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Laccase was earlier wired to yield an ©lectroreduction catalyst greatly outperforming platinum and its
alloys. Here we describe the design, synthesis optimization of the composition, and characterization of the
+0.55 V (AgAgCl) laccase-wiring redox hydrogel, with an apparent electron diffusion coeffidgp) Of

7.6 x 1077 cn? s7%. The highDgpp results in the tethering of redox centers to the polymer backbone through
eight-atom-long spacer arms, which facilitate collisional electron transfer between proximal redox centers.
The G flux-limited, true-area-based current density was increased from the earlier reported 5604 860
cm 2. When the Q@ diffusion to the 7um-diameter carbon fiber cathode was cylindrical, half of thel@x-

limited current was reached already at 0.62 V and 90% at 0.56 V vs Ag/AgCl, mefeB8 and—0.14 V

versus the 0.7 V (Ag/AgCl) reversible 1,0 half-cell potential at pH 5.

Introduction the polymer, decrease upon its cross-linking, and are reduced

Redox hydrogels constitute the only electron-conducting g_y aTtra_ctlve th_)uIorr;)bltcv,vhydrogen-botndl‘?g, dlp?lar, or Tr?ucfd

phases in which the permeation of water-soluble biological Ipolar interactions between segments, known to raise the giass
transition temperature. The DahmRuff theory describes

reactants and products, including water-soluble biochemicals, . e
ions, and electrons, are all rapid. Their rapid permeation enablesCharge transport by electron hopping between freely diffusing

the transport of electrons between electrodes and multiple layers'€dox centers. Blauch and Savéérit developed a bounded

of redox enzymes. The three-dimensional hydrogels obviate thediffusion model, predictingDapp for polymers when the dis-
need of orienting the enzyme molecule on electrode surfaces Placement of the redox centers is rapid and extensive. According
which is otherwise required to reduce the electron-transfer to the model

distance and allow electron exchange between enzymes and

electroded:®> The hydrogels electrically wire the reaction 524 317 C

centers of co-immobilized enzymes to electrodes, and absence D = ((kex ( ) Car)) 1)

of leachable components from the wired enzyme electrodes app 6

allows their use in the body, in flow cells, and in miniature,
compartmentless biofuel cells, such as the gluedgecell,
where glucose is electrooxidized to gluconolactone, apésO

wherekex is the solution-phase self-exchange rate of the redox
electroreduced to watér® The transport of electrons through ~ SPECIesO is the characteristic electron-hopping distance, the

redox polymers is measured by their apparent electrons diffusiondistance across which the tethered redox center can actually
coefficients, Dapp The coefficient can be determined by MOve isA, and Cgr is the concentration of the redox species.
electrochemical impedance spectroscébyby measuring the When the redox centers are well-attached to the polymer and
transient currents passing through the polymer coated electrodesheir physical diffusion does not contribute to electron tran-
when the potential is steppé#;2° or by measuring the steady- sporg3:34
state currents using interdigitated microelectrode arrays (IBAS £’

