— K (En):

YERRZE: LI, Tianbao, AOKI, Koichi, CHEN, Jingyuan,
NISHIUMI, Toyohiko

A—=ILT7 KL R:

FilE:

http://hdl.handle.net/10098/2349




Dissociation kinetics at polyacrylic latex-coated electrodes
Tianbao Li, Koichi Aoki’, J ingyuan Chen, Toyohiko Nishiumi
Department of Applied Physics, University of Fukui, 3-9-1, Bunkyo, Fukui-shi,
910-8507 Japan

Abstract

Polystyrene/poly(acrylic acid) latex particles 0.26 pum in diameter, which were
synthesized by emulsion copolymerization of styrene and acrylic acid, were
immobilized on the platinum electrode in a uniform film. The film did not block the
diffusion current of a ferrocene derivative in the solution. The voltammograms showed
the reduction of hydrogen ion, which was supplied not only from the solution but also
from the dissociation of carboxyl acid of the adsorbed latex. The peak currents at pH
less than 4.5 were proportional to the thickness of the latex film, and were supplied by
dissociation from the latex. In contrast, those at pH more than 5.5 were independent of
the film thickness, and were controlled by the dissociation kinetics of the carboxyl acid
within the first particle layer. Expressions for the voltammetric currents with the CE
mechanism were derived theoretically. The theory predicts that the reaction rate
constant can be evaluated from the lower deviation from the proportionality of the peak
currents to scan rates, as in consistent with the experimental results. The rate constant
was by one order smaller than the homogeneous rate constant of acrylic acid.
pH-Titration demonstrated the electrostatic interaction of -COOQO’, like in self-assembled
carboxylate films. The average concentration of carboxylate in the latex was ca 2.7 M.

The dissociation was limited to the surface domain of the latex.

key words: polyacrylic latex-coated electrodes; voltammetric CE mechanism;

electrostatic interaction; theoretical analysis
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1. Introduction

Poly(acrylic acid) (PAA) has been used electrochemically for uptake of redox
cations, e.g., bis-bipyridyl cobalt [1,2], cadmium in the presence of alumina [3], cupper
[4], tris(2,2'-bipyridyl)ruthenium [5], nickel(Il) tetraazamacrocyclic complex [6],
bis-bipyridyl osmium [ 7 ], hexaammineruthenium and hexaamminecobalt [ 8 ],
ferrocenylethanol [9], thallium [10], some alkali metal hydroxides without salts [11],
and N, N-dimethylaminomethyl-ferrocene [12]. Negatively charged molecules such as
hexacyanoferrate cannot be simply taken up to PAA [5]. PAA can immobilize
cytochrome ¢ [13] and big particles such as multiwalled carbon nanotubes [14], gold
nanoparticles [15], CdS nanoparticles with cupper ion [16], and platinum nanocrystals
[17]. It makes copolymers with polyaniline [18,19] and has immobilized flavin adenin
dinucleotide for detection of glucose [20].

The uptake of cations to PAA is caused by association of the carboxyl moiety in
PAA, and hence a degree of the uptake should be determined by the pK, as well as pH
in solution [5,9], as is predicted from the association in acetic acid. When PAA is in a
solid state or a film, the association is complicated by block of a loss of permeation of
solvent and ions. It is also hindered by electrostatic interaction of the deprotonated
carboxyl group [9], as has been found in carboxyl alkanethiol self-assembled
monolayers [21-23]. In order to control quantitatively a degree of the association, PAA
has to be dispersed in solution [10,11], or such PAA films have been employed that all
the acrylic moiety might be exposed to solution [20,24]. Another technique of
enhancing the ion-exchange ability of PAA is to make polymers be microparticles, that
is, latex particles. Latex suspensions of PAA have been used for the uptake of
trimethylaminoferrocene, depending on pH and salt concentrations [25].

Functionalized redox latexes are useful for enhancement of electrochemical
responses either in film forms or in suspensions. Hemin-immobilized polyallylamine-

polystyrene latex has increased catalytic efficiency of reduction of dioxygen [26] and
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carbon dioxide [27]. The latex composed of polystyrene sulfonate, polyallylamine and
tyrosinase showed -catalytic currents for the enzymatic oxidation of catechol to
o-quinone [28]. Gold particles-included latex with DNA probes has enabled to detect
0.5 fM DNA hybridization [15]. Advantages of these applications are ascribed not only
to efficient immobilization of catalysis but also to fast mass transport of large surface
area of particles owing to high porosity, permeability and swollenness. However, the
redox reaction is sometimes blocked by a loss of freedom the redox sites on the latex.
For example, ferrocenyl latexes have been partially oxidized at electrodes by
geometrical restriction of reaction zone [29-32] or rotational diffusion [33,34].
Geometrical hindrance of the polyaniline latex has given rise to unpredicted behavior
such as oscillation currents [35], discrete currents independent of the latex concentration
[36], and the irreversible waves due to the electric percolation [37].

