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ABSTRACT

CHARGE TRANSPORT MECHANISMS IN LAYERED OXIDE

AND POLYMERIC MICROSTRUCTURES: AN

ELECTROCHEMICAL APPROACH

By

Randal Daniel King

The complete electrochemical characterization of the

mechanisms controlling charge transport in layered oxides and poly-

pyridinium based polymers is established. Synthetic design of these

microstructures on the microscopic level is systematically developed

for the purpose of achieving specific functions. The nature of the

electroactive sites in layered oxides (clays) is established and

characterized. Redox ions incorporated into clays have, on the

microscopic level, several possible locations: (i) electrostatically

bound in the galleries between clay layers; (ii) electrostatically

bound on the outer edges of the clay platelets; (iii) in voids around

the clay particles; and (iv) adsorbed onto the outer edges of the clay

layers as ion-pairs in excess of the charge exchange capacity (CBC) of

the clay. Only the ions which are present in the voids of clay films

display electroactivity. On the macroscopic level, clay platelets stack

in random orientation near the electrode and a more highly ordered

orientation away from the electrode. The observed electroactivity
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arises only from redox ions in voids created by the random face to

edge stacking of clay platelets near the electrode. The amount of

electroactivity from clay films can be increased by electro-

polymerization of vinyl containing inorganic complexes. Significantly

the redox ions in the galleries of clays can become activated by using

intersalated clay to tailor the clay microstructure.

Polymeric microstructures can also be manipulated with

synthetic design which is established as a useful method for the

controlling charge transport within modified electrode films. The

rate of charge propagation of redox anions ion-exchanged in several

poly-pyridinium films is observed to be dominated by electrostatic

interactions involving cationic binding sites in the polymers. As the

charge density of these binding sites increases so does their ability to

interact with anions incorporated into their polymer matrix, thus

slowing down the diffusion rate of the anion. In this way the rate at

which anions diffuse in polycationic polymers soaking in nonaqueous

solvents can be mediated with the synthetic design of cationic

binding sites in polymers. This procedure is exploited by

establishing a 2,2'-bipyridinium based polymer which possess an

extremely high charge density binding pocket.

Electrodes modified with 2,2'-bipyridinium films are developed

into a novel electroanalytical sensor. This sensor displays

unprecedented ability to extract anions from dilute solutions.

Furthermore, many crucial features necessary to the successful

development of electrochemical sensors in aqueous and nonaqueous
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solvents, which heretofore have eluded characterization, have been

realized for 2,2'-bipyridinium polymer modified electrodes.
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CHAPTER I

INTRODUCTION



The investigation of modified electrodes has clearly been the

most exciting and active area in electrochemistry over the past few

decades.“6 Studies in this area have led to a clearer understanding

of many aspects of electrochemistry including new insights about the

electrode double layer and effects of adsorbed organics in the double

layer, the effect of chemical modification of the electrode surface on

heterogeneous electron transfer and diffusion rates, and a greater

understanding of the role of distance, reorganizational energies, and

electronic factors on homogeneous and heterogeneous electron

transfer rates. These fundamental studies have had direct impact on

the practical applications of organic and inorganic polymers in the

7-12 13-23
areas of semiconductors, electrocatalysis,

31-38

organic

electronics,39'4o energy

51-61

synthesis,24'3o biochemical analysis,

41-50
conversion, and redox-chemical

62-65

electrochromic displays,

sensors.

The area of modified electrodes was initiated in 1973 when

Hubbard and Lane"6 deliberately adsorbed monolayers of organic

olefins onto platinum electrodes for the purpose of modifying the

electrode double layer. The olefins were either intrinsically

electroactive or possessed a free coordination site that was used to

bind electroactive inorganic ions. These studies provided the first

insights into unique issues in regard to modified electrodes and their

double layers. Since these pioneering experiments, the field of

modified electrodes has steadily progressed from organic monolayers

towards the development of more complex microstructures on the

electrode surface, including multilayer amorphous organic polymers



and recently more highly ordered crystalline inorganic

microstructures.

Techniques for covalently attaching monolayers to electrode

surfaces first utilized condensation reactions on reactive SnOz

‘57 Conducting silanes were coordinatively linked to thissurfaces.

wide—bandgap semiconductor through Sn-O-Si linkages following the

general reaction scheme shown in Figure 1. The silanization reaction

works well with virtually any alkoxy- or chloro-silane and on all

electrodes possessing an OH functional group. Examples of

conducting silanes, electrodes, and reduction potentials of the

silanized polymer films are listed in Table 1. An alternative

approach to the preparation of electroactive silanized

microstructures is to modify the electrode with nonconducting

silanes that are subsequently converted to conducting films through

chemical reactions. Some of these silanes and their respective

reactions are shown in Figure 2.

Surface modification is not limited to hydroxylic functionalities

but can include a variety of other organic groups as well. Miller et

al.88 demonstrated that carboxylic acid groups present on the

surfaces of carbon can be functionalized with organic monolayers

according to the reaction scheme shown in Figure 3a. Reactions 3b

and 3c are two additional general reactions which have since been

reported.”'91 In almost all of these studies, the electroactivity of

the film is generated by coordination of an inorganic complex to a

functional group on the organic monolayer. Exemplary systems

which have been reported in the literature, are presented in Table 2.



Figure 1

General reaction scheme for the reaction between organo-

silanes and hydroxy functional groups on metal and

semiconductor surfaces.
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Conducting Silanes Used to Modify Oxide Surfaces

Table 1

 

b

 

Silane' Electrode E°surf Ref.

Fe[CpSi(OCH2CH3)3]2 Pt/PtO +0.60 6 8 , 69

Ge/GeO +0.45c 7 O

FeCp2(|.t-SiC12) Au/AuO +0.43 6 9

CpFeCpSiC12 Si/SiO +0.08c 7 1 - 7 3

Pt/PtO +0.51 7 0

Au/AuO +0.43 7 4

Pt/PtO +0.40 7 5

"(CH2CI3HMCH2CHiy

szFe COO(CHz)3Si(OCH3)3

Pt/PtO +0.80‘I 7 6

/ .

N—(CHfl3Sl(OCH3)3

\

SnOz +1.05 77,78

CH3

N

/
(bPY)2R '1

\

  2CH28iCl3

 

'Cp = cyclopentadienyl, bpy = bipyridine. bPotential in volts vs. SCE.

cBroad waves. “Chemically irreversible wave.



Figure 2

Reactive pathways that are used to convert insulating silanes,

which are covalently attached to electrodes, into conducting

films.
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Figure 3

Reaction schemes for attaching organic monolayers to

carboxylic acid functional groups on carbon surfaces.
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Monolayers of Electroactive Organics Attached
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Table 2

to Carbon Electrodes

 

 

 

Electrode/-C(O)Rb E°surf"

R- modifying agent Ist wave 2nd wave Ref.

-(m-NH2)4TPP -1.50 -l.45 92,93

-Fe(p-NH2)4TPP -0.18 -1 . 18 93,94

-Co(m-NH2)4TPP +0.10 -0. 86 9 3

—Ni(p-NH2)4TPP -1.22 -l .80 93 ,94

+0.44 - 9 3

—NH—O—~CpFeCp

-0.10 - 9 5

—NH-CHf‘<::N—RU(EDTA)

 



11

Table 2 (cont'd.)

 

Electrodel-C(O)R E° "
surf

R- modifying agent lst wave 2nd wave Ref

 

+0.52 - 1 4

+0.20 - 9 6

 
-0.66 - 97

+ +

—NH-(Cth-N N-CH3

“Potential in volts vs. SCE. bTPP = tetraphenylporphyrin, Cp =

cyclopentadienyl, EDTA = ethylenedinitrilotetraacetate.
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The modification of electrodes greatly expanded in scope and

breadth with the advent of electrodes modified with

polymers.68'98'1°4 In contrast to the modified electrodes preceding

polymer modification, polymer microstructures can be several

hundred monolayers in thickness. There have been several methods

developed to adhere polymers to electrode surfaces including

physical adsorption, low solubility in the contacting solvent, and

covalent attachment by using several different techniques. Dip

coating involves soaking the electrode in a dilute solution of the

polymer for one hour to several days,77'73v1°5'107 whereas droplet

evaporation requires a solution of the polymer to be deposited

directly onto the electrode surface followed by slow evaporation of

the solvent or spin coating.75'1°3-109 Alternatively, the application of

a radio frequency plasma discharge to gaseous organic monomers has

been used to initiate polymerization directly on the electrode

89,103.110-112
surface. Polymer modified electrodes can also be

prepared by oxidative or reductive deposition.1°1'113 This procedure

takes advantage of changes in solubility which accompany

electrochemically induced changes in ionic states. A different

electrochemical technique utilizes free radical initiated

polymerization of redox active organic monomers.““'116 Upon their

reduction or oxidation, many organic compounds will polymerize (e.g.

phenols, anilines, pyrrole, and olefins) and produce strongly adhering

films on electrodes.