Electrons can diffuse in redox polymers by several mecha- 2
nisms, including percolation between immobile redox centers, _ Kex 0" Crr )
collision of mobile reduced and oxidized redox centers and, in app 6
some polymers also by electron or hole conduction through a
conjugated backbone*28.29 In the absence of conjugated
backbone conduction and unless the polymer is so heavily . e
loaded with redox centers that the percolation is rapid, the Pphys = O (whereDpnys represents physical diffusion in the
dominant cause of conduction is collisional electron transfer aPSence of electron hopping). The reported apparent electron
between reduced and oxidized redox centers tethered to thediffusion coefficients in redox hydrogels in equilibrium with
polymer backbone. Because the rate of electron transferring@dueous solutions range between‘t@nd 10° cn? s™. Forster
collisions increases with the mobility of the tethered redox and co-workers systematically investigated electron transport
centers, the greater their mobility, the faster the electrons in redox hydrogel films3>~38 exemplified by poly(4-vinylpy-
diffuse3 The segmental mobilities increase upon solvation of ridine), with part of the pyridines coordinated with [Os(bpy)
Cl]*/2+,16.17.39.40The Dyp,, typically of ~107° cn? s71 37in Hy-
* Corresponding author. E-mail: mano@mail.utexas.edu. SO and in 1 M NaCFE53° depended on the nature of the
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The equation can be regarded as the extreme limit of eq 1, with
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SCHEME 1: Synthetic Route to Polymer |
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(A) H20, 40-50°C, 24 h. (B) NaH/methyp-toluenesulfonate, DMF, OC to room temperature, 4 h. (C) (NHOsCE (0.5 equiv), ethylene
glycol, 140°C, 24 h. (D) NaH (1.1 equiv)/CHi (1.0 equiv), DMF, 0°C to room temperature, overnight. (E) N&H({6-bromohexyl)phthalimide/
Nal, DMF, 80°C, 24 h. (F) HNNH,, EtOH, reflux, 24 h. (G) Ethylene glycol, 14T, 24 h. (H) Chloride resin/kD/Air, 24 h. (1) NH,PR/H,0.
(J) 6-Bromohexanoic acid/DMF, S, 24 h. (K) TSTUN,N-diisopropylethylamine, DMF, %8 h. (L) N,N-Diisopropylethylamine, DMF, rt, 24 h.

(M) Chloride resin/HO, 24 h. (N) Ultrafiltration.

electrolyte and its concentration, on the temperature, and onmethylenebisacrylamide. In conjugated redox polymers based

the density of redox centers. Sirkar and Pishkeported eDapp
value as low as X 10712 cm? s™1 for a hydrogel based on the
copolymer of poly(ethylene glycol) diacrylate and vinylferrocene
in a phosphate buffer solution. Komura etateportedDapp~

2 x 10710 cn? s71 for the conjugated nonredox polymer poly-
(N,N'-bis(3-pyrrol-1-yl-propyl)-4,4bipyridinium) chloride in
aqueous 0.2 M NaCl. Bu and co-work&rseportedD,ppvalues
between 6x 108 and 6x 1077 cn? s~ for redox hydrogels
made by copolymerizing vinylferrocene, acrylamide, &hW'-

on the complexation of poly(2-(2-bipyridyl)-bibenzimidazole)
with bis(2,2-bipyridyl) Ri?™ or bis(2,2-bipyridyl) O™, Cam-
eron and co-worket81! reported Dapp ~ 1078 cn? st in
acetonitrile with 0.1 M EfNCIO,. For the conjugated nonredox
polymers polypyrrole and poly(1-methyl-3-pyrrol-1-methyl py-
ridinium), Mao reporte®app~ 1078 cn? s71.44 The two highest
Dapp Values, 1.7x 1076 cn? s7* and 6 x 107° cn? st were
reported by Murray and co-worket#érespectively, for poly-
[Os(bpy)(vpy).] sandwiched between a Pt and a porous Au
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SCHEME 2: Structure of
PVI-[Os(2,2,6',2'-terpyridine)-
(4,4-dimethyl-2,2'-bipyridine) 5]Cl »

electrode bathed in dry Nand for doped poly(benzimidazoben-
zophenanthroline).

Mano et al.

4-aminomethyl-4methyl-2,2-bipyridine The solution of
4-phthalimidylmethyl-4methyl-2,2-bipyridine (0.3 g, 0.91
mmol) and hydrazine hydrate (0.3 mL, 6.12 mmol) in 40 mL
of EtOH was refluxed fo 7 h and then cooled to room
temperature and poured into 100 mL of brine. The solution was
basified to pH 12 wit 2 M NaOH ag and extracted with GH
Cly (50 mL x 3). The combined organic layers were dried over
NaSO, and concentrated in vacuo. The product was purified
with alumina column chromatography (CH@®eOH/isopro-
pylamine = 90/9/1) to yield pale-yellow oil (0.15 g, 82%).
MS: m/z 200 (M"). 'H NMR (CDCls, 6): 2.31 (s, 3H), 2.70
(s, 2H), 4.15 (s, 2H), 7.00 (m, 1H), 7.10 (m, 1H), 8.16 (br s,
1H), 8.25 (br s, 1H), 8.5318.57 (m, 2H).

