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SSTIMATION OF TME RATE OF ELECTRON TRARSGFERS IRTVEEN TUO CONTACTING POLTMER

t

.
C. R, Leiduer and Royce W. Nurray

Kenan Laborstories of Chemistry

Univereity of North Cerolima

Chapel Will, NC 27514

BN ' ABSTRACT ,'
g < a+ (3 +)
’b /
A dilayer of vedox polymer filme, nlpoly-(m(bn)“(m)'; Ipoly-
lh(w"),l\‘ » i coated om a Pt slectrode. iuueti,.o! e ;;:-ll-)”

outer film of s pre~oxidized bilasyer, Pt/poly-(0s]” /poly-(Bu]

controlled by the rate of electron diffusion through the inmer, poly- ‘

f/lh fila. Whea oxidisiag the ocuter ply-lh}i’
j

n/my-lo-l’ Ilﬂ!'ll‘lz‘

{Ce] fils of a reduced
bilayer, however, the rate of oxidation depends
(,‘_‘ \>, , lergely oa the kinetice of electrom tramsfer betwees the ca. momolayer of
poly-[0s)” ond poly-ll.l” sites in comtact at the iaterface between the two
polymer filme. 7The electrom diffuwsies kimetice in the two polymer filme
perturd the interfecial reaction rate ocaly slightly, so that a lower limit to
the iaterfacial electron trassfer vste cemstamt is -niuml-nmbly.

the Marcus

this velue is within a factor of gg. 28 of that calculeted
relation for the corresponding haomegeneeus croes electren tn‘ohr resction I

in scetounitrile.

t Present address: Depertment of Chemistry, Stenford Usiversity, Stenford, CA.
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BSTIMATION OF THE RATE OF KLECTROW TRANSFERS IETWEEN TWO CONTACTING POLYMER
SURFACES

C. R. Leidoer snd Royce V. Intny.
Kensn Laboratories of Chemistry
University of North Carolina

Cbapel Rill, MC 27514

Ultre-thin (10-1,000o0m), stable, and adherent films of the electroactive
transition metal polymers poly-[ll(bpy)z(vpy)zlz’ sad poly-(lu(vbpy),lz' vhere
M = Os or Ru, vbpy = A-vinyl-4'-methyl-2,2'-bipyridine snd vpy = & vinyl-
pyridine, are easily electropolyserized cato Pt eslectrodes from monomer
complex lolutioul’z. These films and thoee of snalogous complexes have
provided » number of important insights imto the internal electrom self
nchn;e"‘. pcmntions-7. and electron transfer mediation chaiurys-, of
transition metal polymers. This paper further exploits this electron
transfer chemistry to arrive at an estimate of the rate of an electron
transfer reaction between two different, contacting polymer film surfaces.
The rate of such a polymer surface to surface electron transfer has eluded us

3"‘”. snd as far as we are swvare has never bdefore

in previous experimente
been reported for any pair of contacting polymer filws or bdiologicel membrase
meterisls.

The experimeat is based on a Pt electrode costed first with a thin (30-
80 monolayucs-equivalents) poly-[bo(bpy)z(vpy)zlz’ film “o‘ = 0.73V vs.
88CE), which is thes over-coated with a siwmilarly thin poly-llu(vbpy),lz.

[}
fila (2° o 1.14V ve. 88CE). Since the ianer, poly-[O.]z' film ie
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relatively pishole !ru.. slectron tramsfers Detween the Pt electrode and the bl
outer, plr[h]” film are, like our previows bilayer electredes,
constrained to occur at the poly-[0e]/pely-[(Ru] file/film interface, via the

poly={0s] filn. By comtrol of the Pt electrode potential, electron transfer
reactions which can be driven scrose the filw/film interface are:

!t/poly-lmlz‘lpoly-lluls’ — Ptlply-l“l"lnly-[lu]z‘ (1)

starting with both films oxidized and sweeping the poteatial negatively, aand
Pt/poly-[0e13*/poly-[au)?* —> Pe/poly-[0e]2*/poly-nu)* 2

starting vith both films reduced and oweeping potential positively.