For all of these techniques the polymer is believed to adhere to

the electrode surface by some combination of physical adsorption

and insolubility in the contacting solvent. Polymer films can be
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covalently anchored to the electrode surface too by utilizing the same

surface chemistry of hydroxyl groups with silanes as described in

Figure 1. For this method the presence of water is required to

initiate hydrolysis of the silane thereby resulting in polymer

formation.‘58'69'75'109

Polymers used to modify electrode surfaces can be subdivided

into the three classes displayed in Figure 4: electrochemically active

(Class I); insulating which are converted into conducting by covalent

coordination of a electroactive species (Class II); and charged

insulating which incorporate electroactive ions through ion-exchange

processes (Class 111). Class I polymers possess electroactive moieties

built into the polymer backbone. The majority of investigations on

Class I polymers to date have utilized polyvinyl backbones. Table 3

presents a selected listing of electrochemically active Class I

polymers possessing a polyvinyl backbone and their respective

reduction potentials. Additional Class I polymers which do not

possess the vinyl backbone are listed in Table 4, along with their

respective reduction potentials. Typically Class II polymers are

converted to conducting by using a residue of the polymer as a

ligand to covalently bind transition metal complexes. Class II

polymers have been comprehensively reviewed in a recent article by

Abruna.6 The first example of a metal complex coordinated to a

polymer was by Oyama and Anson107 who coordinated Ru(EDTA)'

and Ru(NH3)52+ to the pyridine and nitrile groups of

polyvinylpyridine and polyacrylonitrile, respectively. Several other

studies utilizing the coordination chemistry of ruthenium-based

metal complexes with polyvinylpyridine have since been
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Figure 4

Schematic depicting three classes of conducting polymers: (i)

Class I possess the redox active site in the polymer backbone;

(ii) Class II have redox material covalently linked to a moeity

on the polymer chain; and (iii) Class III possess electrostatically

bound redox ions within a charged polymer matrix.
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Class I Polymer

o - Electroactive Species

L .- Coordination Site

0 - Electroactive Species

C

Class III Polymer

@- Charged Binding Site

0 - Electroactive Species
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Table 3

Class I Polymers with a Polyvinyl Backbone

 

 

'(CHz'CHR)' Eosurfa MethOd or

R lst Wave Preparation Ref.

-1.60 Dip Coated 105,117

Nitrobenzene

+0.16 Dip Coated 1 1 8

0 GI

Jane“...Q.a.

Acryloyl Dopamine

-CpFeCp +0.40 Electro- l 01 a

Ferrocene Deposited

+0.42 Plasma 103a,119

+0.49 Droplet 1 2 0

Evaporation

O

_o_ S S\ -

:8: ‘s2

Carboxytetrathiafulvalene
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Table 3 (cont'd.).

 

 

-(CH2-CHR)- E°surf" Method of

R lst Wave Preparation Ref.

-1.10b Droplet 121

Evaporation

O

+

4-vinyloxycarbonyl-

l-methylpyridinium

-0.45c Electro- 122

Polymerized

CH3

\ /

+N +

N,N'-ethylene-4-methyl-2,2'-

bipyridinium (EDQ2+)

-1.88d Droplet 123

Evaporation

000

O
9,10-diphenylanthracene
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Table 3 (cont'd.).

 

 

-(CH2-CHR)- E°wrf' Method of

R lst Wave Preparation Ref.

-0.45° Droplet 124,125

Evaporation

‘Q—i—N:\_--/> <\—/:N+—CH3

N-methyl-N'-methylphenyl-4,4'-

bipyridinium

 

aPotential in volts vs. SCE. I’A second reduction wave appears at

-2.10 V vs. SCE. cA second reduction wave appears at -0.92 V vs.

SCE. dAn oxidation wave appears at +1.40 V vs. SCE. eThe second

reduction wave was not reported.
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Table 4

Electroactive Organic Monomers Used to

Form Class I Polymers

 

Electroactive E° “

 

 

  

surf

Organic Monomer lst wave 2nd wave Ref.

_ - +0070 0085" 126,127

1.‘

LINK)
.. s _

EN" HNln

3,7-diaminophenothiazine

+1.20” +1.54b 115b,128

N n

pyrrole

_ q +0.65c ' 129,130

CH2;

8 ln  
3-methylthiophene
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Table 4 (cont'd.).

 

 

 

  

  

Electroactive Egon”

Organic Monomer lst wave 2nd wave Ref.

_ - +0.80c ' 131,132

CH3

|+

|

.CH3 .. n

N,N-dimethylaniline

-0.55 -0.95 133,134

P OMe Me l

I + — — + (i
"L ?1(CH2)3-N N-(CH2)3?1"

.. OMe MeO . n

N,N'-bis(dimethoxysilyl)propyl-4,4'-

bipyridinium (902+)

-0.42 -0.86 1 2 2

I + — — +

-S|i(CH2)2—Q"CH2' N'CHs

OMe

N-methyl-N'-4-(2-methoxysilyl)-ethylbenzyl~4,4'-

bipyridinium (BVSi2+)

l

  5n

 'Potential in volts vs. SCE. I’Chemically irreversible waves. cVery

broad wave.
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reported.‘35'l37 For the majority of the investigations in this area,

the polyvinyl backbone is formed via electroreductive

polymerization of vinyl containing ligands that coordinate the

transition metal. In the initial studies utilizing this technique

Murray, Meyer, and coworkers electroreductively polymerized

vinylpyridine and vinylbipyridine ligands coordinated to iron,

114
osmium, and ruthenium. A variety of vinyl-ligands coordinated

with metal complexes have been polymerized, including vinyl-

phenanthroline, vinyl-terpyridine, and pyrrole-pyridines.l38’141

This general technique can be applied to virtually any transition

metal complex that possesses a pyridine based ligand.”2'145 In the

case of Class III polymers, electroactivity within Class III polymers is

typically obtained by electrostatically binding redox active ions. The

method of ion-exchanging redox species into polyionic films

supported on electrodes was first introduced by Oyama and Anson in

a now classic paper.146 In this study protonated polyvinylpyridine

(PVP) was used as the support to electrostatically bind polyanionic

ions such as IrCl62' and Fe(CN)63'. Several insulating polyionic

polymers in conjunction with their incorporated ionic redox active

counterparts are presented in Table 5. The unique ability of these

films to indiscriminately incorporate a wide variety of ions make

polyionic polymer modified electrodes a promising area for further

investigations. Also it should be mentioned that some Class I and II

polymers are polyionic and can electrostatically bind redox ions. In

this case Class I and II polymers behave identically to Class III

polymers. However, this differentiation in Class III polymers will

not be made for the sake of simplicity.
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Table 5

Class III Insulating Polyionic Polymers

 

 

 

Electrostatically

Polymer Bound Redox Ions Ref.

-(CH2CH),,- Fe(CN)53'/4', Co(CN)63'/4' 147-149

I Ru(CN)63"", Mo(CN)g3'/4'

N - -|+ IrC162 /3

R

polyvinylpyridiniuma

ll M0 CN 344-, W CN 3-/4- 150

-(CH-C-NH)n- ( )8 ( )8

(CH2), Fe(EDTA)"2'. Co(C204)33"“

+NH3

poly(L-lysine)

- CH -CH - - - - -

( 2 )“ Fe(CN)63/4, zmrrrsf"4 151,152

 

+|
Et-lI‘I-Et

H

poly—p-(diethylamino-

methyl)styrene

TPPS = meso-tetrakis-

(4-sulfonatophenyl)porphine
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Table 5 (cont'd.).

 

 

Electrostatically

Polymer Bound Redox Ions Ref.