[Os(4,4-dimethyl-2,2-bipyridine)(4-aminomethyl-4methyl-
2,2-bipyridine)](PFs)2. The complex [Os(4,4dimethyl-2,2-
bipyridine)Cl,]*° (0.38 g, 0.6 mmol) was dissolved in a mixture
of methanol (10 mL), DMF (10 mL), and water (10 mL). The
ligand 4-aminomethyl-4methyl-2,2-bipyridine (0.12 g, 0.6

Because the model of Blauch and Saveant (eq 1) predictedMmol) was added to the solution, which was refluxed under

that Dpp should scale in redox hydrogels with the square of Nitrogen for 36 h. After cooling to room temperature and
the length of the tethers binding the redox centers to the filtration, 150 mL of water was added, and the solution was
backbones, we synthesized earlier an enzyme®#nith 13- poured slowly into a rapidly stirred NiffFs solution (S g in

atom-long flexible tethers binding the redox centers to the 100 mL HO). The precipitate was collected and redissolved in

backbone. Because the enzyme wired was glucose oxidase, th€0 ML of acetonitrile and precipitated again from Mk
tethered redox centers were dialkylated biimidazole complexes Solution (3 g in 150 mL HO). The dark-green precipitate was

of O*3*+, Their redox potential was-0.2 V/ AgAgCl, only
0.16 V positive to the redox potential of the FAD/FARH
cofactor of GOx at pH 7.28 The long tethers increased the
frequency of effective electron-transferring collisions between

collected by filtration, washed with water (40 mk 3) and
ether (40 mLx 3), and dried in vacuo at 4660 °C for 24 h
(0.5 g, 80%).

Poly(4-(N-(5-carboxypentyl)pyridinium)-co-4inylpyridine)

reduced and oxidized osmium centers in chloride and other was synthesized by a reported meti6except that the poly-

solutions, makingapp as large as 6« 1076 cmp 5714749

(4-vinylpyridine) used had an average molecular weight of

Here we describe the synthesis and characteristics of the50 000 instead of 160 008HNMR (DMSO-ds, 9): 8.72 (br s,

earlier reported laccase-wiring0.55 V/AgAgCI redox hydrogel
with a relatively highDapp in @ pH 5 aqueous citrate buffer

2.0H), 8.23 (br s, 11.6H), 7.46 (br s, 2.0H), 6.56 (br s, 11.2H),
4.45 (br s, 2.0H), £2.3 (br m, 28.4H). The number of protons

solution. It contains eight-atom-long tethers between its redox given for each peak is relative, providing integration ratios
centers and its backbone. To probe the effect of the tether, webetween the polymer protons, and shows that about 15% of

compare its electrochemical characteristics with thoseied.&5
V/AgAgCI redox hydrogel with a short tether, PVI-[Os(2,2
6',2"-terpyridine)(4,4-dimethyl-2,2-bipyridine)]Cl] .. We also
reconfirm that the bioelectrocatalyst outperforms platinum in
the catalysis of electroreduction o, @ water.

Experimental Section

Synthesis of PVP-[Os(4,4dimethyl-2,2'-bipyridine) 5(4-
aminomethyl-4-methyl-2,2-bipyridine)CI] 23+, 4-Phthalim-
idylmethyl-4-methyl-2,2bipyridine A mixture of 4,4-methyl-
2,2-bipyridine (1.84 g, 10 mmol)N-bromosuccinimide (1.9 g,
10.7 mmol), and benzoyl peroxide (100 mg) in carbon tetra-
chloride (50 mL) was refluxed for 20 h. The reaction mixture
was cooled on ice fol h and filtered to remove the red

pyridine units was quaternized by 6-bromohexanoic acid.