Since PAA can immobilize various cations in aqueous solutions, its latex has
potential applications to electrochemical control of ion exchange. Unfortunately, few
data on physicochemical properties of PAA latex have been reported as for the
dissociation equilibrium, dissociation kinetics and blocking of mass transport [15,25], to
our knowledge. In order to build up PAA latexes in synthesis, it is important to get a
value of pK,, pH dependence in the dissociation of the carboxyl group, permeability of
ions and solvents into the latex, thickness of the chemical and electrochemical reaction
zones within the latex, and the dissociation rate constant. This research was triggered to
shed light on these properties, and is devoted to investigating especially the

electrochemical reduction of hydrogen ion dissociated from the adsorbed PAA latex.

2. Experimental

2.1 Chemicals

The polystyrene/poly(acrylic acid) (denoted as PAAPS) latex was synthesized by
3



copolymerization of styrene and acrylic acid at the loaded molar ratio, 1.0 : 0.076, in
emulsions with the help of sodium dodecylsulfate (SDS), as has been described [25].
(Ferrocenylmethyl)trimethyl- ammonium bromide (FcTMA) was synthesized according
to the bibliography [38], and was purified by re-crystallization. Other chemicals were of
analytical grade, and were used as received. Aqueous solutions were prepared with

ion-exchanged deionized water of which resistivity was ca. 12 MQ cm.

2.2. Measurements and instrumentation

Cyclic voltammetry was carried out with a computer-controlled potentiostat,
Compactstat (Ivium Tech., Netherlands). The working electrode was a platinum disk 0.8
mm in radius. The reference electrode was an Ag|AgCl (3.0 M NaCl), and the counter
electrode was a platinum coil. The surface of the working electrode was polished with
0.03 um alumina paste on a wet cotton, and was rinsed with distilled water in an
ultrasonic bath three times before each voltammetric run.

The size of the latex particles was determined by a scanning electron microscope
(SEM, Hitachi, S-2600H). The size distribution and particle-dispersion were determined
by a light scattering instrument (Malvern Zetasizer Nano-ZS). A conductometer was

HEC-110 (DKK, Tokyo). The UV-spectrometer was V-570 (JASCO, Tokyo).

3. Results

3.1 Ionic properties of PAAPS suspensions

The PAAPS latex particles were spherical 2 = 0.265 £ 0.011 um in diameter by
SEM photographs, where the error means the standard deviation obtained from
randomly selected 50 particles. The diameter was consistent with the value obtained

from the dynamic light scattering. The suspension in a glass vessel exhibited iridescence
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on the wall of the vessel [25], and must form a colloidal crystal near the wall. The dried
suspension on a glass plate formed a two-dimensional hexagonal arrangement,
according to SEM observation [25].

The suspension was ion-exchanged to acidic form by addition of 0.1 M HCI and
then was deionized iteratively by centrifugation and re-dispersion with deionized water.
An aliquot of the suspension was titrated with NaOH solution on monitoring the electric
conduction. The conductance at the beginning of the titration did not vary with the
addition of NaOH, and then increased rapidly with the added volume. The dissociation
seems to proceed in
(latex)-COOH + OH™ — (latex)-COO™ + H,O
From the amount of NaOH at the end point of the titration (x mol), the dried amount of
the aliquot (w g) and the density of the latex (d = 1.05 g cm™), the number of carboxyl
group per particle was xNa(d 4mr°/3)/w = 5.32x10°, where N, is the Avogadro constant.
Since the value of x did not vary with the titration time or stirring speed of the solution,
it should be close to the equilibrium value.