Reaction 1 is thermodynamically fevored. Resctiom 2 is wafavorable but

is driven nonetheless by continous regeneration of the inmer film nlr(o.]” ( '\:'.
state. By snalogy with experiments in which such tremsition metal polymer
filns were used to drive thernodynamically favored sad wafavored omidetion

(or reduction) of solutions of mtal eqlm.‘.’ snd thermodynsmically
3,4-10 r.

favored reactions in other bilayer electrodes , WO can geess at the
likely rate coutrolling steps of Resctieme 1 amd 2. Specifically, Reaction ] :
is likely to be controlled by the rate of electrom diffusion ia the imser,
poly-[Os]) film (controls the supply of ply-lod” sites). The rate of the : ::

thermodynanically favoied electren tramsfer cross-rescties im Reactioa 1
should be much faster than the electron éiffwsion step. And, we hoped that,

as fmd° for the solution complex resctions, the oppesite situstion would be

found in Reaction 2, where the tete of the thermodynamically wafavored and
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thus such slowed electron trassfer cross reactiom should became less then
that of the slectron diffusion process. The Pt/poly-[0e]/poly-{Re] bilayer
vas designed om this basis. The specific polymers were furthermore selected
to provide both a rather large wafavorsble free emergy change (!:; - l;;
- O.‘O’v; l.q - x.«w"). and en isper film polymer with a high electroo
diffusion rate (the poly-[Oa]z’n’ film).

Expectations with respect to rate control in Reaction 1 were realized.

Rxpectations with respect to the more significant Reaction 2 are realised to

a first approximation ouly, but monetheless coastitute the firet data

available on the rate of electron transfers between comtacting polymer

surfaces.

FXPSRIMENTAL

Syntheses of lo.(ilvy)z(vpy)zl("‘)2 md [Ru(vdpy),) (PP
1,2

6)2 have been described

earlier™'", as has the electrochemicsl applntu‘.,. Tetreethylsmmonium
perchlorate, lt‘mlo‘. (Rastman) was thrice recryetallized from weter spd

stored in vacuo at 30°C. Acetomitrile (Burdick end Jackson) was stored over

wolecular sieves. All experiments were performed in 0.1M Et,NC10,/CH,CN with ;
stendard three electrode instrumentatiom.
The Ptlpoly-(ﬁo(m)z(m)zlz’lpolr(lu(vb")’lz' bilayers were prepsred :i"‘:
as follows. A n/nly-(o.(ipy)z(m)zl” electrode was prepared by reductive S-‘
Wt

electropolymerization frem a ca. 0.5 sl solution of the moncmer asd the immer
fila coverage deterwined by cyclic voltemmetry in moncmer-free 0.1M
n‘lcxo‘/cu,cn. The outer poly-llu(vbpy)llb fila ves next

electropolymerised from o cs. 0.luM monomer solution. All immer filme and

-3-
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resultant bileyer films were visibly emoeth (shiny). Outer filw coverages
[ outer oT® cbtaised in 0.1N Bt BC10,/CH.CH by spplying 1.4V ve. Ag/ALCl to
the bilayer electrode for 20-45 misutes (to drive the thermedynamicelly
uafavorable Bq. (2) co completion). A poteatial ecas was thes initiated from
1.4 to 0.4V to produce the Pt/0s2*/av’’ trepping poak (Resctioa 1). [
was obtsined by imtegrating the charge wader thies trapping pesk. The Ag/AgCl
pseudo-reference was used in place of the conventiomsl S8CE is these
experiments, to prevest leskage of C1™ isto the working cempartmeat during
the loag wait at 1.49. 1a all other experiments, potentials were referred to
the 88CE.

lo.(llozi.vy)3l("‘)2 vas prepered by & medificetion of a standard
methos'!. 200.85 wg (0.458 mmole) (W8,),00C1, (Eagloherd) and 421.7 wg (2.29
mmole) t.b‘-loztn (Reilley Chemicels) were reflumed for S heurs wnder ", ia
30 a1l 2-(2-methoxyethomy)ethanol (Aldrich). The dark green resctiom mixzture
was cooled to room tempersture wnder '2' and 50 wml lzo was added. Seturated
-‘n‘llzo was added to the stirred solution watil precipitstion ceased. The
green 00lid was collected by suction filtration and washed with 200 sl lzo
and 200 ml uzo. The crude prodect was purified by chremstography o nzo,
using 3:2 toluulﬂ’ﬂ as the elwent. The mein green band was collected amd
taken to drymess by rotary evaporstioa. The 80lid wes diseolved in & miniewm

of cl,a and odded dropwise into s stirring solution of nzo. The green

s0lid was collected by suctios filtration. Yield: 327 mg (793). i
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RRSULTS AND DISCUSSION

Cyclic Voltammetry of the Pt/poly-[Os]/poly-[Ru] Bilayer. In order to
observe Reaction 1, starting with both the poly-~{Os] and poly-{Ru] filme is

the [ll)” state, & positive potentisl was applied to the bilayer for a
period. Pull oxidation of the poly-lodz’ fils proceeds quickly, but the
poly~[Ru] film is oxidized via Reaction 2 which is slow. For the film
coverages employed here, potentiostatting at +1.4V for st least 20 minutes
was satisfactory.