-(CH2CH)n- Os(bpy)33+/2+, Ru(bpy)33+/2+ 157,158

Cotbpy)33*’2". RutNH3)83*’2*

803'

polystyrenesulfonate

-(CF2-CF2);,—(CIF-CF2),-

O CF3

'errc'r

('5

.1...

is,

is,-

anionic perfluoropolymer

(Nafion®)

Os(bpy)33+/2+, Ru(bpy)33+/2+ 153 -15 6

Co<bpy)33*’“. Fe(bPY)33+/2+

C0(t¢rpy)33+m. Rama)?” 2*

 

 

'R = H, Me, Ph.
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Soon after it was established that conducting polymers could

participate in electron transfer reactions with electrode surfaces, the

forefront issue became the charge transport mechanism. As will be

discussed later, the overall charge transport in polymer films can

obey diffusional behavior. Therefore, eq 1 which describes the

diffusion of ions in solution can be applied to the motion of charge in

polymers,

x = \i Dt (1)

where x (cm) is the distance an ion travels in time t (see) with a rate

of D (cm2/sec). Charge transport in polymers is aptly described by

the diffusion coefficient Dct (cmzlsec) which can replace D in eq 1.

Therefore, eq 1 defines two limiting regimes for charge transport in

modified electrodes. If the film thickness, d, is smaller than the

displacement (d < x), then the entire film will be sampled in the time

of the experiment. This limit represents so-called thin cell behavior.

Alternatively, if the film thickness is greater than the displacement

then diffusional behavior will be observed. Equation 1 is instructive

because it illustrates that Class I and II polymers can demonstrate

diffusional behavior despite the fact that the electroactive reagent is

covalently anchored in the film and therefore unable to physically

diffuse to the electrode. Indeed diffusional currents in Class I and II

polymers have been observed for fast scan rates 12 (small t), thick

films (large d), and slow charge transport rates (small Dct).159'161

This behavior has also been observed for cross-linked polymeric

5
films.7 Conversely, Class III polymers, in which electroactive
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species are free to physically diffuse to the electrode, do not

necessarily exhibit diffusional currents. If the film thickness is

small, thin cell behavior will be observed.

We next consider the mechanism and physical charge transport

properties of Class I, II, and III polymers. Because electroactive sites

are immobilized in Class I and II polymers, Kaufman and Engler162

proposed that the current is generated by electron transfer between

neighboring electroactive sites thereby establishing a site-to-site

electron hopping mechanism for charge transport. Further

developments by Murray et al.,159 160and Oyama and Anson

established that site-to-site electron exchange could be treated as a

diffusive transport process. Although theoretical modeling has been

cruelal 1n correlatlng the rate of electron hopplng ch to charge

D 163-165
ct, isolation of the ratetransport diffusion constants

determining step in the overall charge transport process has proven

to be difficult. Several different rate determining steps have been

suggested including counter ion mobility required to maintain charge

neutrality,120 segmental motions and/or swelling of the polymer

backbone,159'160 and the intrinsic rate of electron self exchange

between neighboring redox centers of the proper orientation.166'l67

The one crucial feature to have emerged with certainty from charge

transport studies is that the rate determining step is intimately

dependent on the type of polymer used.

Thin polymeric films and monolayers on electrodes exhibit the

standard symmetrical shaped cyclic voltammogram obtained for thin

cells (Figure 5). Surface bound behavior from films with the redox

sites attached to the electrode arises from thin-film behavior. If this
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Figure 5

Ideal cyclic voltammogram obatained from a thin film of

electroactive material attached to an electrode.
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criterion is met, then the peak current, (defined in Figure 5) will

follow eq 2,

n2F2AF v

i - T (2)
P" 4RT

 

where ip (amps) is the maximum current of the peak, 11 is the

number of electrons transferred, F is Faraday's constant, A (cmz) is

the area of the electrode, FT (moles/cmz) is the total coverage of

electroactive material on the surface of the electrode, 12 (mV/sec) is

the scan rate, R is the gas constant, and T (K) is the absolute

temperature. It is noteworthy that this equation predicts a plot of

peak current (ip) vs. scan rate (v) should be linear with a y-intercept

of zero. This prediction contrasts with the more common linear ip vs.

121/2 behavior for electroactive ions freely diffusing in homogeneous

solutions.

When electrolysis of the entire polymer film is completed

during the time of a cyclic experiment, the following relationship

applies

Q = nFAI‘T (3)

This equation reveals that the amount of charge (Q) under the cyclic

voltammetric wave is independent of scan rate, and that the total

coverage of electroactive material F T can be directly obtained.

Ideally, adsorbed Class I and II polymers undergo reversible

redox chemistry under Langmuir isotherm conditions. Therefore, the
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anodic EM and cathodic ED,c peak potentials (from Figure 5) should,

for an ideal system, appear at the same value, or A Ep = 0. These

results have been adhered to in a few studies‘ma'l‘so'168 however, and

more often deviations from this ideal behavior are observed.“”'172

The result of A Ep 1: 0 in the case of adsorbed monolayers is normally

attributed to slow heterogeneous electron transfer between the

redox active species and the electrode surface. This explanation is

invalid for Class I and II polymers however, because the observed

peak separations are independent of scan rate. If slow

heterogeneous electron transfer kinetics were involved, peak

separations should increase with faster scan rates. Excluding isolated

reports,173 this is generally not the case. The origins of large peak

separations obtained from films of Class I and II polymers attached

to electrodes is still not agreed upon. Several groups have proposed

that the large AEp is a result of nonequilibrium between reduced

and oxidized states (differences in the E° values of the two redox

partners) caused by either interfacial solvation or steric effects

).83
(conformational differences between reactant pairs Alternatively

others have attributed non-zero A Ep's to uncompensated film

resistance.119v153»174

In addition to absolute peak separations, reversible redox

couples bound to an electrode surface should also adhere to the

following criterion for peak width:
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RT 90.6
8139.,,2 = FWHM = 3.53 Big-=71— mV (25 °C) (4)

Although some full widths at half maximum (FWHM) equal to 90.6

mV have been reported for Class I and II polymers,“53'175'176

studies have presented FWHM in the 100-250 mV range,169'”2v177'

‘30 while still others have obtained FWHM values of less than 90.6

mv.161,163,181-185

many

Two different explanations for this deviation from

ideal behavior have been proposed: (i) Anson et 01.186 propose that

differences in the activities of the bound redox couple (oxidized and

reduced forms) will result in repulsive destabilizing interactions

EFWHM > 90.6 mV, whereas activity effects leading to attractive

stabilizing interactions can yield EFWHM < 90.6 mV;”‘6’187 (ii)

alternatively, Peerce and Bard163 have presented rather convincing

evidence through digital simulations that multiple E° values in

combination with activity effects can account for the observed

deviations from the ideal EFWHM of 90.6 mV.

The diffusional behavior sometimes observed for Class I and II

polymers is analogous to that for freely diffusing ions; and the

current in this case is described by

ip = 2.65x105n3’2ADct1/2v1/2C* (5)

where C" (moles/cm3) is the concentration of electroactive species in

the bulk solution. Eq 5 predicts that a plot of peak current (ip) vs.

the square root of scan rate (121/2) should be linear with a y-
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intercept passing through the origin. The diffusion coefficient for

charge transport Dct is obtained directly from the slope of this line.

In contrast to the cyclic voltammograms corresponding to thin

cell behavior (Figure 5), diffusive voltammetric waves exhibit the

characteristic tail shown in Figure 6. The cyclic voltammograms have

non-zero theoretical peak separations given by,

RT 56.5
_ _— 0IBM-E 1-2.2 - n mV (25 C) (6)

9.0 n—F

Experimentally determined values of AED often exceed 56.5/n mV.

Explanations for the larger peak separations are uncompensated film

“9"“ slow heterogeneous electron transfer,189'190 andresistance,

internal polymer effects (differences in swelling and or steric

effects).163 The accepted method for determining E° values for both

surface bound and diffusional waves has been to report the average

of Ep,a and Ep.c measured from cyclic voltammetric studies. This

procedure does not consider the possibility of slow kinetics which

can cause unsymmetrical deviations in the locations of EM and Ep,c.

Therefore, reported E° values determined by averaging Epfi and Ep,c

for some polymer modified electrodes are not exact.