It is not certain, however, whether the dissociation occurred on the surface of the
latex or within the latex. We dissolved given weights of the latex, polystyrene (PS) and
PAA sufficiently in dichloromethane and obtained their UV spectra. The spectra had a
band at ca. 260 nm, being not specific to PS or PAA. The absorbances, A4, of both PS
and PAA at 260 nm were proportional to their concentrations, ¢s and ¢, respectively,
that is, A5 = &cs and 4, = g,c, With g/& = 3.59. Since the latex is composed of PS and
PAA, the absorbance should be expressed by 4 = As + A, = &cs té&ca. In contrast, the
concentration of the latex is given by ¢ = ¢ +c,. From known values of &, &, ¢ and 4,
we evaluated ¢y and c¢,, yielding the number of carboxyl group per particle to be
1.58x10”. This value corresponds to 2.7 M in concentration if the carboxylic group is
uniformly distributed in one particle. The much smaller value of the amount by the
conductometric titration than this value indicates that the carboxylic acid only on the

surface should participate in the dissociation. Letting the thickness of the surface active
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domain bed, the algebra (4n/°8)/ (4mr/3) = 5.32/158 yields §= 1.5 nm at r = 0.265/2
pm. Thus the dissociation is limited only to a domain of a few molecular layers of the
latex.

The molar ratio of PAA to PS per particle was c,/cs = 0.34 by the absorbance. The
inequality, ¢, < ¢s, suggests hydrophobicity of the latex owing to PS. This is a reason
why the dissociation was restricted only to the surface domain of the latex. The ratio
was five times as large as the ratio (0.076) of the loaded amount in the synthesis,
indicating more favorable polymerization of PAA than PS in the emulsion.

In order to evaluate acidic properties of the PAAPS latex, the suspension was
titrated with NaOH solution on monitoring pH of the solution. The suspension before
the titration was taken to be acidic form by being stirred in 0.1 M HCI solution for two
days, and being centrifuged with ultrapure water three times. Although a stoichiometric
point could be identified from the titration curve, as is shown in Fig. 1, the titration
curve was deviated from a typical sigmoid especially for pH less than 7.0. In order to
quantify the deviation, we re-plotted the pH-variation with log(x/(1-x)) in Fig. 2, where
x is the ratio of the titrated volume of NaOH to that at the end point. The plot fell on a
line ((a) in Fig. 2). The titration curve of a weak acid is approximately expressed by
pH = log[x/(1 - x)] + pKa (1)

Here pK, can be evaluated from a line with unity slope at x = 0.5. The plot in Fig. 2
provides pK, = 5.3 at x = 0.5. The slope of the line was 2.0, whereas that in Eq. (1) is
unity. The larger value of the slope than unity can be ascribed to (i) wide distribution of
pK, caused by distribution of molecular weight of the polymers and (ii) electrostatic
interaction of carboxylate owing to its high concentration in the latex. Reason (i) is
intrinsic to configuration of the polymer, while (ii) depends on concentration. We
diluted the PAAPS latex in mixture of THF and water, and titrated it with NaOH
solution. The logarithmic titration curve (b) obeyed Eq. (1) for log[x/(1-x)] < 0.2, as is
shown in Fig. 2. Therefore, the larger slope in Fig. 2(a) is not ascribed to a distribution

of various values of pK,, but must be caused by such high density of deprotonated
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carboxyl acid that the electrostatic repulsion among -COO™ may hinder the dissociation.
The electrostatic repulsion has been demonstrated [21] for the self-assembled film of
m-carboxylalkanethiol in (c¢) of Fig.2. Since the latex contains concentration of
carboxylate as high as 2.7 M, electrostatic repulsion is necessarily conspicurous at the

cost of electric neutrality by salt in solution.

3.2. Voltammetric features of PAAPS latex at low pH

Voltammetry was performed in aqueous solution including FcTMA at various pH
values adjusted with HCl. FcTMA was added deliberately to the solution not only
because of avoiding incorrect potential by accidental coating the reference electrode
with the latex film but also because of evaluating a blocking of mass transport by the
adsorbed latex. Voltammograms of the solution including 0.23 mM HCIl + 0.20 mM
FcTMA + 0.5 M KCl showed well-defined redox peaks at ca. -0.5 V and 0.4 V, as are
shown in Fig. 3(a). Since the cathodic peak current at -0.5 V was proportional to
concentrations of H', it can be attributed to the reduction of H'. The anodic current at
0.4 V is ascribed to the oxidation of FcTMA. These peak currents were proportional to
the square-root of the potential scan rate, v. Therefore they are controlled by diffusion of
H' or FcTMA from the bulk. The diffusion coefficients were evaluated from the slopes
to be Dy = 5.4x10° ¢cm? s and Dgctma = 0.56x107° cm? s'. PAA is adsorbed strongly
on electrodes at low pH values reportedly [39], because PAA is associated with H to
take an electrically neutralized form. In fact, a deposit was viewed on the electrode
surface after the voltammetry. Nevertheless, the diffusion current was not blocked,
suggesting good ion-permeability into the latex particle and vacancy among adsorbed
latex spheres.

