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Redox-active hollow spheres were prepared through extracting a polystyrene core from the latex particle (PSPAAFc)
composed of the core and the polyallylamine shell including ferrocenyl carboxylic amide. The suspension of the hollow
spheres showed anodic and cathodic voltammetric peaks, which were nearly reversible and diffusion-controlled. The
current was 3 times as large as the current for the suspension of the filled PSPAAFc. This value agreed with the
theoretical one evaluated from the diameter (128, the number of ferrocenyl moieties per particle, .28, by
UV spectroscopy, and the diffusion coefficient obtained from the Stok@sstein equation. This fact indicates the
reaction of the whole loaded charge, in contrast to the partial charge transfer of PSPAAFc. The dynamic flattening
motion was observed to support the reaction of the whole charge.

1. Introduction diffusion curren€’ There are basically three models of geo-
metrical hindrance: (a) the reaction only in the geometrical contact
domain® (b) a given thickness of a reaction layer from the
electrode®® and (c) rotational diffusion of the particle near the
electrod€. The partial charge transfer can obviously be improved
by enhancing charge-transport rates within the particle. The
enhancement may be realized by making the particle flexible
and hydrophilic for the penetration of counterions or by using

Electrochemically interesting large molecules or large particles
are fullerenes, redox dendrimers, redox polymers, redox proteins,
metal nanopatrticles, and redox colloids. Their common feature
is to contain a number of redox sites of one or more kinds of
redox couples in one particle, and hence these particles bring
about multielectron transfer reactions. The multielectron transfer
of asingle redox couple proceeds in general either concomitantly | i th electri latiS
or consecutively as a limiting cadélhe concomitant electron metal particles with electric percolation. L
transfer has not been reported for large particles, to our knowledge, Itis expected that the flexibility is provided by mimicking the

. : . ; . tructure of vesicles or liposom@syhich can be filled with
and hence consecutive reactions are predominant. With an |ncreas;§Olution and counterions %e dox vsgsicles can be formed from a
in the number of electrons, a single energy level is split into )

different levels owing to redox interactioAsConducting core-shell-type latex by dissolving only the cor¥sif the

poymers, uhich ave tongineractons hvougorjgaton, ST Ioxshells tabe, e ey ke uliiecton
have distributed energy levels of which the number of electrons i osomgs and vesiclgs hav?a been atg';[em ted to. be used
is 0.25 for polyaniliné as an example. P P

The other type of electrochemical complications of a large electrochemically for drug delivery techniqués;oredissolved

article is geometric hindrance experienced when a s hericalpartiCIes also have potentiality of working as such as redox
parti 9 . P P liposomes. Although the mass transport of redox species confined
particle collides with a flat electrode. Because only a small part

- . . in liposomes has been investigated voltammetrically in light of
of the surface of the particle comes in contact with the electrode P 9 yinig
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flexibility and the release of confined speciéap electrochemical o
report of vesicles having redox activity in a shell has been found A
to our knowledge. Application of the dissolution technique of O b
the coré®@to the ferrocene-immobilized latéxis expected to
yield hollow redox particles that are dispersed in solution. This o =]
article is devoted to dissolving a core from the latex (PSPAAFc) o T )
composed of a polystyrene core and the polyallylaminocarboxylic ° 94 0o oc
ferrocenyl shell and to investigating the electrochemical efficiency o Co o
in the context of the flexibility of the shell. o [+] ®
8

2. Experimental Section

Chemicals. Styrene was purified as previously describéd =45 08 o
stabilizer, poly(-vinylpyrrolidone) (PVP) with molar mass of ca. o
360 kg mot?, a-azoisobutyronitrile (AIBN), dimethyl 2,2-azobis- ) o - o
(isobutyrate) (DMAIB) N,N'-dicyclohexylcarbodiimide (DCC), and © o Spm &
1-hydroxylbenzotriazol (HOBT) were used as received. Com- | °
mercially available allylamine hydrochloride and ferrocenecarboxylic . o O 4 -
acid (FCcCOOH) (TCI, Tokyo) were stored at'@ before use. All
of the solvents used were of analytical grade. Aqueous solutions
were prepared by the use of ion-exchanged, distilled water. The
synthesis process of PSPAAFc was the same as that previousl B
described, with care taken to remove water from the reactor.

Analytical Instruments. The infrared absorption spectra were
obtained with a Protege 360 (Nicolet) spectrophotometer by the
KBr disk technique. The spectra were corrected against the
background spectrum of KBr. UV spectrometry was performed with
a UV-570 spectrometer (Jasco, Tokyo).