In contrast to Class I and II polymers, charge propagation in

Class III polymers is complicated by the fact that charge transport

mechanisms can include molecular diffusion in addition to electron

hopping. This in itself does not make the determination of diffusion

coefficients any more difficult because the process of physical

diffusion is indistinguishable from electron hopping, and the sum of
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Figure 6

Ideal cyclic voltammogram obtained from W6Br142‘ freely

diffusing through an acetonitrile solution containing 0.2 M

TEAP.
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the two processes simply appears as a new overall diffusion

coefficient. The difficulty arises because the diffusion of ions

electrostatically bound within polyionic films is much slower than

that for their counterparts freely diffusing in solution. Thus, self

electron exchange between adjacent electroactive sites, which is

negligible in solution,191 becomes competitive with physical diffusion

in the polymer. Several groups have proposedlM'ms'‘92;193 that the

Dahms191 and Ruff194 treatment of freely diffusing ions in solution,

CD rp = D0 + Dot (7)

also applies to ions electrostatically bound in polymers. In eq 7, Dexp

(cmzlsec) is the experimentally determined diffusion coefficient

(often referred to as the apparent diffusion coefficient, Dapp), Do

(cmzlsec) is the diffusion coefficient which would be measured in the

absence of any contribution from self electron exchange (essentially

the corresponding value to Dct for Class I and II polymers), and Det is

the diffusion coefficient for electron self exchange. The electron

transfer term Dct can be expressed in the following form,

it]: 62C
D __.El__ (8)

et " 4

and Dexp can be rewritten as,
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at 62C
- L

where kex (M‘ls'l) is the second order rate constant controlling

electron self exchange, 6 (cm) is the electron transfer distance, and C

(mol/cm3) is the concentration of the co-reactant. This equation

demonstrates that ions with large kex will contribute most

significantly to the overall charge transport process. This prediction,

was confirmed with experiments conducted by Buttry and Anson)”

Facci and Murray,196 and later by Bard and coworkers using a more

97
tenuous technique.1 The Buttry and Anson experiment employed

two structurally similar ions, Ru(bpy)32+ and Co(bpy)32+ in Nafion®,

possessing exchange rate constants ktx differing by several orders of

magnitude. Although the values of Dexp for these two ions were

shown to be significantly different, implicating electron self-

exchange as the possible cause, the experimentally determined

diffusion coefficient Dexp did not exhibit a linear dependence on the

concentration as expected (eq 9) for a diffusional process governed

by electron self-exchange. In a now classic paper, Buttry and

Anson198 attributed this anomaly to the existence of hydrophilic and

hydrophobic phases within the Nafion® film. Introduction of

competing electron exchange in the hydrophobic phase, the

hydrophilic phase, and across the two phase boundaries accounted

for the charge transport properties of the film. This model for charge

transport has experimentally been verified by using rotating disc

199-201
voltammetry. As an outgrowth of these studies, the overall

charge transport for electroactive ions bound within polyionic films



36

is believed to be controlled by physical diffusion through the

hydrophilic phase, electron or ion hopping through the hydrophobic

phase (referred to as the Donnan domains), and/or cross-phase

electron transfer or place exchange between the two phases.

Cyclic voltammetric behavior for Class 111 films is analogous to

that observed for Class I or II polymers. For thin films, if electrolysis

of the trapped ions is completed during the time required to traverse

the cyclic wave, then thin cell behavior is observed; and for thick

films or fast scan rates diffusional behavior is observed. Rotating

disc electrodes have been most extensively used to determine rates

of electron transfer for electrocatalysis, and for theoretical studies

designed to elucidate the limiting steps of the charge transport

202-207
process.

It is obvious from the above discussion that the accurate

determination of diffusion rates (Dct and D ) is crucial for the
exp

physical characterization of Class I, II, and III polymers. The

electrochemical technique of choice for determining Dct and Dexp is

chronoamperometry. It has an intrinsic advantage over cyclic

voltammetry because (i) Dct can be determined for films which obey

thin cell behavior (which is not the case for cyclic voltammetry, see

eq 5) and (ii) uncompensated film resistance can be easily overcome

through the application of a large overpotential.119 For this case, the

current i(t) obtained from the polymer will obey the Cottrell

equationl‘so'161
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1/2 t
. _nFAD C 10

1(0- —ul/2gtll2— ( )

where i(t) (amps) is the diffusionally controlled current obtained at

time t (sec). This equation is only valid at short times, (i.e. < 50 ms)

for Class I and II polymeric filmsl19'159'160’1‘57'177 and Class III films

which have low redox loading.2°8"2l3 At longer times the

concentration gradient within the film reaches the film-solution

boundary, and the current is given by the finite diffusion

  

relationship119

nFAD1”c" k+1 2d2

i(t): 1,2—“—-k(2=01,2(-1)k1exp(}§:’,2-e>expl(n), ll) (11)
CI.

where k is an integral counter. The current time response for thin

films of Class I polymers have been shown to conform to eq

11.119.159

Although chonoamperometry has been widely accepted as an

accurate method for the determination of diffusion coefficients for all

three classes of polymers, some discrepancies have been observed

for diffusional currents. The most compelling data has been put

forth by Majda and Faulkner,214 who determined the diffusion

coefficient Dcxp for Ru(bpy)32+ in a Class III polymer (polystyrene

sulfonate) by using a luminescence quenching technique. Values of

Dup that were 40-80 times larger than those determined with

chronoamperometry were measured. Because the luminescence
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technique precludes counter-ion motion as the rate limiting step in

the charge transport process, the discrepancy in Dexp for the two

methods suggests that either charge transport of ions within

polystyrene sulfonate is limited by these counter-ion motions, or that

using a transient perturbation technique such as chronoamperometry

is flawed in the determination of Dex Although the formerp.

explanation has been embraced, presumably due to the fact that the

majority of the Dexp and Dct values been determined with

chronoamperometry, recent studies by Faulkner et 01. clearly

demonstrate this technique to be fraught with error. Faulkner and

his coworkersns have recently determined, with a steady state

experiment involving a rotating ring disc electrode, that Os(bpy)32+

electrostatically bound within a Nafion® film actually diffuses 100

times faster than previously thought. The results clearly show that

diffusion coefficients determined by using chronoamperometry

should only be used to compare a series of data and absolute values

of Dexp measured by chronoamperometry are tenuous at best.

As is evident from this chapter, charge transport mechanisms

in polymer modified electrodes has been studied extensively and are

fairly well understood. Investigations have primarily focussed on

the intrinsic physical properties of charge propagation in polymers,

rate determining steps, theoretical modeling, and applications with

little regard on how charge transport properties of films are

controlled by their microenvironment. The field of modified

electrodes has matured to a level that researchers are now using the

knowledge gained from existing polymeric systems to develop

industrially useful devices. Although the amorphous nature of





39

polymers makes the characterization of their microstructures

difficult, systems with the most potential with regards to new

advances require the ability to control polymer microstructures,

which in turn require a clear understanding of polymer

microenvironments and existing guest-host interactions within the

film.39"° The wide variety of covalent or electrostatic binding sites

provide a great deal of flexibility for controlling the microstructure

of amorphous materials. Alternatively, preformed highly ordered

microstructures deposited onto electrode surfaces can also provide

convenient probe systems for establishing charge transport]

microenvironment relationships. Thus synthetically tailored polymer

microstructures and the development of highly ordered

microstructures on electrode surfaces will significantly broaden the

scope of modified electrochemistry.

This thesis presents fundamental studies that elucidate and

clarify charge transport processes in polymeric and inorganic host

matrices and utilizes this knowledge to design systems of practical

applicability. Chapter III presents investigations that probe and

define the charge transport processes within two-dimensional

layered silicates (clays). By combining physical and electrochemical

techniques, a unified model for electroactive clay films has been

constructed. The nature of the electroactive sites can be manipulated

by appropriate modifications of the clay film. With the information

gained from these studies electrocatalytic activity has been observed

from clay/polymer composites.

In Chapter IV investigations of the electrochemical behavior of

inorganic cluster ions electrostatically bound within polymeric
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pyridinium and bipyridinium films in nonaqueous solvents are

presented. The charge propagation rates of cluster ions are shown to

be controlled by electrostatic interactions within the polymer

microenvironment. By systematically tailoring the binding site of the

polymer, specific control of the charge transport rates mediated by

the polymer backbone and the electrostatic cluster sites has been

achieved. The systems presented in this Chapter provide

benchmarks for microstructure/electroactivity relationships.