Polymer | To a dry DMF suspension of poly(dN{(5-
carboxypentyl)pyridinium}o-4-vinylpyridine) (75 mg)O-(N-
succinimidyl)N,N,N,N'-tetramethyluronium tetrafluoroborate
(27 mg, 90umol) was added, the mixture was stirred for 15
min, and therN,N-diisopropylethylamine (14.&L, 155 umol)
was added. After stirring the reaction mixture for 8 h, [Os4,4
dimethyl-2,2-bipyridine)(4-aminomethyl-4methyl-2,2-bipy-
ridine)](PKs)2 (130 mg, 124:mol) was added slowly, followed
by 14.5uL of N,N-diisopropylethylamine. The solution was
stirred for 24 h and then poured into 100 mL of EtOAc. The
solvent was removed by decanting, and the precipitate was
redissolved in 10 mL of CECN. To the solution was added
BioRad AG 2-X8 chloride exchange resin and 100 mL of water.

precipitate. The solvent was removed, and the residue containing”he resulting mixture was stirred for 24 h, filtered, and dialyzed

4-bromomethyl-4methyl-2,2-bipyridine (MS: m/z 264 (M"))
as a major product was dissolved in 80 mLNyN-dimethyl-

with H,O by an ultramembrane filtration under 70 psi argon
pressure, using Millipore polyethersulfone membrane with a

formamide. Potassium phthalimide (3 g, 16.2 mmol) was added, molecular weight cutoff of 10 000. The dialyzed polymer was

and the reaction mixture was stirred at 40 for 1 h under

lyophilized to yield a brown solid. Yield: 0.16 g. Elemental

argon atmosphere. To the mixture was added 250 mL of distilled a@nalysis: C 70.6, H 7.3, N 12.1. Accordingly, the ratio between
water, and the mixture was extracted with dichloromethane (150 free pyridine, carboxypentyl-pyridine, and pyridine with osmium

mL x 3). The organic layer was collected, dried ovenr8i@,,

complex units of the polymer is approximately 43:5:2.

and concentrated. The residue was purified by running it through ~ Other Chemicals and Materials. AG1 x 4 chloride resin

neutral alumina using ethyl acetate/hexane<{1®0%) as the
eluent to yield white crystalline solid (0.5 g, 15%). M&vz
330 (M*). IH NMR (CDCl, 8): 2.45 (3H, s), 4.7 (2H, s), 7.20
(1H, d), 7.29 (1H, d), 7.49 (2H, m), 7.85(2H, m), 8.20 (1H, s),
8.35 (1H, s), 8.60 (1H, d), 8.94 (1H, d).