The non-blocking property inspired us to coat the electrode deliberately with the
PAAPS latex by casting a given amount of latex suspension and being dried. We

designate it as the H,O-PAAPS-coated electrode The voltammogram in the same
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solution as above showed the cathodic current of H' larger than that at the bare
electrode (in Fig 3(b)). The enhancement of the current may be due to a supply of H'
from the dissociation of the carboxylic acid adsorbed on the latex. The reduction peak
potential was shifted by 0.15 V in the negative direction from that at the Pt electrode.
The negative shift may be ascribed to the potential shift in the Nernst equilibrium owing
to accumulation of H or H; on the electrode. The cathodic peak currents at -0.5 V were
approximately proportional to v!2 for a thin layer. They varied to the adsorption-control
with an increase in the thickness.

The cathodic peak currents at -0.5 V increased linearly with amounts of the
immobilized latex, implying accumulation of H' near the electrode, as is shown in Fig.
4(b). Here, the thickness was calculated from the weight of the dried latex and density
of the film. The slope, being the current -0.68 puA per particle layer, can be regarded as
the adsorption current caused by the one particle layer. If the peak current is assumed to
be expressed by 1, = F*TAVRT, /4, the value of the adsorbed amount, 7, is calculated to
be 0.4x10™"" mol mm'z, where A is the area of the electrode. In contrast, the adsorbed
amount calculated from the number of -COOH per particle by the conductometric
titration is 1.3x10™"" mol mm™ under the assumption of the closest packed adsorption of
the particles. The latter is larger by three times than the former. Since electrode
reduction of H' can dissociate -COOH partially, the number by the conductometric
titration should be larger than the electrochemically reacting number of -COOH.

The oxidation current of FCTMA, in contrast, did not vary appreciably with the
amount of the latex, as is shown in Fig. 4(a). FCTMA, possessing one positive charge,
has not been taken up to the latex film in salt-rich solutions because of a loss of
electrostatic attraction between (latex)-COO™ and FcTMA by salt [25]. Therefore,
FcTMA is not accumulated to the electrode, and thus exhibited the

thickness-independence.

3.3. Voltammetric features of PAAPS latex at high pH
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The conventional technique of fabricating polymer-coated electrode is to spread a
polymer solution on an electrode rather than a polymer suspension. We attempted to
cast a given amount of tetrahydrofuran(THF)-dissolved PAAPS solution on the
platinum electrode and dried the electrode sufficiently, called the THF-PAAPS-coated
electrode. The voltammogram at this electrode in the solution of 0.2 mM FcTMA + 0.14
M KCI at pH 5.82 showed the redox wave of FCTMA, as is shown in the solid curve of
Figure 5. Since the current values were almost the same as those at the
H,O-PAAPS-coated electrode (-.-) and the bare Pt electrode (...), the
THF-PAAPS-coating film is permeable for FcTMA or takes patched form on the
electrode. On the other hand, it had no response of the reduction of H" at all (see no
current at -0.5 V), as contrasted with the wave at the H,O-PAAPS-coated electrode.
When a water droplet was mounted on the THF-PAAPS-coated electrode in air, the
contact angle was 80°. In contrast, the HyO-PAAPS-coated electrode showed the contact
angle 30° (flatter). The THF-PAAPS-film is more hydrophobic than the
H,O-PAAPS-film. Therefore, the dissociation should be suppressed in the
THF-PAAPS-film, and no reduction current of H" was observed. The THF-PAAPS-film
hindered dissociation, whereas H,O-PAAPS-film could keep hydrophilicity for the
dissociation. This is an advantage of fabrication of films by means of latex techniques.