The structural design of the binding sites in bipyridinium

microstructures of polymers is utilized to develop a novel

electroanalytical sensor which is discussed in Chapter V. The sensor

developed utilizes a 2,2'-bipyridinium based polymer which can

detect extremely dilute concentrations of monoanions from both

aqueous and nonaqueous solutions. Furthermore, electrolyte effects

on the diffusion rates in these films support recently proposed

charge propagation models dominated by migration effects.



CHAPTER II

EXPERIMENTAL



A. Preparation of Compounds

1. Inorganic Metal Complexes

a. General Procedures. Potassium hexachloroiridate

K2IrC16 and potassium ferrocyanide trihydrate K4Fe(CN)6-3H20, and

hexaammineruthenium chloride [Ru(NH3)6]Cl2 were obtained from

commercial sources (Aldrich Chemical Company and Alfa) and were

used without further purification. Ferrocene (Cp)2Fe (Aldrich) was

purified by sublimation. Other reagents were purchased from

Aldrich unless otherwise specified and were used as received. All

inorganic complexes were characterized by UV-vis spectroscopy and

cyclic voltammetry.

b. Synthesis of Fe(bpy)3(SO4),Fe(phen)3(SO4),and

Fe(vbpy)3(SO4). Syntheses which relied on procedures similar to

those previously reported were employed.216 An aqueous solution of

ferrous sulfate was slowly added to an ethanolic solution containing

3.5 equivalents of polypyridyl ligand [2,2‘-bipyridine (bpy), 1,10-

phenanthroline (phen), or 4-viny1-4'-methyl-2,2'-bipyridine (vbpy)].

The resulting mixture was stirred for 2 h. The red product was

precipitated by addition of acetone, filtered, and washed with

benzene to remove excess ligand. Highly crystalline solids of

Fe(bpy)3(SO4), Fe(vbpy)3(SO4), and Fe(phen)3(SO4) were recovered

from ethanol/acetone and methanol/acetone solution mixtures

respectively.

c. Synthesis of (PPN)2Fe(bpy)(CN)4. The procedure

described by Schilt217 was followed with slight modifications.

Stoichiometric amounts of ferrous ammonium sulfate hexahydrate

41
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and 2,2'-bipyridine were added to distilled water and the solution

was heated to a temperature just below boiling. A 15 molar excess

of KCN was added to the warmed solution, which was stirred for 20

min. After 2 h red crystals of Fe(bpy)2(CN)2 formed. The product

was filtered and washed several times with cold water, dissolved in

hot water containing a 100 fold excess of KCN, and heated on a steam

bath for 12 h. The dark orange-brown product K2Fe(bpy)(CN)4 was

precipitated by the addition of an excess of acetone, filtered, washed

with cold water, and recrystallized from ethanol. The

bis(triphenylphosphoranylidene)ammonium(PPN+) salt was

precipitated by addition of (PPN)C1 to an aqueous solution of

KzFe(bpy)(CN)4.

d. Synthesis of Os(bpy)3(ClO4)2- The procedure of

Dwyer and Hogarth218 was followed with several minor changes.

Stoichiometric amounts of 0804 (Alpha) and FeC12'6HzO were added

to a solution of concentrated HCl and the mixture was heated for 2 h

on a steam bath. After the solution changed color to dark red, the

green complex KZOsClé was precipitated by addition of excess KCl.

The solution was cooled and the precipitate was collected by

filtration, washed several times with absolute ethanol, and dried.

The precipitate was dissolved in glycerol containing an equal molar

amount of 2,2'-bipyridine, and this solution was heated to 240 °C for

1 h. The solution was doubled in volume with distilled water and an

excess of NaClO4 was added to precipitate Os(bpy)3(ClO4)2. The

product was filtered, washed with cold water, and recrystallized

from acetonitrile.
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e. Synthesis of Ru(bpy)3(ClO4)2. Metathesis of

Ru(bpy)3(C1)2, with NaClO4 yielded the perchlorate salt, which was

recrystallized from aqueous solution.

f. Synthesis of (NBu4)2Mo6Cll4. Molybdenum

dichloride (Cerac Inc.) was dissolved in hot 6 M HCl, and the resulting

solution was filtered. Addition of NBu4Cl immediately caused the

yellow solid (NBu4)2M06C114 to precipitate, which was subsequently

collected, washed several times with water and ethanol, and

recrystallized from spectral grade (Burdick & Jackson)

dichloromethane by slow evaporation.

g. Synthesis of (NBu4)2W6Brl4. The procedure of

Dorman and McCarley219 was followed with slight modifications. In a

drybox, 15.0 g of WBr5 (Alpha), 0.72 g of Al metal (fine turnings

obtained by shaving a 99.999 % pure aluminum rod with a tungsten

carbide tip), 13.0 g of AlBr3 (Alpha), and 7.50 g of NaBr were added

to a quartz reaction tube. The neck of the tube was cleaned and

capped with a rubber septum. The tube was removed from the

drybox and connected to a high vacuum manifold, evacuated for

several hours, (until the pressure was below 1x10‘4 torr) and then

flame sealed under dynamic vacuum. The contents were thoroughly

mixed and the quartz tube was wrapped in asbestos and inserted in

a steel pipe, which was placed into a high temperature furnace. The

reaction vessel was heated to 200 °C for 3 h with the steel pipe being

rotated at 20 min intervals. The temperature was then raised to 450

0C over a 3 h period, held at 450 0C for 9 h, and finally raised to 550

0C where it was held for 30 h (with the steel pipe being rotated at 30

min intervals). The tube was allowed to cool to room temperature
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and wrapped in several layers of paper towel. The tube was

carefully broken with a blunt object (Caution: violent explosions

have occurred). Most of the glass was removed and the black fused

solid was ground into a fine powder and added to a hot 9 M

HBr/EtOH 50:50 mixture. The black powder was recollected and

washed several times with 95 % ethanol, and then added to a 50:50

solution of EtOH and 9 M HBr. This mixture was heated with stirring

for 12 h. The black powder and ground glass were removed by

filtration. Addition of NBu4Br to the yellow EtOH/HBr solution

produced the yellow (NBu4)2WGBrl4, which was recrystallized from

spectral grade acetonitrile.

2. Organic Polymers and Monomers

a. General Procedures. All reagents, including

methylviologen (MV2+), were purchased from Aldrich unless

otherwise specified, and were used as received. The organic

polymers and monomers were characterized by proton NMR

spectroscopy and by cyclic voltammetry. Elemental analysis was

performed by Galbraith Laboratories.
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b. Synthesis of N-methylpolyvinylpyridinium

hexafluorophosphate (PVPL-Me/PF6’), l.

—(' CHZ-CH-h—

\

IN+ PFG.

CH3

1

Stoichiometric amounts of polyvinylpyridine (PVP) and methyl

iodide were added to methanol. The mixture was heated under

nitrogen and in the dark to 60 0C for 10 h. The iodide salt of (PVPL

—-Me) precipitated from solution and was collected by filtration and

washed several times with cold ethanol. The hexafluorophosphate

salt was prepared by the addition of NaPF6 to an aqueous solution of

(PVP—Me)I. The white precipitate was washed with water and

recrystallized from acetonitrile containing an excess of NaPF6.

c. Synthesis of {N,N'-bis[-3-(trimethoxysilyl)

propyl]-4,4'-bipyridinium}diiodide (PQ1+/2I'),2.

(Mealssucnzlsfn: H :8? -(CH2)35i(0Me)3 21'

2.

  

The procedure of Bookbinder and Wrighton220 was followed with

slight modifications. A 75 fold molar excess of 1-iodo-3-
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trimethoxysilypropane (Petrach Company) was added to dry

acetonitrile containing 4,4'-bipyridine. The mixture was refluxed for

24 h, cooled to room temperature, filtered, and washed several times

with cold acetonitrile. The light orange precipitate, (PQ2+) was used

without further purification.

(1. Synthesis of 4-vinyl-4'-methyI-2,2'-bipyridine

(vbpy). 3.

CH3 CH=CH2

The method of Abruna, Breikss, and Collum221 was followed with the

modification that the final product (vbpy) was further purified by

low temperature sublimation.

e. Synthesis of 4-vinyl-4'-methyl-N,N'-ethylene-

2,2'-bipyridinium (EVDQ2+),4.