The cyclic voltemmetry of a thus pre-oxidized bilayer is shown in Figure
1. The sharp reduction current peak at ca. +0.95V is due to the bilayer
electrode charge trapping Reactiom 1, in which the very small quantity of
poly-[Oo)z’ states generated at this potential is repidly consumed at the
film/film interface by the poly-[lula’ film. The quantity of electroective
poly-[lull’ sites in the outer film was ascertained by iotegratiom of the
charge under this peak. If the pre-potentiocstating period is shortened, to 5
sinutes for instsnce, the trapping pesk is apprecisbly smaller (“602) becawse
Reaction 2 has not proceeded to completion.

The shape and behavior of the sharp reduction peak in Pigure 1 for
Reaction 1 is similar to that observed for esrlier bilasyer electrode

3,4,10

(thermodynsmicelly favorable) trapping reactioms The peak is however

auch better resolved then most we have npotud“s. Using & theory assiguing

contro]l of the curreant to electrom diffusion in the imner film, we snslysed
the reduction peak in Pigure 1 by plotting the curreat om the rising part of

the eharp pesk sccording to the oqution”‘




i= mp_c?/, ) erlimr/an)s - 55,

hurn 0

whete D‘t {s the electron diffusies coefficieat and C is the polymer site
comcentration (~1.5210> mol/cm’) in the imner fils. The log i s E -
l‘.:;.” plots sre liseer wp to 902 of the current peak. For & series of
experiments, the slopss and istercepts of these plots yield, respectively,

the iotersction parameter g (describes the Nernstian shape fwactiom of the

0o (111/11) wave!?) and electron diffusion comsteat for the poly-[0s) film is

Teble 1. The lack of dependence e r and r““ r and agreement of the

inmer
electros diffusion parmseter with other, independent results for the same
poiy-10s] fils, o ¢ = 1.121077 wad 1.301077 mo1/ca’st, contirme cne
expected, that the sharp peak reduction curremts im Pigure 1, emd the rate of
Resction 1, is governed by the rate of electros diffuwsien is the inmer, poly-

(0s] filsm.

———a s = =

The second reduction pesk cheerved at ¢0.73V ve SSCE for s pre-~
potentiscetatted, hlply-[ﬂol"lply-(hl" bilayer, is duwe to reductiom of
the main portion of the nly-lu(b'y),(m),lz’ inmer film. This and the
easuing recmidation pesk st the ssme potestial cen be observed without the

pre-potentiocstatting routise eimce the poly~{Os] filw is im direct comtact

2¢/3¢

with the Pt electrode. The charge wader the poly-[Os] wave megsures the

inmer film coversge, r1 ane

electropolymerising the poly~{(Bu] outer film layers. At potestial ewveep
,10130

e vhich was found to be the seme defore end after
rates employed here, pesk euftuu for the poly-[0e wave are
propertionsl to ewsep rate.

Centisvetion of the returs, positive going poteatisl scan reveals is

Pigere | & shallow omidetion curvemt pesk (®) ot ca. 1.0V. The * pesk is
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ateriduted to Resction 2. (Iu bilayers where the differemce ia immer aad

outer l°' values is great, oo pesk would be observed here at sll; im those

"‘.) Por

cases the outer film is more stably trapped in its emidation state
the Pt/poly-[0s)/poly-[Ru] bilayer, the rate of the Reaction 2 is, while
quite elow, still rapid enough to give a peak in the voltammetry. Ve have
puviouly‘ referred to peaks such ss this as the "back reaction” as they are
deleterioze to charge storage applications of bilayer slectrodes.