When pH in the solution was over 5.5 without using buffer solution, dependence of
the reduction currents of H' on the film thickness and scan rates was different from that
for pH lower than 4.5. The current was independent of the film thickness, as is shown in
curve (c) of Fig. 4. Only the interfacial domain between the electrode and the film can
supply hydrogen ion. In accord with this surface process, the peak currents were
proportional to the scan rates for v < 0.5 V s, as is shown in Fig. 5 at some pH values
of the solution. Those at high scan rates deviated lower values from each proportional
line. The deviation may be ascribed to participation of diffusion and/or the dissociation
kinetics. Since the thickness of the diffusion layer at 1 V s is ca 10 pum, diffusion
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within the film in one-particle layer thickness (0.26 um) mush not give rise to the delay
of the current. The dissociation kinetics is predicted to be responsible for the deviation.
We shall derive equations for peak currents as a function of scan rates and dissociation
rate constants when carboxyl acid in a very thin film is dissociated by the

electroreduction of H'.

4. Theory of voltammetric CE reactions in thin films

Analysis of CE reactions of weak acids has been a classical subject in
polarography [40] and at the RDE [41,42]. The theory EC reactions in voltammetry has
been developed to cyclic voltammetry [43]. These theoretical investigations are
modeled on diffusion or convective diffusion complicated by the CE reaction.
Theoretical work on voltammetric CE reactions for the surface process has not been
reported yet, to our knowledge, and thus we shall describe it here.

We consider the chemical reaction of 2 (HA) <> 1 (H") + 3 (A"), in which species 2
and 3 are electrochemically inactive, and species 1 is reduced at an electrode according
to the Nernst equilibrium. The reaction occurs in a thin film with a thickness w, into
which 1 and the supporting electrolytes can be penetrated or released without blocking
by the film. Species 2 and 3 are confined in the film. Before the electrode reaction
occurs, the chemical equilibrium holds, keeping the initial concentrations, K201*6‘3*/02*,
where K is the equilibrium constant and ¢, is the concentration of species n in the
equilibrium. We define the pseudo-equilibrium constant
Kp:cl*/c;:K/c; 2)
of the reaction
2 (HA) <> 1 (H") 3)

When the concentration of species 1, c;, decreases due to the reduction at the electrode,
1 is supplied with the dissociation reaction at the reaction rate, kc; - k'c;, where k and &'

are the dissociation and the association rate constants, respectively. It is assumed that
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the film is so thin that the concentration distribution caused by the electrochemical
reduction becomes rapidly uniform in the film. Consequently, the concentrations can be
represented as the densities of adsorbed amounts, /7 and /3 instead of ¢; and ¢,. The
rate of /3 obeys simply the reaction kinetics of reaction (3), i.e.,
d>/dt=- kI + k' 4)
In contrast, 1 is supplied with the dissociation but is consumed by the electrochemical
reduction. Therefore the rate of /7 is given by
dy/dt=kl> - k' + j/F (5)
where j is the current density by the reduction H' + ¢” — H, taking a negative value. /5
is controlled by an electrode potential through the Nernst equation of this reduction.
Unfortunately, neither concentration of H nor H, is known, and hence an accurate
Nernst equation cannot be formulated. An approximated Nernst equation may be helpful
only for discussing dependence of peak currents on scan rates rather than the peak
potential. We assume that 77 is given by
=0 (1+¢9) (6)
where 77 is the initial surface density of H' in the film, i.e., equal to ¢1'w. Here ¢'is the
dimensionless potential scanned in the negative direction at the scan rate v
{=(E - E°)F/RT = (- vt + Ex)F/RT
where E,y is the initial potential for the scan. According to the equilibrium conditions, £,
k' and K, are related to
Ky=0'/ I3 =k/k (7)

Our goal is to derive an expression for j/F as a function of £ Inserting Eq.(6) into
Eq.(5) and carrying out the differentiation, we obtain
-J/F=kI}- kT /(1 + ¢4+ (vVFI7 /ART) sech®({72) (8)
Inserting Eq.(6) into Eq.(4) and solving the differential equation, we have an explicit
form for />

=T kT [ L+ exp(F/RT)0u~E,))] du
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It can be rewritten as

i =epa¢ -6 0)-Af «“Owe ) ag )

where

A=kRT/Fv (10)

Ci=En F/RT

Eliminating /3 from Eq.(8) and (9) yield

—J et L K
-=exp\ A —-4,,))-4 -dl'— +—"sech”(£/2

i P(AE =)= 2], T d 4 Tsech’(( /2)

)

The first two terms in Eq.(11) are ascribed to the dissociation rate, while the third term
is attributed to the association (backward) rate. The forth term represents the reduction
of the initially confirmed species 1 because of the equality, k]“z*Kp/ﬂ = I Fv/RT.