Cll3 Cil=cn2

C8}?
+ +

PFg' PFg'

4

Vinyl-bipyridine (vbpy) was added to freshly distilled 1,2-

dibromoethane and heated under nitrogen and in the dark to 60 °C

for 8 h. A light green precipitate was collected and the filtrate was
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placed back into the reaction flask. This procedure was repeated five

times producing high yields of the precipitate each time except the

last. Solids collected from successive precipitations were combined

and washed several times with ether. The hexafluorophosphate salt

of EVDQ2+ was obtained by the addition of ammonium

hexafluorophosphate to an aqueous solution of the light green

precipitate. The light blue hexafluorophosphate salt was collected,

washed with water, and dried in vacuo. The monomer was

characterized by elemental analysis.

f. Synthesis of 4-vinyI-4'-methyl-N ,N '-1,3-

propylene-2,2'-bipyridinium (PVDQ’t),5.

CH3 CH=CH2

/ \

—N N
+ T

PF,‘ U PF,‘

5

The preparation of the hexafluorophosphate salt of (PVDQ2+)

followed the same procedure as that described for EVDQ2++ except

that 1,3-diiodopropane was substituted as the alkylating agent.
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g. Synthesis of 4-vinyI-4'-methyl-N ,N ' - 1 ,4-

butylene-2,2'-bipyridinium (BVDQ2*),6.

cu3 cn=cu2

N N—
+ +

PF,“ K 2 PF,’

6

The preparation of the hexafluorophosphate salt of (BVDQ2+)

followed the same procedure as that for EVDQ2+r except that 1,4-

diiodobutane was substituted as the alkylating agent.

3. Synthesis, Modification, and Purification of Layered

Oxides

a. Sodium Montmorillonite (Wyoming). Sodium

montmorillonite Nam“)[A13.23Fe0.42Mgo.,,’7](Si.,_87Alo_13)020(OH)4 was

obtained from the Clay Minerals Repository (University of Missouri,

Columbia, MO). The mineral was purified by sedimentation to collect

the < 0.2 um fraction, and subsequently washed with HSO4' to

remove carbonate and with dithionite to remove free iron oxides.

The charge exchange capacity (CEC) of the montmorillonite was 80

meq of charge/100 g of clay. The platelet size was < 200 nm.

b. Synthetic Hectorite (Laponite®). Laponite®

Nao.22Li0.14[M35.64Li0.36](Si8.00)020(0H)4 was purchased from Laporte

Industries Ltd. and used as received. The CBC and platelet size of

0
this Laponite were 55 meq/100 g and < 50 nm, respectively.
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c. Fluorohectorite. Fluorohectorite Li1.60[Mg4.40Li1.60]

(Sii;.()())02(,(F)4 was a synthetic product similar to that previously

described by Barrer222 and was obtained from Corning Glass Works.

The CEC and platelet size of this fluorohectorite were 190 meq/100 g

and > 1000 nm, respectively.

d. Reduced Charge Montmorillonite. A 5 mL

suspension of a 2 % slurry of sodium montmorillonite was sealed in

dialysis tubing with 2 mL of 1 M LiCl. After 24 h, the dialysis tubing

was suspended in freshly distilled water, and over the next 48 h the

water was changed every 8 h. The lithium-exchanged

montmorillonite was removed from the dialysis tubing and deposited

onto graphite electrodes, evaporated, and the resulting films were

heated to 250 °C for 2 h.

e. Intercalates. The desired inorganic cation was added

to a aqueous suspension (2 % by weight) of clay. The amount of

cation added depended on the desired loading and was calculated by

using the CEC of the smectite clay used.

f. Intersalated Montmorillonite. A 2.0 % by weight

aqueous montmorillonite suspension was sonicated (this

pretreatment of the clay sample is the crucial step of the synthesis)

and rapidly added to an aqueous solution containing 3-5 CEC of

FeL3(SO4) (L=bpy, vbpy), followed by stirring for 2 h.

The amount of Fe(bpy)32+ in excess of bound material was

determined by centrifuging the intersalated sample and quantifying

the concentration of Fe(bpy)32+ in the supernatant by UV-vis

Spectroscopy. The molar absorptivity was determined to be 7040

M ‘1 cm'1 from a 10 point Beer-Lambert plot with a correlation
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coefficient of 0.9987. The determination of the Fe(bpy)32+

concentration of the supernatant (5.1 mM) was in accordance with

the value calculated by assuming a Fe(bpy)32+ loading of 2 CEC (4.8

mM).

4. Supporting Electrolyte

Tetrabutylammonium hexafluorophosphate (TBAPFG,

Southwestern Analytical Chemicals) and tetrabutylammonium

tetrafluoroborate (TBABF4, Aldrich) were dissolved in ethyl acetate

containing MgSO4, filtered, and then recrystallized by the addition of

ether. These salts were dried in vacuo at 90 °C for 10 h.

Tetrabutylammonium (TBAP, Southwestern Analytical Chemicals)

and tetraethylammonium perchlorate (TEAP, Southwestern

Analytical Chemicals) were recrystallized from water and dried in

vacuo at 30 °C for 12 h. Metathesis of potassium hexafluoroarsenate

(TBAAsF6, Ozark-Mahoning) with NBu4Br yielded the

tetrabutylammonium salt which was collected and dried in vacuo at

60 °C for 12 h. Lithium perchlorate (LiClO4, Fisher) was

recrystallized from acetonitrile and dried in vacuo at 100 °C for 6 h.

Sodium acetate (Aldrich) was recrystallized from twice distilled

glacial acetic acid. All other supporting electrolytes were reagent

grade and used as received.

5. Solvents

Acetonitrile purchased from Burdick & Jackson Laboratories

(distilled in glass grade), was subjected to four freeze-pump-thaw

(fpt) cycles and then vacuum distilled onto 3-A activated molecular
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sieves, dried for 6 h, distilled onto CaHz, and finally vacuum distilled

into a sealed flask. Distilled water was passed through a column of

activated charcoal and two columns of mixed-bed ion exchange resin.

B. Methods and Procedures

1. Electrochemical Measurements.

Cyclic voltammetry, chonopotentiometry, and bulk electrolysis

experiments were conducted by using a Princeton Applied Research

(PAR) Model 173 potentiostat, 175 universal programmer, 179

digital coulometer, and a Houston Instruments Model 2000 X-Y chart

recorder. Chronoamperometric experiments were performed with a

Bioanalytical Systems (BAS) 100A multianalyzer. The nonaqueous

experiments were performed in a Vacuum Atmospheres HE-453

double-sided glove box. Electrochemical experiments employed a

conventional H-cell equipped with a working electrode (pyrolytic

graphite, glassy carbon, platinum, or antimony doped tin oxide

coated glass), counter-electrode (Pt gauze), and a reference electrode

(aqueous/saturated calomel and acetonitrile/silver wire). Potentials

determined in acetonitrile were converted to the SCE reference scale

using the ferrocenium/ferrocene couple of +0.31 V vs. SCE as an

internal standard.

2 . Preparation of Modified Electrodes

Clay modified electrodes were prepared by droplet evaporation

of the desired clay suspension on the electrode surface. Best results
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were obtained by maintaining the concentration of the clay

suspension between 1-2 weight percent. The Na+-exchanged and

Fe(bpy)32+ pre-exchanged experiments employed 0.31 mg/cm2 of

clay on the electrodes; this coverage corresponds to a film thickness

of 1.75 pm. In the experiments conducted for the purpose of

comparison to intersalated montmorillonite, the amount of clay

deposited on the electrode was 0.07 mg/cm2 corresponding to a film

thickness of 0.40 um. The incorporated electroactive cations were

ion-exchanged into the clay films by either soaking the clay modified

electrode in an aqueous solution containing electroactive ions or by

pre-exchanging polypyridyl metal complexes into the clay samples

(as described in Section II.A.3) before the films were cast. The metal

polypyridyl pro-exchanged and intersalated clay samples cast

uniform strongly adhering films in the range of 0.1-0.8 CEC and 3-5

CEC, respectively.

Polyvinylpyridinium films were cast by droplet evaporation of

a 1% (PVP--Me)PF6 acetonitrile solution on the electrode surface.

Poly-PQ2+ films were prepared according to the procedures of

Wrighton et 01.220 with a few modifications. The best results were

obtained by using a 1 mM concentration of monomer. It was

necessary, to apply a potential step of -0.76 V vs. SCE for 3-10

minutes in order to observe film growth.

Poly-EVDQ2+ and poly-PVDQ2+ were prepared by the methods

of Willman and Murray.122 However, the preparation of stable films

were best accomplished in the glovebox.