was purchased from Bio-Rad Laboratories, Hercules, CA. All
other chemical reagents were purchased from Aldrich Chemi-
cals, Co. Deionized water was used for the synthesis and
analysis. All of the electrochemical measurements were per-
formed in a citrate buffer solution (pH 5, 0.2 M). The solutions
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were made with deionized water that was passed through a 80
purification train (Sybron Chemicals Inc, Pittsburgh, PA). Poly- A
(ethylene glycol) (400) diglycidyl ether (PEGDGE) was pur- 60
chased from Polysciences Inc., Warrington, PA. The synthesis
of the redox polymer PVI-[Os(2,8,2"-terpyridine)(4,4-di- 40
methyl-2,2-bipyridine}]Cl, (polymer II') was previously re-
ported?51,52 < 207
Instrumentation and Analysid’he *H NMR spectra were <
recorded with a Varian Inova-500 spectrometer (500 MHz), and 01
elemental analyses were performed by Quantitative Technolo-
gies, Inc., Whitehouse, NJ. The electrochemical experiments -20 1
were performed by using a CH Instruments electrochemical
detector model CHI832 bipotentiostat and a dedicated computer. -40 1
Surfaces coverages of the modified electrodes were determined
by integration of 1 mVvs™! scan rate voltammetric waves of -60 ' ' '
the osmium redox complexes and were based on the geometric 0 02 0.4 0.6 08
areas of the 3-mm-diameter glassy carbon electrodes or the 25- E/V
um-diameter platinum electrodes. The thicknesses of the dry 60
and swollen redox polymer films were obtained from backscat- B
tered electron micrographs, obtained using an environmental 40 |
scanning electron microscope (ESEMYY
The temperature was controlled with an isothermal circulator 20 |
(Fisher Scientific, Pittsburgh, PA). The measurements were
carried out in a water-jacketed electrochemical cell at 3.5 <
containing 50 mL of buffer. To maintain a fixed volume of ~ 0
solution in the cell, the bubbled gases were presaturated with
water by passage through a bubbler, which also contained the 20 |
pH 5 citrate buffer. The potentials were measured versus a
commercial Ag/AgCl (3 M KCI) reference electrode. The 40 1
counterelectrode was a platinum wire (BAS, West Lafayette,
IN) and the 25¢m-diameter platinum microelectrode was from
Cypress Systems, Lawrence, KS. Ultrapure argon was purchased -60 ‘ ‘ ‘
from Matheson (Austin, TX). 0.2 0.4 0.6 0.8 !
Rotating Disk ElectrodesVitreous carbon rotating disk E/V

electrodes (V-10 grade from Atomergic (Farmingdale, NY) of Figure 1. Cyclic voltammograms of polymers (A) and I (B) on

3 mm diameter were prepared as repoifetd. They were ghrpfgnr-gﬁrgetse;oglaggyn;:\i??n electrodes under argon; 0.2 M citrate
polished sequentially with slurries of 5, 1, and @18 alumina ' ' '

particles (Buehler, Lake Bluff, IL), sonicated, and rinsed with Ragyits

ultrapure water. The cleaning process was repeated until no ]

voltammetric features were observed in the potential range of Figure 1A shows the cyclic voltammograms of polymer
interest,—0.4 to 0.4 V vs Ag/AgCl, in 50 mV/s scans in PBS. and Figure 1B shows.the cyclic voltammograms of polymher
The total loaded amount of polymer and cross-linker was Under argon (3-mm-diameter glassy carbon electrode, pH 5 0.2
constant at 10@g-cm2. After deposition and drying, the films M citrate buffer, 37°C). _The voltammogra_ms are charactgnstlc
were cured for at least 18 h at room temperature before the ©f Polymer-bound osmium complexes with redox potentials of
electrodes were used. +550 mV vs Ag/AgCl. At the 20 mV s! scan rate, the

) . voltammogram of polymelr exhibited a symmetrical wave with
Pt Microelectrodes (2%:m Diameter).The electrodes were g poYy 4

electrochemically cleaned by cycling in 0.1 M%), between 65 mV peak separation; the separation for polyfhavas=>110
potentials adequate to oxidize, then reduce, the platinum
surface?® Excessive cycling was avoided in order to minimize coefficients of polymet (solid circles) and polymell (open

the extent of surface roughening. A total of 15 mg/mL of the qjrojeqy on the cross-linker concentration. Each value shown is
polymer solution was deposited by evaporation on the electrodey,s 5yerage of five measurements. Upon increasing the cross-
surface. Upon hydratation, polymeswells by a factor 2.4 and  jinker concentration from O to 25 wt %, the apparent diffusion