Figure 7 shows wvariations of dimensionless voltammograms calculated
numerically from Eq.(11) at several values of A. A bell-shape of the voltammograms is
caused by the whole consumption of both 1 and 2 in the film. Although it resembles the
simplest surface wave expressed by sech2(§/2), the voltammograms are combinations of
the exponential, sigmoidal and bell-shaped variations. A peak appears at = 0 or at the
potential very close to E°, regardless of K, and 4.

By setting {= 0 and £, — oo in Eq.(11), the dimensionless peak currents, j,, is

given by

: , 12
o g L ) ) 1K "
kFL, %0 1+e™* 2o 2\ 2 ) 2T

where the definite integral was expressed by the combination of the Psi functions, y(z)

=TI"(z)/ I'(z) [44]. The bracket for the difference in the psi functions has the following
expansions:
W((A+1)/2) - w(2) = 1/A+ 1/22% - 1/42* + ... for large A
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y(A+1)/2)-y(A/2)=2/A-21In2 + ... for small 4

Then Eq.(12) can be rewritten as

- Jo IF~(I1" + I3)FV/4RT - (I} 18K*)(FvIRT)  for large A (13)

- jo IF =~ I Fv/ART + kI3 /2 for small A (14)

The first term of Eq.(13) indicates that the current should be supplied from all the
amounts of both 1 and 2 for large values of k£ and at slow scan rates. This corresponds to
the maximum value of the peak currents in the model reaction. With an increase in the
scan rates, the dissociation rate suppresses the current by the ratio, A2 (= (Fv/RTk)?). In
contrast, the first term in Eq.(14) represents the peak current only for initially existing 1
in the film. The second term means the supply of 1 from the dissociation.

Dependence of the peak current on the scan rates can be represented by the plotting
—jp/kFF; against 1/4. Figure 8 shows the dependence for several values of K;,, where the
psi functions were evaluated in the way as described in Appendix. The curves have each
tangent line at "' = 0 (or v = 0), of which functional form is expressed by
oo kF I = (1 + K,)/42 (15)
according to Eq.(13). The peak current should be proportional to the scan rate at lower
scan rates. With an increase in v, the current deviates lower from the proportional line.
This variation is close to the experimental results in Fig. 6.

We modify Eq.(13) to the form by which the rate constant can be estimated from
the peak currents. Dividing Eq.(12) by Eq.(15), and collecting terms including A on the
right hand side, we have
L/ Gidore) (1 + Kp) - Ky = 22 [Ag((A4+1)/2) - 29(A/2) - 1] (16)

Values of [ jo/ (Jp)prp] (1 + Kp) - K, are plotted against A in Fig. 9. By taking the current
ratio, we can eliminate ambiguity by the amount of the film. Values on the left-hand
side are known at some scan rates and a given pH. The working curve (Fig. 9) can
provide values of A from experimental values of j,, (j,)prp and Kj,. Thus evaluated A may

determine k& through Eq.(10).
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5. Evaluation of dissociation rate constant

The variations in Fig. 6 have demonstrated the proportionality of the peak current
to v for v<0.7 Vs at any pH value, as is predicted from the theoretical variation in Fig.
8. We drew such proportional lines in Fig. 6 that points v < 0.7 V s™ fell on. We
evaluated the ratio, 1,/(/p)prp, at each v and pH from the data in Fig. 6. W also obtained
values of K, from some values of pH, pK, = 5.3 (K = 10'5‘3) and cHA* + cA* =27 M.

According to Eq.(1), for example of pH = 6.02, we have cs /cua = K/ey' = 1077760

and thus cA*Z 226 M, cHA* =043 Mand K, = cH*/cHA* =2.2x10°. The condition of the
pseudo reaction, ca > cpa can be approximately satisfied. Since values of K|, are much
smaller than unity, the left-hand side of Eq.(16) is numerically the same as 1,/(1,)prp. We
read values of A corresponding to /,/(/,)pr from the working curve in Fig. 9, and plotted
the inverse values against v for each value of pH in Fig. 10. The values of A" were
proportional to v, in accord with Eq. (10). The slope, F/RTk, allowed us to evaluate k at
some values of pH. Values of £, as listed in Table 1, showed slight dependence on pH.
We have employed Eq.(2) for the equilibrium relation although the actual equilibrium is
complicated with the electrostatic interaction to be expressed by curve (a) in Fig. 2. By
tracing a horizontal line at pH 6 in Fig. 2, we find that a value of x or ¢y on curve (a) of
the PAAPS suspension is smaller than that on curve (b) of the dissolved PAAPS.
Therefore ¢y’ was underestimated in the analytical expression with an increase in pH,
and hence provided lower values of k.