A digital optical photomicrograph of the latex particles was
obtained with a VMS-1900 (Scalar) video microscope and was
transferred to a computer. A sample was prepared by spreading
25 mnt drop of a suspension onto a glass plate and was covered
with a cover glass.

Elemental analysis was made by EA 1110-CHNS 9726 (AMCO
Inc.).

The size distribution of the particles was obtained with a light-
scattering instrument (Malvern Zetasizer Nano-S, Sysmex).

Gel-penetration chromatography (TOSOH GPC) was used to Figure 1. Photographs obtained by the optical microscope (A) of
determine the average molecular weight of the polymer. The the suspension of PSPAA and (B) dried particles arranged spontane-
calibration curve was obtained using polystyrene standards (Polym.0usly on a glass plate.

Lab. Ltd).

A 1.6-mm-diameter platinum disk was used as a voltammetric of the latex estimated from SEM were always larger than those
working electrode. The electrode surface was polished withih®5 determined by an optical microscope. Because the observation
alumina powder before each experiment. The platinum wire and the ysing the microscope was made in the suspension rather than in
Ag|Ag,O electrode were used as a counter electrode and areference, gry environment or in vacuum, the diameter of 1,28 was
electrode, respectively. The equilibrium potential aiAgO was used for evaluating the diffusion coefficient for electrochemical
calibrated with the ferrocene/ferricenium redox couple. Voltammetry measurements
measurements were made using a HECS-1112 potentiostat (Fuso, Struct fPéPAAF Particles We att tedtoi bili
Kawasaki) under computer control. ructureo AAFC Particies.ve attemptedtoimmobilize

ferrocenylcarboxylic acid onto PSPAA by the amide bond to
3. Results and Discussion yield PSPAAFc particles. The suspension of PSPAAFc in
) . 2-propanol was orange-yellow. The dried PSPAAFc particles

Structure of PSPAA Particles.Polystyrene latex coated with 2 redispersed in 2-propanol to yield a stable suspension. When
polyallylamine (PSPAA) was suspended in 2-propanol. The e g spension containing salt was left in air, it turned green.
suspension was turbid and light yellow. It was stable for at least s ariation may be ascribed to the air oxidation of the ferroceny!
3 months without appreciable sedimentation. The sizes of the 5iety 1 the ferricenyl one. The diameter of PSPAAFc was the
p_artlcles In suspension were n_early gnlform at }79&3/‘”‘ same as that of PSPAA, indicating no volumetric contribution
diameter, as determined by optical microscopy (Figure 1A) and p, e ferrocenyl moiety. The weight per particle was calculated
were found to exhibit Brownian motion. When a glass plate was Jpe 1.15 pg by use of the diameter of 1,28 and the density

inserted into the suspension, was drawn up vertically into the air ¢ v styrene on the assumption that the shell makes a negligible
and was left until the surface was dried, it was covered with the . +ipution to the weight. The weight of an aliquot of dried

monoparticle layer into which the PSPAA particles were arranged, pgpaarc gives the number of particles.

as shownin Fig.ure 1B. The arrangement was not destroyed even 1o ETIR spectra of PSPAAFc did not show any detectable
under a water jet. _ band for the ferrocenyl moiety because of a trace amount of the
The diameter of the particles by SEM was 1:82.03um. moiety in comparison with the large amount of core polystyrene.
According to our experience of evaluating latex size, diameters 14 remove the polystyrene core, we added tetrahydrofuran (THF)
to PSPAAFc and collected the insoluble species by filtration, as
g 42) (@) Zhan, W, Bard. A. Anal CTegﬁooi;gggg_ J33. (D)Kannuek,in the technique of extracting the polyaniline sHéH.The
. M.; Bellama, J. M.; Durst, R. AAnal. em ), . .
(13) Lei, T.; Aoki, K.; Fuijita, K.Electrochem. Commu00Q 2, 290-294. insoluble light-yellow species could be dissolved in water,
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methanol, and ethanol. The dissolved PAAFc has been dem-
onstrated not to contain the FcCOO substituéiithe spectrum

of the insoluble species was similar to that of the PAAFc in the
previous papef.This extraction corresponds to the separation
of the hydrophilic PAAFc shell from the hydrophobic polystyrene
core. Consequently, the ferrocenyl moiety has been confirmed
to be immobilized to the particle in the shell form.