F.igure 2 shows the dependence of the apparent diffusion

polymerll by a factor 2.37 The polymer thicknesses were36 coefficient of polymei decreased by about 8-fold, from 76

pm for polymer| 322;34-5/1”‘ for polymerll for assumed  10-7 9 1 x 1077 cn? s~ The apparent coefficient diffusion

densities of 1 g/cir'™ of polymerll did not change significantly with the concentration
Carbon Fiber ElectrodesPrior to their coating, the #Zm- of the cross-linker, decreasing from 6:210°1t0 5.6 x 10°°

diameter fibers (0.0044 ciwere made hydrophilic by exposure  cn® s,

to 1 Torr G plasma for 3 mir?3 The cathodic catalyst were Figure 3 shows the shifts of the peak at half-heid&nm,
made by published procedufé$* One cathodic catalyst upon increasing the cross-linker weight percent. For polymer
consisted of the cross-linked adduct of 45.6 wt % laccase, 47.21, E,nmwas 90 mV at~1 wt % cross-linker content, increasing
wt % redox polymei, and 7.2 wt % PEGDGE, and the other to ~135 mV at 25 wt %. For polyméi , Eynm was 120 mV at

of the 40 wt % laccase, 52.8 wt % redox polynierand 7.2 low ~1 wt % cross-linker content, increasing +dl45 mV at

wt % PEGDGE. 25 wt %.
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Figure 2. Dependence oDy, of polymerl (solid circles, left axis)

Mano et al.
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Figure 3. Dependence of the peak width at half-heigBfnm for

polymerl, (solid circles, right axis) and polymdr (open circles, left
axis) on the weight fraction of the cross-linker PEGDGE; /2b-

diameter platinum electrode. Other conditions as in Figure 1.

Figure 4 shows the optimal composition (polymer/laccase/
cross-linker) for the bioelectrocatalysts made with polyrher
(solid circles) and polymel (open circles) ina 0.2 M pH 5
citrate buffer through the-660 wt % range. In the first group

1), and polymetl (which has no tethers between its redox centers and
its backbone, curve 2). The cathode was coated with a film containing
45.6 wt % laccase, 47.2 wt % redox polynheand 7.2 wt % PEGDGE;

or containing of 40 wt % laccase, 52.8 wt % redox polyriernr 7.2

wt % PEGDGE 45.6 wt % laccase, 47.2 wt % polyneand 7.2 wt

% PEGDGE. 0.1 M pH 5 citrate buffer, quiescent solution, under air,
37 °C. Scan rate 1 mV 3. Polarization of a Gsm-diameter, 2-cm-
long smooth solid platinum fiber cathode in 0.5 M3D, (curve 3).
Quiescent solution, under air, 3T. Scan rate 1 mV 3.

of experiments, the cross-linker (PEGDGE) weight percentage % PEGDGE, and 40 wt % laccase, 52.8 wt % redox polymer

was fixed at 7 wt %, and the total loading of all film components
was fixed at 0.8 mg cn?. Between 5 and 40 wt %, the current

Il, and 7.2 wt % PEGDGE
The polarizations (potential versus the reversible potential

density increased with the weight percentage of laccase, reachingf the G, /H,O half-cell in the same electrolyte) of a miniature

a current density of 0.6 mamM™2 at 40 wt % laccase for
polymerll and reaching a current density of 0.8 reA2 at
~46 wt % laccase for polymdr Above these weight percent-

carbon fiber cathode (@m diameter, 2 cm long) modified with
either the bioelectrocatalyst made with polyme¢Figure 5,
curve 1) or polymetl (Figure 5, curve 2) in a quiescent pH 5

ages, the current density declined rapidly. Precipitation, at- citrate buffer under air at 37.5C are compared in Figure 5.
tributed to the formation of a neutral electrostatic adduct between With polymerl, oxygen is electroreduced already-&20 mV,

the cationic polymer and the enzyme (pH4), was observed

and a current density of 0.86 mém—2is reached at-0.2 V vs

above 60 wt % laccase. In experiments where the weight percentAg/AgCI. With polymerll, the current density at0.2 V vs
of the cross-linker was varied and the laccase/redox polymer Ag/AgCl is less, 0.58 mAcm=2. On the 6am-diameter platinum
weight ratio was kept constant, the optimal PEGDGE wt % was electrode, oxygen is electroreduced on the fiber 220 mV,
found to be 7.2. The resulting optimal catalysts were composedand a current density of 0.86 mém2 is reached at-0.8 V vs

of 45.6 wt % laccase, 47.2 wt % redox polynmiemand 7.2 wt

Ag/AgCI (Figure 5, curve 3).
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Discussion transport process is radial. The time-independent steady-state