That the shallow (*) current peak in Pigure 1 is due to Reaction 2, snd
is small and shallow because it is kinetically controlled, was confirmed by
sveeping the potential at different retes, starting at +0.3V with the film in

its reduced state (Figure 2). Adjusting the recorder current semsitivity in

concert with (proportionsl to) the potential sweep rate normalises the
3¢/2¢

current scale for the poly-[0Os) peak, so that it appesrs umchamged ia
Figure 2. The shallow (%) pask st 1.0V, however, is definitely enhanced by
the use of slower potential acan rates. This observation confirme its

kinetic coatrol.

Redox Pumping of the Ouwter Film. The potential scan rate dependency of the
peak currest for Reactiom 2 (*) in Pigure 2'could, in principle, be employed
to extract the rate of Resctiom 2. Rather than smploy the rather complex,
time dependent reversible kinetic theory required for this, we adopted a
eimpler approach, using s rof.ud disk bilayer electrode in a solution of the
reductant lo.(lkszy),]z’. The reductent (l°. = +0.66V vs. S$SCE) serves to
prevent depletion of nly-[lu]z’ states in the outer film during Reactios 2,
and the rotsted disk arrangement provides a steady mass transfer of

lo-(mzb"),]z’. The redox esergy level scheme for this arrsngement is

le
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illustrated in Pigure 3.

Rote from the scheme that the function of the eslectrode potentiai is to
lover the poly-(odz’lpoly-(od,‘ ratio sufficiently in the inmer fila to
initiate & net rate of electron transfere from poly-(lu]z’ to poly-(Olla.
greater than thet from (the ordinarily wore favorsble) poly-(lula’ to poly-
[o.lz'. Expressing the poly-[Ool”lpoly-[Ool" ratio with the Wernst
equation (plus g interaction parsmeter as used io Eq. (3)) end assigning rate
control to the filw/fils electron tramsfer of Resction 2, leads to the
equations for the voltammetric response of a Pt/poly-{0s]/pely-{Ru}] rotsted
disk electrode in a solution of reductent, lo-(lleabpys)]z’

ilil ® dmi.nur ¢

outer “)

sad & = &, + (RT/gaP) lali/(iy; = i)) (5)

vhere l’ l + (RT/gnF) ln[iu.li ] (6)

outer ct ,outer

in which iu- is the limiting current of the rotated diek voltammogram, k is
the second order cross electrom transfer rate constsat of Reaction 2 between

the contacting polymer film surfaces, each costsining ca. & monolayer of poly-

- - -10 2 .

(0s) amd poly-{Ru) sites (assume ‘M 2 dpyrer - 1310 T mol/cm ), E, is
the half weve potemtial of the rotated disk voltsmmogras, sad ‘ct.wur is
the curreat through the ocuter film that would bde limited by electrom

dittueion “et Louter ® .'net,wurczunr’ rutor

The rotated disk voltemmetcric response of & Pt/poly-
(08 (bpy), (vpy) )¢ /poty-[Ruivbpy) 12* bitayer with [, = 3.652107° and
8-
e = e
N e S o o o e N e
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jram, k is

2 between
ser of poly-
), l’ is
suter **

»

0~? and

r e 1.92210"7 mol/ca? in 4 3.5 (o.(lczb"):)z' solution is shown in

outer
Pigure 4. A stesdy state kinetic yeve with I* = 0.93V and ilh . 25.2uA
(current density jli- - IoSUuAqu) is observed. Of Eqs. & and 5, application
of Bq. 4 is the more significant in that it predicts no dependency oo
electrode rotation rate (nome observed) or upon rincr and r“t“.
Limiting curreant results from voltammograms for a series of bilayer
electrodes are shown in Table I1. The experimental scatter is fairly
apprecisble, but to a first approximstion (see bdelow), ili- appears to be
constant and Bq. & is satisfied. Values of the filn/film electron transfer

’ -ol/nzl.

rate ké2 fall in the range 2 to 5x10~
Eqs. 5 and 6 are also satisfied by voltsmmetry like Pigure 4, for Eq. 5
by the linearity of plots of B vs. lo.[i/(iu.-i)l wvhose slope = 0.063V gives
g = 0.9 agreeing with Table 1, and for Eq. 6 the l’ observed in the
voltemmetry. Eq. 6 predicts that the !’ potential for poly-llu)z’ oxidation