Poly-Fe(vbpy)3+2/clay films were prepared by cycling

montmorillonite films (NM-exchanged and intersalated) in an



53

acetonitrile solution containing Fe(vbpy)3+2 and TEAP following

114
published procedures. The polymerization was only successful if

the electrolyte was TEAP. Attempts to produce the polymer by using

other electrolytes (TBAP, TBAPF6, and LiClO4) failed.

Electroactive inorganic anions were ion-exchanged into the

polymeric films by soaking the modified electrodes in dilute

solutions containing the anion of interest.

3. Spectroscopic Characterization and Instrumentation

Electronic spectra were recorded on a Varian Associates Cary

Model-2300 UV-visible spectrometer. NMR spectra were recorded

on a Bruker Model WH 250 MHz instrument. The chemical shifts

were measured with respect to the solvent signal.

X-ray diffraction studies, used to determine the d(001) basal

spacings, employed either Philips X-ray or Siemens Crystalloflex-4

Diffractometers. Both instruments were equipped with Ni filtered

Cuka radiation sources. The samples were prepared by evaporating

a l % aqueous suspension of intersalated clay onto either a glass slide

or thinly shaved planar graphite.

Scanning electron micrographs were recorded on a JEOL JSM

35C SEM at the Center for Electron Optics at Michigan State

University. The samples were prepared by allowing an aqueous clay

suspension to air dry onto pyrolytic graphite. The clay] coated

graphite was mounted, and sputter coated with a thin layer of gold.

Measurements were made by Dr. Stan Flegler.

Film thicknesses of modified electrodes were determined by

cutting films cast on SnO2 electrodes, with a razor blade and
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measuring the height differential between the film and glass support

with a Sloan Dektak Surface Profilometer.

The molecular weights of EVDQ2+, PVDQ2+, and BVDQ2+ were

determined by Fast Atom Bombardment Mass Spectrometry

(FABMS) using a JEOL RX 110 double focusing mass spectrometer,

which is housed in National Institute of Health/ Michigan State

University Mass Spectrometry Facility. Samples of EVDQ2+, PVDQ2+

and PVDQ2+ were dissolved in glycerol matrices.

4. Determination of Diffusion Coefficients

Polymer modified electrodes have been shown to obey semi-

infinite linear diffusion at short times < 50 msec.“9'223'224

Accordingly, diffusion coefficients of multilayer modified electrodes

can be determined by chronoamperometry by using the Cottrell

equation (equation 10). The diffusion coefficient for charge

propagation, D, (cm2/s) is obtained by using the slope of the line

from a plot of current vs. time. The values for the constants in

equation 10 were easily obtained; 11 is the number of electrons

transferred during the redox event, F (coul/mole) is Faraday's

constant, and A (cmz) is the area of the electrode. This latter value

was also determined by chronoamperometry by using ferrocyanide

as a standard because of it's well documented diffusion coefficient.225

The value for the concentration of electroactive material C“

(moles/cm3) was obtained by converting C“ into the form 1" Id, where

I‘ (moles/cmz) is the surface coverage of the modifying layer, and (1

(cm) is the film thickness. By combining constants into a new term K
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and changing the form of concentration, the Cottrell equation can be

rewritten as

172

i(t)t1/2 = slope = @Tr; (12)

The surface coverage 1' of electroactive polymeric films was

determined by integrating the area under cyclic voltametric wave for

a one electron reduction. Alternatively I“ of electroactive inorganic

complexes ion-exchanged into both clay and polymeric films were

ascertained by measurement of the number of coulombs passed on a

slow (< 10 mV/sec) cyclic voltammetric scan. Film thicknesses for

polymers were determined using surface profilometery. Errors in

the calculation of diffusion coefficients arise primarily from inability

to measure the thickness of fully hydrated films, because these films

lose solvent during thickness measurements and tear easily.

Therefore, we were obligated to measure thicknesses of dry films.

Wrighton and coworkers220 have determined the error in diffusion

coefficients calculated using the Cottrell equation resulting from dry

film thickness measurements is i: 20 %. Thicknesses of clay films

were determined from density measurements.
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C. Construction and Cleaning of Working Electrodes

1. Pyrolytic Graphite Electrodes

a. Graphite Disc Electrodes. Cylinders (0.476 cm in

diameter) were machined from a block of pyrolytic graphite (Union

Carbide). The cylinder axis was colinear with the c-axis of the

graphite. The cylinders were sealed with heat shrink tubing onto the

end of glass tubes containing copper wire. Electrical contact between

the copper wire and graphite was made with mercury, which was

confined within the tubing by parafilm wax. For each experiment a

fresh surface was obtained by cleaving a thin layer of the graphite

with a razor blade.

b. Planar Graphite Electrodes. A thin plane of graphite

was cleaved with a razor blade from a 2x1x1 cm3 block of graphite

along the basal surface. Electrical contact between the graphite and a

copper wire was made with conducting silver epoxy (Tra Con Corp).

2. Platinum and Glassy Carbon Disk Electrodes

Electrodes were constructed by sealing a platinum cylinder (1.6

mm diameter) or a glassy carbon cylinder (3.2 mm diameter) into a

Teflon shroud purchased from BAS. The Pt electrode was polished

with 1 um diamond paste and with 0.05 um alumina, both purchased

from BAS. The electrode was thoroughly washed with water and

methanol. This same procedure was used for glassy carbon

electrodes with the exclusion of the diamond paste polishing.
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3. Platinum Oxide Disc Electrodes

The preparation of platinum oxide electrodes utilized the Pt

disc electrode (BAS). The Pt electrodes were pretreated by initially

polishing according to the described procedures in Section II.C.2. The

electrode was then soaked in 1 M sulfuric acid for 10 h. The

electrode was removed from solution and potentiostated in an

aqueous 0.5 M sulfuric acid solution at +1.9 V vs. SCE for 10 min,

cycled between -0.15 and +1.2 V vs. SCE for 2 h, anodized at +1.1 V

vs. SCE for 60 sec, and finally washed thoroughly with water and air

dried.

4. Preparation of Tin Oxide Electrodes

Antimony doped tin oxide coated glass (80 ohms/square) was

generously donated by Pittsburgh Plate and Glass (PPG). The larger

sheets of glass were annealed and cut into rectangles 9 x 15 mmz.

Ohmic contact between the semiconductor surface and a copper wire

was made by using conducting silver epoxy, which was further

coated with insulating epoxy resin (Dexter Corp.).



CHAPTER III

CLAY MODIFIED ELECTRODES



A. Background

The modification of electrode surfaces with inorganic

crystalline supports provides improved microstructural stability, the

potential for increased heterogeneous catalytic activity, and well-

defined microstructures. Ghosh and Bard's226 observation of

electrochemical activity from transition metal complexes

incorporated within treated clay adsorbed onto a platinum electrode

represented the first report of an inorganic modified electrode. Since

this seminal paper, a wide variety of inorganic modified electrodes

have been reported including clays,227'231hydrotalcite,232’233

235 236,237 238
sepolite,234 bentonite, porous aluminum oxide,

44

sol gels,

zeolites,239'243 layered Zr-phosphates,2 245447

2

polyoxometalates,

9
tungsten oxide bronzes, 48 and transition metal cyanides.24

Clays are inorganic supports possessing good thermal and

chemical stability. The acidic clay interlayers (often called the

gallery), make clays potentially useful as size and shape selective

250-252
catalysts, and catalyst supports. These properties in

conjunction with the ability of clays to behave as cation-exchangers

have led to numerous studies on clay modified electrodes, some of

which have demonstrated their utility in the areas of organic

253 254.255 256,257
synthesis, energy conversion,

258.259

electrocatalysis,

photocatalysis, 26°and chromatography.

The idealized structure of a smectite clay is shown in Figure 7.

These 2:1 aluminosilicates have structures consisting of an octahedral

layer sandwiched between two inverted tetrahedral layers. The

tetrahedral layers consist of a oxygen framework with silicon

58
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Figure 7

Idealized structure of smectite clay with a hydrated cation

between layers.
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occupying the tetrahedral sites. The various smectites are

differentiated from one another by the cations residing in the

octahedral sites. As an example, montmorillonite, which has

aluminum ions occupying 2/3 of the octahedral sites, acquires an

overall negative charge on the clay layers by isomorphous

substitution of Mg2+ for M“, which is Stoichiometric and uniform

throughout the clay. The resulting negative charge is

counterbalanced by hydrated cations located between the silicate

layers. The charge equivalence is quantified by the cation exchange

capacity (CEC) which is defined as the molar equivalence of charge

per quantity of clay.