It is interesting to compare the dissociation rate constant of the adsorbed latex
with that of acrylic acid dissolved in solution. We obtained voltammograms of the
solution of 65 mM acrylic acid at pH 5.06, as is shown as curve (¢) in Fig. 3. Since the
reduction peak at -0.6 V was much larger than the value predicted from diffusion of H'
in the solution bulk, it should be supplied by the dissociation of acrylic acid. From the
pH-titration, the value of pK, of acrylic acid was 4.25. This value and the total
concentration, cHA*+cA*= 65 mM, led us to have cA*Z 56, mM cHA*Z 9 mM and K, =
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1.0x107 at pH 5.06. Thus the condition of the pseudo-reactions can be satisfied. The
voltammetric peak current of the first order-pseudo CE reaction has been expressed by
[43]

Lop/ I, =1.02+0.471 K, A7 (17)

where Iy, 1s the diffusion-controlled peak current. It can be rewritten as

1/ 1L,=1.02/I4,+ 1/ (18)
p .p
where
I = 0.9474Fcua (1 + K,)?K,"? k2D, "? 19
p p

Since /i has no term of v and /g, is proportional to V2, Eq.(18) indicates that 1/I, should
show a linear relationship with V2 Figure 11 shows variation of 1/, with 2
revealing a line. The value of the slope agreed with the theoretical wvalue,
1.02/[0.446AF (cua + e’ )(DuaF/RT)"?], for Dya = 0.68x107° cm? s'. The inverse of the
intercept is given by Eq. (19). From known values of CHA 5 K, and Dy'?, we obtain k
=1.4x10" s”'. Dissociation rate constants of other weak acids range from 10’ to 10° s
[45]. This is larger by one order magnitude than the value at the H,O-PAAPS-coated
electrode. The dissociation at the H,O-PAAPS-coated electrode occurs in such highly
concentrated carboxylic acid in PAAPS that the electric interaction among -COO
hinders the dissociation. Furthermore, it occurs at the solid surface rather than a

homogeneous reaction in solution. Consequently the rate constant should be depressed.

6. Conclusion

The PAAPS latex was a copolymer of PAA and PS, the molar ratio of which was
ci/cs = 0.34, determined by UV. This ratio was five times larger than the loaded ratio in
the synthesis. The amount of carboxyl acid to be dissociated was 3 %, implying that the
dissociation should be restricted to the surface domain of 1.5 nm. The limited domain of
the dissociation may be ascribed to hydrophobicity of the phenylethyl group of PS.
Despite the small ratio of dissociation, the average concentration of effective carboxyl
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group was 0.7 M (= 2.7 M x0.34)/(0.34+1)), which can work as a proton source.

The value of pK, of the PAAPS latex was larger than that of acrylic acid. The
larger value may be caused by the electrostatic interaction among deprotonated carboxyl
groups as well as the hydrophobicity in the latex. The participation in the electrostatic
interaction has been revealed to the larger slope in the plot of pH against log[x/(1-x)]
than in the ideal plot. In other word, the dissociation is more depressed with an increase
in pH.

Voltammograms in the PAAPS suspension at the Pt electrode showed the cathodic
current of H', the source of which is not only the bulk H" but also the dissociation in the
adsorbed latex. The reduction current of H™ at low pH was proportional to the film
thickness without blocking of mass transport because of a supply of H™ by the
dissociation in equilibrium. That at pH over 5.5 was, however, independent of the film
thickness. With an increase in the scan rate, the current varied from the v-proportionality
to the lower deviation. This variation demonstrates a participation in the dissociation
kinetics.

Expressions for the voltammograms of the adsorbed carboxyl moiety with the EC
mechanism were derived under the condition of the first order-pseudo reaction without
mass transport. The kinetically controlled peak current was related with the kinetic
parameter. The dependence of the theoretical peak current on v was similar to the
experimental results. This dependence allowed us to evaluate the dissociation rate
constant. The technique of just taking the current ratio eliminates experimental artifacts
of amounts of the adsorbed species and their non-uniformity. The value was larger by
one order magnitude than that of acrylic acid in the homogeneous reaction, probably
because of the electrostatic interaction of -COQO°, hydrophobicity and solid phase
reaction.