L}
should occur at a less positive potential than l:“" (+1.14V) according to

.. . . § - -8
the ratio ‘li-/‘ct,wter' With a value of Dct,wnrcwter 6x10
-ol/e-zo’ determined cluvhcn;. Bq. 6 predicts an l‘ of 0.972 to 0.”,V for

the Mia and rouur

actually observed.

given in Tedle I1. These lie with 39 to 65aV of the l*

The redox pumping by reductant outlimed in Pigure 3 can also be used in
cyclic voltsmmetry. HNere again, the reductant lo.(llozb”)slz‘ serves the
function of consuming outer film poly-(lu)” sites generated by Reaction 2 at
the bilayer/solutiom interface. Figure 5 illwstrates the cyclic voltemmetry
of the Ptlpoly-[Oo(h”)z(vpy)zlz’lpoly-llu(vbpy)le’ bilayer of Pigure ) inm
the 3.55 =it (00(!‘2"7),11‘ solution. Compared to Figure 1, and as in the

rotated diek experiment, an enhanced curreat is observed for Resction 2. At

-9-
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500 wV/s & well-defined, sigmoidal wave centered st ca. 0.93V ve. 36CT is

evident im Pigure 5. The limitiag currents observed at 100, 200, aad

e B T

500mV/s, after baseline curreat corrections, sre roughly the same as those
observed in the rotated disk emperiment (500, 510, SIOM/-z respectively).

Evidently, the coucentration - distance profiles through the two filme are

RO

established rapidly enough om the timescale of the potential scan for steady

state curreant flow to exist. This limiting curreat pereists wmtil sufficient

"""ll
LIV

time bas elapsed duriag the costiouing positive potential scem for

"
s s
.

concentration polarisation of the lo.(lczb")slz’ solutiom to occur, st which

L

point the concentration gradieat of [o.(lhzb”)slz’ becomes too small to
support the limiting kimetic current of Resction 2 and the current is seen to
decay. At slower scan rates, this concentrstion polarizatiom is more
substantisl sad the pumped cnt:mn are lower. Pigure 5 illwstrates the
virtue of weiag the rotated electrode format to evoid depletion of the

pumping veductsnt.

Discussion sad Examination of Asswmptions . Before considering the measured
Reaction 2 film/film rate of Table II, four importent assumptions of the
experineant should be examined. -

Tirst assumed is thet the pumping rsductant lo-(lloszy)slz’ does w0t
penstrate the outer, poly-(lulb file to either the inner film or to the Pt

©  electrode (both would give a wave mesr the B°' = +0,66V for (m(llozb"),lz’
| oxidstion). Previous explicit permestion messurements of bulky, dicationic

complenes by !hdl’ through the nly-[lu(vbpy),l” film show that permeation
of s complex like [o.(lezb"),)z. through the present filme should mot give

5

-::' significent currents on the scele of Figure 4. The pumping reductant was
"

:
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chosen on thia basis. That the pumping reductant also does not encounter
film imperfections (as opposed to permeation) sllowing sccess to the Pt/poly-
{Os] interface is clearly satisfied by the absence of a 0.66V wave in Pigure
4. That, further, the reductant does not encounter outer film imperfections
alloving scceas to the poly-[Ot]s* sites at the fila/film interface is slso

satisfied by the absence in Pigures 4 and S of a wave at 0.66V for the

reaction of IOl(leszy)le’ with poly-[On(bpy)z(vpy)zls’. Thus, all

assumptions surrounding the pumping reducteant seem satisfied.
The second assumption is that there are no significant inner film
imperfections through which direct outer film electron transfer with the Pt

electrode might occur. This assumption is satisfied dy the absence of pesks

2¢/3e

L]
at the poly-{Ru] potential (!:ute » + 1.14V) in Pigures 1 and 2.

T

The third assumption deals wich absence of rste comtrol of Reaction 2,
even partislly, by electron diffusion rates in the inner or outer films.
Calculations of the electron diffusion limited inner and outer fils currents
give values of > 0.15 and > 0.05 A/cnz. far larger than the jli- values in
Table II. This by itself does not totally exclude electron diffusion rate
interferesnce, hovever. Another criterionm is independence of k&z on the ianer

and outer film coverages, r and [

Close inspection of Table II

ioner outer’

revesls no obvious correlation of t62 vitch [, but a slight trend in k‘z

ioger’

seems to exist with f;ut.r. kbz increases by sbout a fsctor of two-fold as
9

-9 -
fout.r changes from 5x10 ~ to 1l.4x10

-ol/clz. The implication of this
trend may be & slight bias of klz due to the electron diffusion rate in the