. . ) current,iss is given by
Design and Synthesis of Polymer IThe design of the-0.55

V vs Ag/AgCI potential redox polymelr followed that for the igs= 4NFD,p Crel 3
reported glucose oxidase “wiring” polym&r.The osmium

complex, with two 4,4dimethyl-2,2 -bipyridine ligands and wheren is a number of electrons transferr&ty,is the apparent
one 4-aminomethyl‘4methyl-2,2-bipyridine ligand, was reacted  diffusion coefficient describing homogeneous charge transport
to form amides, witiN-(5-carboxypentyl) pyridinium functions  through the deposiCgr is the effective concentration of &s

of poly(4-vinylpyridine), (PVP), introduced by partially quat- Centers within thg deposit, amds the radius of the m|(_:roelec- _
ernizing PVP with 6-bromohexanoic acid. Unlike the earlier rode. For short times, or fast scan rates, the depletion layer is
wires of laccase or bilirubin oxidase, in which the redox Significantly thinner than either the film thickness or the radius
functions were coordinatively bound to ring nitrogens of of the microelectrode, making the diffusion linear, and peaking

backbone imidazoles, polymeémad eight-atom-long, flexible voltammograms, reminiscent of dissolved redox species at

tethers between its Os complexes to its backbone. The redoxn;aﬁroeltlactrodes, are c;]bservheorll. IrI;this cm!i,kwas d%r%/gg
function of polyme is the (4,4-dimethyl-2,2-bipyridine)(4- of the voltammograms through the Ranet&®vcik equatiof?

aminomethyl-#methyl-2,2-bipyridine) complex of O&3+: the by plotting the voItamrB(Zetric peak currentg) versus the square
redox potential of the complex i$0.55 V vs Ag/AgCl. This root of the scan rates

redox potential brought the redox potential of the hydrogel close 0.4463x NF2 x A x D. Y2 5 C. x p12
to the redox potential of the type-1 copper centers of laccase, ip = app RT )
so that the electron transfer from the polymer to laccase was (R'I')”2

potential-wise downhill, but driven by the smallest necessary .

potential gradient, and thus maintaining the potential at which wherenis the number of electrons transferréds the F"?“aday
0O, was reduced highly oxidizingp. The flexible spacer tethering constantR is the gas constamlj is the tgmperaturea\ IS thg
the redox centers to the backbone was made eight atoms long2¢2 of the elegc;torode, atkr is the effective electroactive site
allowing effective electron-transferring collisions between the concent(rjat:_or?.v The _;Ic:jpeh of th(;a pIOtf/’é CV:Vh'ChB Were, as
redox centers of the polymer and between polymer and enzymegixnri)ﬁcufa ' énZﬁ:j’ ﬂromeeabgoﬁugéovglij.gﬁ%t ;:1)(.1 Cy c\c/)vr:;
redox centers, the tethered centers wiping overlapping VOIumesdeter?nincéd For Ol’ met, the producDapC T is9 5xRT1crlz

of the hydrogel. As a result, the apparent electron diffusion : oy y P app Rt >

- . ) + 0.5 motcm™! s~ and the producDapi/?Crr is 1.2 x 1077
coefficient was high relative to that of other redox hydro- o o7 i o i ThesepyieILéi aa\’;ZIueRngI) ofX6 2«
gels12133%|n the redox centers of Polyméyfull coordination ' : N