The number of ferrocenyl units per PSPAAFc particle was
determined quantitatively with UV spectroscope found that
CHClI; dissolved the sufficiently dried PSPAAFc without any
residue to yield a transparent yellow solution. The UV spectra
of this solution showed the band at 447 nm specific to the
ferrocenyl moiety. Concentrations of the ferrocenyl moiety were
estimated from the comparison of the calibration curve for known
concentrations of FCCOOH in GBI,. This determination is
based on the assumption that the molar absorption coefficient
of the ferrocenyl moiety in FCCOOH at 447 nm is the same as
that of PAAFc dissolved in CkCl,. By dividing the number
concentration of the ferrocenyl moiety by the number of PSPAAFc
particles in the sample, we obtained the number of the ferrocenyl
rbny0|net|es per PSPAAFc particle to be &20%, whichis denoted Figure 2. Optical microscope photograph of the cross section of

v the composite film of the polyallylamine-polymerized polystyrene

The thickness of the shell was estimated to be 29 nm from the sheet.
density of polyallylamine (1.02 g cm) and the weight of the
dried shell that was extracted from the core in THF. The elemental
analysis of C and N of the dried shell allowed us to evaluate the
molar ratio of the ferrocenyl moiety to be 1:9. From the thickness
andny,, the concentration of ferrocenyl moieties in the shell was
1.24 M. This value corresponds to 1.37%the volume occupied
by one ferrocenyl moiety, suggesting a multilayer of the ferrocenyl
moiety in the shell.

We assumed that PSPAAFc ought to be composed of a —~—— 1
hydrophobic and a hydrophilic phase. There is, however, another 0.4 0.6 0.8
possibility for taking the structure of hydrophilic PAAFc islands E/V vs.Ag|Ag,0
inahydrophobic polystyrene sea. The-sédand structureforms  Figure 3. Voltammograms of the suspension including 0.03 g of
either when allylamine is polymerized predominantly on the dried PSPAAFcin 1 cfofa 0.05M TBACIQ, 2-propanol solution
foregoing polyallylamine surface onto the polystyrene surface at the Pt disk electrode for scan rates of (a) 100 and (b) 20 ™V s
or when allylamine penetrating into pores of polystyrene is and (c) of the supernatant of the suspension by centrifugation.
polymerized. To examine whether the shell may be generated
in a well-defined form, allylamine was polymerized on a
polystyrene sheet by the same process as for the generation o
PSPAAFc. Figure 2 shows the photograph of the cross sectionsb
of the polystyrene sheet with PAAFc, exhibiting two clear
phases-the uniform PAAFc layer and the sharp boundary. The
composite film was immersed into water to dissolve PAAFc,
and the remaining polystyrene sheet was dissolved in THF. The
THF solution did not show any UV band or voltammetric wave
of ferrocenyl moiety. Therefore, the polystyrene layer is separated

Sﬁeﬁ'f'fam; from tt1he lpéoéyalflylamlge IaR/]er,PaStEI :Aelrzlce thi”. elore we can cite the ferrocene-adsorbed polystyrene latex suspension

shell structure should be formed in Pf ) ¢ particie. in a hydrophobic atmosphere, which showed no voltammetric
Voltammetry of PSPAAFc SuspensionsFigure 3 shows  \yaye  although the latex was yelldw.

voltammograms of the 2-propanol suspension of PSPAAFc  Figyre 4 shows the variation of the anodic peak currgnts

including 0.05 M tertabutylammonium perchlorate (TBAGJO  wijth the square root of the potential scan rate, The

The suspension was electroactive in the potential domain from proportionality implies that the anodic current should be controlled

0.3t00.85V. The voltammogram at the second and the succeeding,y diffusion. A diffusion-controlled peak current of the succeeding
scan almost took the common trail, as shown in Figure 3a. The y_gjectron reaction is expressedbiPa

anodic and the cathodic peak potentials did not vary with scan
rates of less than 0.1 V'$(Figure 3b). The difference between | = 0.4461F3/20*A(DU/RT)”2 (1)
the anodic and cathodic peak potentials was 0.10 V when the P

background current was subtracted. Thus, the voltammetric herecis the bulk concentration of PSPAAR&js the electrode
behavior is close to the reversible process. Voltammograms of grea, and is the diffusion coefficient of PSPAAFc. It is worth

the supernatant obtained by centrifuging the suspension did NOthoting that eq 1 includesrather tham¥2.14 The value oD was
show any redox wave, as shown in Figure 3 (curve c). Therefore,
the voltammogram is not due to a free ferrocenyl moiety  (14) Aoki, K. Electroanalysis2006 17, 1379-1383.

decomposed from the latex but is due to the immobilized one.
SPAAFc in the bulk ought to be in the reduced state, as can
e seen from the color (yellow) of the suspension. Itis confirmed
y the zero value of the current (Figure 3) at the forward scan
near 0.3 V.