outer, poly-[Ru] film. The electron diffusion rate in poly-[lu(vbpy)3)2*,3’

is, indeed, slower than that in poly-[O-(bpy)z(vpy)zlz’/:‘. Electron

diffusion limitetions aleo might rise from the thermodynemically favorable

-11-




< Teverse of Rescticn 2. Blectron diffusion is secessary to msintain the
proper c.lc. ratio withia both films at the resctisg isterface, and slow
electron diffweion withia cithc'r file wey sot supply the rescting sites ot a
rate vequired by the interfacial resction. The kimetic dats ia Table II

exhibit a decrease of cnly ca. 2.5 over the renge of film thickness. Kither
form of electrom diffusion kinetics might be comtributing to this emsll tremd

in the observed u’ values. On this basis, the most relisble values of u’

in Teble I1 should be those obtained at the lowest| cuter® Letos
u’ - leo-, -ollazc. Conservatively, even this value msy represeat s
lover limit om kéZ.

The fourth assumption concerms the quality of the cemtact between the
poly-[0s) and poly-{Ru] films. The gecmetrical electrode sres (A) wes weed \ e
is Bq. & to calculate the velue of %42 ia Teble II. This eeswmes mz at the R

tiln/fila interface, the ocutermost momoleyer (I‘M) of sites ocu a smeoth !

poly-{0e] fils is contacted smoothly snd wmiforuly by the imsermost mosolayer
(r““'l of sites ia the poly~[Bu] film. Isterfacial reughmess of either
film would affect this sssumption by chamge im sres, 4, in Bq. 4. Roughuess
of ons fila serface mirrored by end (emgctly) in register with the other film
vouldd emhance the spperent u’. while roughness leading to interruptions
(solvent-filled voids) in the interfece diminishes the spparent x4, sotr
effects might De preseat simultemecwsly, ia differeat regiome of the
interface. We will veturn to this difficult and quite pessibly imperfect
sesumption later.

Nov examine the > sz10”? ssl/@®s rate assiguned to the poly-lOol"lply-

llu]z’ tiln/film reaction. Ve heve setadliched that reactions of metal

complex solutes st polymer/eolutiem interfaces of poly-[0s) or poly-(Ru}

-u-




ey,

(esingle layer) tilme bave croes slectros trsasfer retes gquemtitstively
correlatable with the resctios free emergy wsing the well-kmows Narcus
A relationt?

da-

g

§:4

4
kg = (%)) By By B)

E‘f} log £ = Clog K )/14 log (k) K, /2%)] m
i n Since Resction 2 is st least formslly smalogous to these previous
%H . correlations, it seems reasomsdle to estimste, s priori, the rate that
#ﬂ Reaction 2 would have ware it to follow Bq. 7. Using the kmown homogeneous
: solution electron self exchange rates for lh(by),lz’“. and lOo(h!),l”n’
complencs’®, and the £ 1.4x1077 of Bescticn 2 ent eotimating b, e
bonrer ® 10710 mot/ca?, we calculate that (7). ohouid be 1.amt0”
; wol/ca®s. Put in different terus, with ‘h-ct ® boter ° 10710 nlluz. s
' homogeneous second order rate comstamt for Resctios 2 of 32 ulal o ghemo
B cen be calculeted from the exparimeatsl 2? . 5z 107 wol/em?s. s
experimeatal rate is a factor of 26X ‘lﬂ;t then the (t...)m enonle”

™

! calenlated from Bq. 7 vith the [ma(bpy)y)2*/* aat (00 Chpy) 13/ sale
oxchange rates.
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CORCLUSIONS
The resslts of Table II cemstitute the first estimete of how fast
slectren tramsfers caa eccur acrees the iaterface betwveen twe polymeric
phases. Desed ca ite reacticn free emergy and the premises of the Marcus
relation Bq. 7, the mazinum rete that Resction 2 cowld exhibit {s Hz)
] l.hlﬂ" -olluz- in interfacial rate comstaat terme, or (t ) = 910
! i more femilier homogeneous solution dimemsicms. It ie remsrkabdle
that the cbeerved rate is (at a minimum) only 28X smaller. The actual
difference may bde even less, comsidering our discussion of possidble elactrom
diffusion rate limitatiowns, above.