) ; , 107° £ 0.5 cn? s, For polymerl, Dgppis 7.6 x 1077 & 0.5
of the O8"/" by polydentate ligands provided the sought high .o -1 Eyidently, the eight-atom-loggpflexible tethers allowed

self-exchange raté and stability against ligand substitution e redox centers to sweep large volume elements and increased
encountered with monodentate ligartds. the rate of electron-transferring collisions between the polymer
Electrochemical Characteristics.Comparison of the char-  segments. Although the centers were tethered, they were mobile
acteristics of polymet with those of polymedl having the within the volumes defined by their long tethers. The 120-fold
same redox potentiat{550 mV vs Ag/AgCl) but only a short  increase inDapp could have been caused also by higkgror
tether (Figure 1B) shows that, with the long tether, the transport Crr (eq 1)31:32but the concentration of the redox centers was
of electrons is enhanced: while the voltammogram of polymer about the same in the two polymers, and it was unlikely that
I exhibited at 20 mV st scan rate, a symmetrical wave, with  thekey of their O3+ complexes varied by more than an order
only 65 mV separation of the anodic and cathodic peaks, the of magnitude. We attribute, therefore, the observed 120-fold

peak separation for polymér was >120 mV5 Comparison  increase inDgpp to the 11-fold increase ir, the physical
of the peak separations suggested Da}, of polymer| was displacement of the redox centers about their equilibrium
considerably higher than polymér. positions, upon the eight-atom extension of the tether.

Covalent and Coordinative Cross-linking. As a redox
polymer is increasingly cross-linked, whether electrostatically
or covalently, its swelling is reduced. The gel becomes
mechanically tough, and at the same time, as shown by Oh and
Faulkner!® Bu,*® and Rajagopalat®4 the segments of its
polymer become less mobile, and as a reddf, decreases.

As seen in Figure 3Dapp Of polymer| decreases faster upon
cross-linking than that of the already heavily electrostatically

Apparent Electron Diffusion Coefficients. The apparent
electron diffusion coefficient of a redox hydrogel is a function
of (a) the structure of the redox polymer particularly, as seen,
of the mobility of the redox functions; (b) the nature and
diffusivity of the solution-phase anion, diffusing into the redox
polymer and neutralizing the added positive charge when the
polymer is oxidized and leaving the polymer when it is reduced;

and (c) the cross-linking of the polymer, which reduces the cross-linked polymerl . Neither of the two polymers was

mobility of its segments. o o sheared off electrodes rotated for 20 h at 500 rpm in pH 5 citrate
The apparent electron diffusion coefficienf3app were  pyffer at 37°C while cycled betweer-0.4 and+0.1 V versus

measured in a 0.2 M citrate buffer at 3C at 100ug-cm2 Ag/AgCl at 50 mV s the heights of the voltammetric peaks

polymer loading. Details of the measurement procedures weredecreased only by 4% for both. This is in contrast with our

reported earlier. In brief, the technique exploits the difference previous results with a PVI-[Os(4;dliamino-2,2-bipyridine)-

in the diffusion field at microelectrodes for different experi- Cl|*/2+ redox hydrogef’” The difference is attributed to the

mental time scales, i.e., linear versus radial diffusion at short coordinative cross-linking of the PVI-[Os(4;diamino-2,2-
versus long times. For long times, or slow scan rates, a steady-bipyridine)Cl]*/2* redox hydrogel by partial exchange of the
state plateau current is observed that is independent of the scainner-sphere chloride of its osmium complex by imidazoles of
rate for 0.1< v < 10 mV s! because the thickness of the neighboring chains upon redox cyclifgThe added cross-
layer of the reduced or oxidized species that is depleted is linking decreases the segmental mobility, the diffusivity of
comparable to the radius of the microelectrode, and the chargeelectrons, and thereby thickness of electroactive film. Because
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Composition. There are four electron-transfer steps in the
wired-laccase-catalyzed electrooxidation of 8t steady state,

the current associated with each step is necessarily the same.

The currents flowing from the cathode to the polymer (1),
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