The polyallylamine layer works not only to immobilize the
ferrocenyl moiety but also to facilitate the penetration of the
counterion (CIQ") into the layer. Because 90% of the amino
group is left behind from the amide bond, the polyallylamine
layer is thought to be ionic. As the converse data for ionic films,
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Figure 4. Dependence of the anodic peak currgntfor a 0.05 M b,
TBACIO, 2-propanol suspension including 0.03 g of dried PSPAAFc '@
in 1 cn® on the square root of the scan rate. -
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Figure 6. Photograph of dichloromethane-dissolved PSPAAFc by
the microscope.
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Figure 5. Size distribution of 2-propanol suspensions of PSPAAFc
(-+) and dichloromethane-dissolved PSPAAF¢) (measured with

the light-scattering instrument. The ordinate is the intensity of
scattered light. Of-

estimated from the Stoke&instein relationD = kgT/6yal®
on the assumption of a hard sphere model with radjwghere Figure 7. Time variation of the difference between the lengths of
7 is the viscosity andg is the Boltzmann constant. By use of the major and the minor axes when an image ©f & dichlo-
the viscosity of 2-propanol at 2&, 2.04x 103Jm3s?, and romethane-dissolved PSPAAFc particle ®)(PSPAAFc was
a= 0.64um, we obtainD = 1.67 x 10°% cn? s°%. When the regarded as an ellipse by the microscope.

known values oh = nyy, c*, A, andD were inserted into eq ¢ 3105 Itis d beli he | | |
1, the calculated value dfy~2 was 3 times larger than the "0 310 Sum. Itis dangerous to believe the latter value, partly

experimental value. Itis reported that large redox particles have Eecause Offthﬁ U”"r?°W”“ V'SCOS:W of tge mixed So“f?}t ang p:;a;tly
shown partial charge-transfer reactions in the suspension Ofl_e}::ause of the optically comp 'Cﬁte struciture ofthe s (ZI dof
polyaniline-coated latel PSPAAFC and the vinylferrocene-  'ght-scattering measurements. Fortunately, we succeeded in

copolymerized lateR. The partial charge-transfer reaction is Iool_<ing attransparent par;icle_sinthe “.“X‘*‘_’ solve_nt throgghthe
caused by the optical microscope by adjusting the direction of irradiation of

: —_ : - the light, as is shown in Figure 6. The small particles were the
1) geometrical restriction by the partial area of a spherical . .
pa(rtizzl?a contacting the flat eleé/tro@ep P same size (1.28m) as PSPAAFc. Larger particles may be formed

(2) depression of translational diffusion owing to rotational by the coalescen_cg of some _sh_ells. They grew several times
diffusion7® and larger than the original one within 1 day.

(3) slow rate of exchange reactions of a redox couple owing V:./e no]}[[%ed df‘°t cl)nl3(/j Bro;/_vr:lan Vr\r;otlon b;'t (?Itsho ?j.ﬂittlen.'(;'g
to strong immobilization or hindrance of penetrating counterions maotion ot the dissolved particles. Ve recorded the digitai video
within the particle. through the microscope and cut out each panel in atime-sequential

If the core of PSPAAFc is replaced by solvent, the restrictions manner, fr_om which_we obtained time v_ar!ations_ of the_lengths
1 and 3 are expected to be relaxed. The replacement may beof the major and minor axes of an elliptic particle. Figure 7

realized if only the core of PSPAAFc is dissolved so that hollow Shows the.t'me var|at|on_ ofthe d|fferenv:9(, betwee_n the lengths

latex particles may be stable in suspension form. of the major and the minor axes at a given particle. The values
Hollow Latex SuspensionsPolystyrene is well dissolved in of Axfor the dissolved particle varied with time almost randomly,

dichloromethane whereas polyallylamine is not at all. We whereas the PSPAAFC particle showed only grldeviation

atempted t tissoe poysrene n te core of PSPARFG by 7 % T & demanstatn of ohiaining s sobentie sof.
adding dichloromethane carefully to the PSPAAFc suspension. y ’ glarg

The mixture with dichloromethane turned from turbid pale yellow variations inAx, we obtained the frequency aix by counting

to transparent. The transparency suggests either the possibiIityz)r:?OngrpomF\;le;:Cfg;ﬁz’Oas IS ?Eio‘ﬁ'?e'%ﬂ%gﬁ;iigiﬁse
of breaking the latex into polymer fragments and solvated polymer @an (Fig ’

chains or forming hollow latex particles by filling the core with froTn;lgillolttc;r%ri%mr;?nno?fhztttrr;ustegr;?lttzglLrj?ig(rjl?srrrl]o]c\lljlg;;lnnc?dic
dichloromethane. Figure 5 shows the size distributions of 9 P