Consider this remarkabdle result, however, in the light of sslient features
of the previowsly ascertained electras trsmsfer properties of these two
polymars: (i) Values of the electren diffusion cosfficieats D, iv poly-
lt)o(iyy)z(vn)z)z’”0 -d nly-lh(ﬂ”),lz’n’ tnnhn"ls to homogeneous
electron self exchamge constasts similar to the known homogessous nluc“
for loo(m),l””’ -d lll(i”),]””’. implying that electrom transfers in
these polymers iavolve surmounting the same (intrimsic, ocuter sphere) barrier
80 ia bhomogeseous eolutioms. (ii) The rates of slectron tramsfers between
metsl poly-pyridine complex solutes and the surfaces of poly‘-
lh(b'y)z(m)zlz’n’ oad nly-lh(*n)’lz’n‘ filme follow®? the free
energy-rate dictates of Bq. 7. Peiats (i) and (ii) say, in effect that both
the internsl sad the polyser/eeluwticn electren tramefer chemistry of the twe
polymers essentially follow the Nerces m". Viewed in this light, ome
uight expect that the valwe of 24? for Reection 2 could be aaticipated from
£q. 7, vather than being 28X (er less) emsller.

1t 10 spprepriste, then, te comsider the factors which wmight impede

-14-
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electron tremefers st the filw/fila iaterfece. The mest likely factor is the
quality of coatact between the twe polymer surfaces (the fourth asewmption
discussed sbeve). Pirstly, in these emperiments, the twe pelymsr files were
20t growa io such & wey a8 to emsure chamical bounding betwesn the memolayer
of poly-[08(bpy),(v97),17/%* and poty-(mu(vbpy) 1 3*/3* sites ot tne
isterface. To the extent thst several selveat layere (or larger solvest
voids) exist either in places, or generally, between the two site momolayers,
the effective, microscopic, coatacting ares of the bilayer faterface might be
dininisdhed end/or sdditiomsl polywer chain motions might be required to
displace intervening solvent to achieve the Resction 2 tremsitiom state. The
observation that hé2 is less then (Mz)“.“ suggests thet such interrupted
isterfacis) coatact may bs wore prevalent than in-register interfacial
ro-.huu“', which would act to ewhsuce, mot depress, the apparemt u’.
Secondly, Reactions 2 occurs while most of ome film is in the "29 state with
most of the ether film in the l” state. To the nt;-t that swelling of the
two polymer states differs, the leteral stresses om the filw/fila interface
may degrade the quality of the adhesive comtact between poly-[Ru] end poly-
[0s]) sad theredy decresse the electrom transfer vrete. The limiting curreats
of voltammograms like that in Pigure 4 do in fact decay with time more
rapidly thas do currents in a ceatinuowsly scammed cyclic wvoltammogram like
Pigure 2. PFurthermore, with o differeat but related (Rw/FPe) bilayer
sssembly, we Ms that the lisiting current decay ceuld be partially
reversed by “resting” the bilayer is the o1l Ru2*/Pe?* or a11 mu¥*/Pe®
states. Differential swelling mey well therefore be & crucisl factor.
Another poesible factor is the rate at which charge compensating

counterions cross the fila/fila imterface. Although we have mo direct
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evidence for bilayers, considering that the kinetic measurements were carried

out under steady state conditions, end that previous data insdicete that small

anions are quite modbile in similar non-bilayer filus'u , ve are inaclined to

elimingte counterion effects for the present bilayer.
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Blectron Diffusica Rates ia the Immer Piles of &

e ' Pt/poly-[08(hpy), (vpy)y13*/poly-(Ru(vipy)y)2* Bilayer
aly P UL :® of c =0’
wol/ca’ gl[oz —_— -ol[gzo’
2.51 1.9 0.92 2.2
th s 2.73 1.9 0.9 2.8
2.87 3.09 0.93 2.0
327 5.53 0.9 2.8
0, 3.53 .11 0.9 2.9
3.65 1.92 0.9 2.7
te 3.9 2.69 0.93 2.1
3.9 1.3 0.3 2.4
813 3.79 0.9 2.1
\ , .87 .25 0.9 2.3
4.60 5.68 0.9 2.3
s.61 1.48 0.95 2.6
s.08 2.98 0.91 2.8
5.46 s.10 0.97 2.8
5.6 2.7 0.97 2.8
6.9 1.9 0.92 2.4
7.04 2.0 0.9 3.0
7.21 2.07 0.9 2.8
7.0 0.6 0.92 1.9
i 7.9 5.0 0.94 2.4
0.94(0.02) 2.5(20.3)