Advantages of making latex-originated PAA film on an electrode are (i) such high
permeability of ions and solvent into the film that the current is controlled by diffusion,

(i1) control of film thickness by addition of given amounts of the suspension, and (iii)
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retaining ion-exchange properties similar to those of acrylic acid. The ionic and
voltammetric behavior of the PAAPS suspension is closer to that of dissolved
poly(acrylic acid) than the conventional poly(acryl acid) film. However, it is necessary

to take into consideration the limitation of reactive zone due to hydrophobicity.

Appendix
The psi function has an analytical form only when its argument is a rational

number, m/n, for integers m and n with m < n. The expression is given by [44]

\|1(m/n)=—}/—lnn—gcot%n+:il:cos 2k’11mt ln(Zsin%) (A1)

where yis Euler's constant, 0.57721. Values of y(m/n) for n = 2500 at m from 1 to 2499
were computed to make a table for y. Values of y(x) for any value of 0 < x < 1 were
determined by interpolation by use of the table. Those for x > 1 were obtained by
iterative use of the recurrence formulas,

v+ )=y + 1x (A2)
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Figure Captions

Figure 1. pH-titration curve of 20 cm® 12.8 mg dm™® PAAPS suspension when the
suspension including 0.8 M NaCl was titrated with 0.012 M NaOH, where Vyaon IS the
titrated volume. The suspension was initially acidified with 0.1 M HCI, and was

centrifuged with ultrapure water three times.

Figure 2. Variations of pH with logarithmic concentration ratios for (a) PAAPS
suspension, (b) 0.09 g PAA dissolved in 10 cm® THF + 10 cm® H,O + 3 M KCI 1 cm?®
and (c) carboxylalkanethiol self-assembled monolayer, where x = [NaCllitraed /
[NaCl]stoickometric point- Slopes of the lines for (a) and (c) are 2.0, whereas the slope for (b)

is 1.0.

Figure 3. Voltammograms of 0.23mM HCI + 0.20 mM FcTMA + 0.15M KClI at (a) the
bare electrode and (b) the H,O-PAAPS-coated electrode for v = 0.1 V s*. The
voltammogram (c) is for 65 mM acrylic acid + 0.15 M KCl at v = 0.1 V s, where the

current values were reduced to five times from the y-scale.

Figure 4. Film thickness-dependence of (a) the anodic peak currents of FCTMA and (b)
the cathodic peak currents of H" in 2 mM HCI + 0.2 mM FcTMA + 0.15 M KCI
solution at v = 0.1 V s, where N is the number of particle layers, e.g., N = 1
corresponding to 0.265 um. Plot (c) is for the cathodic peak currents of H" at the
H,0-PAAPS-coated electrode in the solution of 0.2 mM HCI + 0.2 mM FcTMA + 0.15
MKClatv=0.1Vs™

Figure 5. Voltammograms in 0.2 mM FcTMA + 0.15 M KCI solution for pH 5.82 at
(solid) THF-PAAPS-coated electrode, (-.-) H,O-PAAPS-coated electrode and (...) bare

Pt electrode.



Figure 6. Scan rate dependence of the cathodic peak currents of H" in 0.2 mM FCTMA +
0.15 M KCI solution at the H,0-PAAPS-coated electrode when pH was adjusted to (a)
5.82, (b) 6.02, (c) 6.20 and (d) 6.40 by addition of HCI.

Figure 7. Dimensionless linear sweep voltammograms calculated from Eq.(11) for K, =

100 at A (=kRT/VF) = (a) 1, (b) 2, (c) 4, (d) 8 and (e) 16.

Figure 8. Variations of dimensionless peak currents with the scan rates for K, = (a) 5, (b)
2, (c) 1, and (d) 0.2, computed from Eq.(12). The dotted line is a tangent line at ™ = 0
for curve (c).

Figure 9. Variation of [ jo/ (jp)prp] (1 + Kp) - Ky with 4, given by Eq.(16).

Figure 10. Plots of A determined from 1,/(I,)pr, in Figure 5 against v for (a) 5.82, (b)
6.02, (c) 6.20 and (d) 6.40.

Figure 11. Plot of Ip'1 against v*2 for the cathodic wave at -0.55 V on the solution of 65

mM acrylic acid + 0.15 KCI solution at the Pt electrode.
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Table 1. Dependence of values of the dissociation rate constants on pH.

pH k x10?/s
5.82 1.4
6.02 1.0
6.20 0.9
6.40 0.8