PSPAAFC and the dichloromethane-dissolved PSPAAFc. The and cathodic peaks, as is shown in Figure 9a. The peak potentials

. . were shifted positively by 0.08 V from those for PSPAAFc in
diameter of the former is 1/an, whereas that of the latter ranges 2-propanol probably because the hydrophobicity of dichlo-

(15) Atkins, P. W.Physical Chemistry6th ed.; Oxford University Press: romethane is higher than that.Of 2-propanol. The ne.gative shift
Oxford, England, 1998; p 749. from the wave of FCCOOH (Figure 9b) may be ascribed to the
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Figure 8. Dependence of the frequency dfx on Ax for

Frequency

0.3

e
N
—

e
=S
T

) ©.9.0..9.0]

[¢)

0 04 02 03 04 05
Ax [ um

dichloromethane-dissolved PSPAAFc.
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with the dissolution, being kept constantrat. The factor of

3 increase in the current means that the diffusion coefficient of
dissolved PSPAAFc might be 9 times larger than that of PSPAAFc
or that the diameter of dissolved PSPAAFHjshat of PSPAAFc.
Nevertheless, the size of the hollow particles is larger than that
of PSPAAFc (Figure 6). If the redox moiety were to be
decomposed into FcCOOH, the current predicted from eq 1 for
n=nyy andD = 10°% cn¥ s 1 is 80 times larger (Figure 10d)
than the current of PSPAAFc. Consequently, there is no possibility
of decomposing PSPAAFc into molecular fragments by the
dissolution.

We noticed that the 3 times larger current would be
compensated by the ratid/{) for the partial charge-transfer
reaction. In other word, the theoretical current value calculated
fromn=nyy andD = 1.67x 10~2cn? s~ (Figure 10c) without
the partial charge transfer is similar to the observed one. If the
hollow particle is flattened at collision with the electrode or if
counterion can penetrate from the hollow into the shell, then all
of the loaded charge is expected to be oxidized. The former and
the latter assumptions correspond to restrictions 1 and 3. They
are consistent with the flattening motion in Figures 7 and 8.

Conclusions

PSPAAFc particles had the structure of the polystyrene core
and the polyallylamine shell of which one-ninth of the amino
molecules were substituted with the amide of ferrocenylcarboxylic
acid. They were well dispersed in 2-propanol but dissolved mostly
in dichloromethane. They were adsorbed on glass as a one-
particle layer in order. The diameter was 1.28, and the loaded
charge was 120 mega electrons per particle. The voltammogram
of PSPAAFc suspensions showed nearly reversible redox waves
of which peak currents were diffusion-controlled. However, only
one-third of the loaded charge took part in the charge transfer
because of the geometrical hindrance. Except for the partial charge
transfer, PSPAAFc can be satisfied with conditions of allowing
us potentially to visualize each electrode kinetic process through
an optical microscope.

Dichloromethane-dissolved PSPAAFc particles, looking
transparent, kept the polyallylamine/ferrocene shell in the
suspension. The shell may be stabilized mechanically with the
interfacial tension in dichloromethane-like emulsions, although
itis coalesced gradually. The dissolved PSPAAFc particle moves
randomly not only as translational motion but also as flattening

PSPAAFc, (c) the theoretical (- -) line from eq 1 for= nyy, and
(d) the theoretical line from eq 1 when= nyy andD = Dgccoon
The normalized concentration?*, is 0.03 g dried of PSPAAFc in
1 cn? of (a) 2-propanol or (b) dichloromethane including 0.05 M

motion, indicating a change to a hollow particle with a solventlike
core. The hollow particle exhibited reversible redox waves of

which peak currents were diffusion-controlled without partial

TBACIO..

charge transfer. The reaction of the whole loaded charge may
be related to the flattening motion. This pointimproves the partial
charge transfer of PSPAAFc and hence is closer to the ideally

stabilization of the ferricenium moiety by the amide group. The
peak current was proportional#é2, implying diffusion control.

It was also proportional to the concentration, as shown in Figure
10b. Consequently, polyferrocenylcarboxylamide ought to be
responsible for the redox reaction. The peak current was 3 times'
larger than that of the PSPAAFc in 2-propanol (Figure 10a).
Even if the latex were to be dissolved uniformly up to molecular

visualized redox particles.
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