. Obteined frem @ log i vs. B -~ l‘“" plot, Rq. (3).
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TABLE 11 |

Blectren Tramsfer Kisetic Dets for
Pe/pely=1(bpy) 00 (vpy) 413" /pely=L(vbpy) yu]**

mo® [ .m0 g w? a0’ L,

.ol[gz gl{a’ ﬂg’_ ul[a’l ¥ _ve. 88CE welp. -
.n 1.9 504 5.2 0.93,
2.0 3.9 0 4.0, 0.9,
3.7 5.93 329 3.4 0.9,
.8 A4 » 3.3 0.93,
3.9 . n 3.3 0.9,

] 3.6 1.2 438 6.2, 0.924
4.% 2.% 3ne 3.3 0.93,

4.8 4.2

4.0 5.6

. d 4.6 1.8
, 3.0 .9
5.48 4.18

2.7 .9,
2.4 0.9% ;
TR 0.9,
% 0.9,
2.6 0.9,

try el

3.8 a.m 2.8 0.92,
.00 1. 473 4.9 0.9,
7.04 2.67 03 4.2 0.2,

...!&!,':.! 1.0 3.07 19¢ 2.0 0.93,
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| VIGUIR 13CENDS
Pigere 1. Cyelic veltammetry of o nl'oly-lo.(in)z(m)’l"lplr
l . (na(vopy)g12* Miloyer vien [, = 3.652107% ama [ = 1.92m107"
]
S Vs, 83CY wol/ca? at 50u¥/e in 0.1 BtNC10,/CH,CH. § = 73 pa/ca’. Bileyer was
. poteaticstatted at ¢1.4V ve. Ag/AgCl (add 50uV to correct te B8CE) for 20
0.93
. 0 nisutes defore initisting the msegative poteatisl sces shews. The sharpy
I 0.9
L.: 2 voduction posk at ¢0.95V is Resctien 1; the symmatrical reductien/emidetion
: 0.9
- 2 poaks ot *0.60V (+0.73V vs. SICE) ~re the nlrl“l"”’ couple of the immer
= °s tila.
0.93
" 4 Tigere 2. Cyclic veltemmetry otarting frem +0.3W of Pt/pely-
I 0.92, 2¢ 20 -9
- (Ou(bpyy(vpy)y 1 /pely-Buivipr) )™* Bilayer wieh [, = 2.7310 ent _
- 0.93
. ° [ eee © 19107 mo1/an? ot 20, 30, 100 amd 200w/, 8 = 3.4, 13,6, 7.2 e
0.93 : i
;.:' ’ } ond 54.4 nl.a for 30, 39, 100 and 200 aV¥/e, Tespectively. o
0.9 : NG
" ¢ Figeve 3. Besrgy level édiegren for reteted diok redox pump emperimsat (and
0.91
o ’ the eyelic voltametric euperimsnt ia Pig. 3); dashed line reprecents .—*
.. 0.93 - ’ A
<. 2 Sescties 2. e
3 0.93 2e RS
s Figere 4. Setated ¢isk veltemmegren of the nlnlrlh(in)a(m),l Ipely- RO
- 0.92 '.-,:'
- . [Me(vopy)y)3* bilayer of Pig. 1 in 3.55 off [00(Ma,0p7),)  selution is 0.1y b9
b 0.9 MR
Iy 2 n‘nno.la,a. ve 10wW/e, 89} nl-’ emd v e A0 v.p.8. The (uem- SO
y 0.92 0
&" 1 steady otate) wave ot *0.7V for the emidetion of plrlhl” dose oot appesr
e 0.93 -
‘_ s in veltammegrane cbesiand by helting the potential sces for & shert indervel 1
'_*‘ before current msseurensat. REAG
H :J
- Pigere 3. Cyelic voltammetry of nlnlr(ﬁﬂn)’(m)zl"lplr Z‘:::‘j
i [Bu(vopy)1* Vileper in Pigure 1 ia 3.35 g [0oCeybpy))* selution to 0.2 NI
e A
~ B8, C10,/CH,ON ot 30, 39, 10O nd 200 w¥/s. § = 102 pi/en’ £ 9
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