Ghosh and Bard's226 initial work established that Ru(hpy)32+,

Fe(bpy)32+, and Fe(Cp)2+ could be incorporated into clay/PVA films

and that these ions could participate in electron transfer with the

underlying platinum electrode. The scope of clay modified electrodes

228
was expanded with subsequent studies by Liu and Anson who

reported that metal polypyridyl complexes, Ru(NH3)62+, and

Ru(NH3)5py2+ could be ion-exchanged into free standing clay films on

pyrolytic graphite electrodes.

Interestingly, polypyridyl metal complexes and

meyhylviologen (MV2+) bind in clays at a lOO-fold excess over the

concentration of the contacting solution. Whereas the polypyridyl

metal complexes require many hours to be extracted from clay films,

227,228
Ru(NH3)62+ is leached from films within minutes. In

accordance with these observations the experimentally determined

diffusion coefficient of Ru(NH3)62+ is a factor of 300 larger than that

for polypyridyl metal complexes within montmorillonite films.261
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These results have been interpreted as evidence of the importance of

hydrophobic interactions between the clay layers and

electrostatically exchanged organophilic cations in the binding

process.

Further insight into the origins of electroactivity of clay films is

provided by coulometric experiments. Quantitative studies show

that only a fraction (15-30 %) of the total complex confined in clay

films is electrochemically active.227'228 Moreover, electrodes

displaying activity will lose electroactive ions from the film when

soaked in an aqueous solution containing only electrolyte, yet the

film retains the color of the inorganic ion. The degree of

electroactivity in general correlates with the external surface area of

the clay, thereby suggesting that externally adsorbed complex is the

primary contributor to charge transport in clay-modified

electrodes.261 Moreover, Fe(CN)63' and other negative ions (C2042',

Mo(CN)84', I') readily penetrate clay films and their diffusion is

strongly dependent on the electrolyte concentration and pH of the

solution.227'23m"231 Because these ions should be repelled by the

permanent negative charge of the clay layers, the presence of

electroactive channels between the clay particles has been

proposed?”

The above results have lead to the general model for

electroactive clay films shown in Figure 8. Ions reside in clay

galleries, micropores, and on the clay particle surfaces with most of

the ions exchanged in the clay film being electrochemically silent.

Organophilic cations, bound tightly within the clay film, are for the

most part electrochemically inactive due to their immobility while
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Figure 8

Model of a clay film on an electrode containing ion-exchanged

polypyridyl metal complexes and electrolyte.
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purely inorganic 10118 are very mobile, with the degree of

electrochemical activity correlating to the external surface area of

the clay. Because ions reach the electrode surface by diffusing

through channels around clay particles, the swelling of the clay plays

an important role in the observed electrochemical activity.

Although the qualitative aspects of the electroactivity in clay

films have begun to emerge, the quantitative nature of the

electroactive sites and charge transport mechanisms have yet to be

determined. Ion-exchanged electroactive ions M+ have potentially

three distinct locations within the film (Figure 8): (i) voids or

channels around the clay platelets; (ii) outer edges of the clay layers;

and (iii) the galleries between clay layers. Because one objective of

clay studies is to derive electrocatalytic activity from ions between

clay interlayers, the elucidation of the electroactive sites within the

clay film is of paramount importance, particularly in lieu of the

initial studies on clay-modified electrodes which have indicated that

ions rigorously bound between clay layers might be

electrochemically silent. Conventional electrochemical approaches

utilized to date have not provided sufficient insight into many of

these crucial issues of clay modified electroactivity. Therefore,

unique studies designed to probe the clay's microstructure and its

effects on the observed electrochemical activity of bound redox ions

were undertaken. With the information garnered from these studies,

clay-modified electrodes can begin to be systematically designed.
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B. Results and Discussion

1. Nature of the Electroactive Sites.

All previously reported studies on clay modified electrodes

utilized the Na+-exchanged form of the clay to cast films on

conducting metal oxide, metal, or carbon surfaces. Because Na+-

smectites are totally delaminated in aqueous suspension the

formation of continuous, crack-free films capable of imbibing

electroactive species is facilitated. For instance, a graphite electrode

coated with Na+-exchanged montmorillonite (0.31 mg/cmz),

immersed in solution of M(bpy)32+ (M = Fe, Ru, 08), produces cyclic

voltammograms exhibiting well-defined M(bpy)33+/2+ waves. As

previously observed,227'228 the intensity of the wave increases

monotonically with electrode immersion time, and the functional

dependence of the peak current on scan rate is characteristic of a

diffusional process. Figure 9 shows the waves obtained at 10 min

intervals for a Na+-exchanged montmorillonite film in a 0.2 mM

Os(bpy)32+ solution containing 0.1 M Na2804 when the electrode

potential is continuously cycled between 0.00 and +0.90 V vs. SCE.

After soaking the electrode for 2 h, during which the electrode

becomes golden upon incorporation of Os(bpy)32"' in the film, the

voltammetric response reaches a plateau. Direct transfer of the

electrode to solutions containing pure electrolyte causes the peak

currents to be attenuated only slightly. With continued soaking,

however, the electrode response decreases, indicating that the

electroactive dipositive cation is displaced from the film.

Significantly, although the current response is virtually eliminated
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Figure 9

Increasing cyclic voltammetric response from Os(bpy)32+

incoporating into a montmorillonite film coated on graphite in

an aqueous solution containing 0.2 M sodium acetate and 0.2

mM os(hpy)32+.
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after soaking the electrode for 24 h in pure electrolyte solution, the

film retains the deep golden color of Os(bpy)32+ .

As mentioned above these results indicate that only a fraction

of the total ML32+ cations that are present in the clay film are

electroactive, a fact recognized by all earlier workers. However, the

extent to which ML32+ ions at the exchange sites of the clay

contribute to the voltammetric response heretofore has remained an

unresolved question of fundamental significance. One simple yet

incisive approach to this issue is to examine the behavior of films

formed from pre-exchanged Os(bpy)32+-montmorillonite.

Accordingly, montmorillonite electrode films in which 25, 50, 80 and

100 % of the Na+ ions had been replaced by Os(bpy)32"’ were

prepared. In this way, Os(bpy)32+ is present on exchange sites both

within the intracrystalline galleries and on the external surfaces. No

evidence for an Os(bpy)33+/2+ wave is observed for any of these

electrodes when immersed in solutions containing only pure

electrolyte. Figure 10a shows the electrochemical response of an

electrode coated with 80 percent Os(bpy)32+-exchanged

montmorillonite after 2 h of continually scanning the electrode

potential at 50 mV/sec between 0.00 and +0.90 V vs. SCE. An

Os(bpy)_,,2+ wave is not detected even at high current sensitivities.

Electrodes coated with pre-exchanged Ru(bpy)32+-, Fe(bpy)32"'-,

Fe(phen)32+-, and MV2+-montmorillonite films similarly failed to

yield voltammetric responses. It is clear from these results that

ML?’2+ and MV2+ cations electrostatically bound in the galleries and

external surfaces of smectite clays are rigorously electroinactive.
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Figure 10

Cyclic votammograms of a 80 % pre-exchanged montmorillonite

film on pyrolytic graphite: (a) soaking in an aqueous solution

containing 0.1 M NaZSO4; and (b) electrode from above placed

in an aqueous solution containing 0.1 M Na2804 and 0.2 mM

0s(bpy)32+.
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Pro-exchanged ML32+-montmorillonite films are similar to Na+-

montmorillonite in their ability to incorporate redox active cations.

Dipping a 80 % Os(bpy)32+-exchanged montmorillonite coated

electrode into 0.2 mM solutions of Os(bpy)32+ yields the appropriate

cyclic voltammetric wave. As in the case of Na+-exchanged films, the

current response is attenuated when the electrode is transferred to

pure electrolyte solution. Figure 10b shows the limiting cyclic

voltammetric response of the film in pure electrolyte solution. The

cyclic voltammogram has the same shape, potential characteristics,

and limiting current response obtained with Na+-exchanged

montmorillonite films; however, the peak current of the Os(bpy)32+-

exchanged film grows at a rate five times as fast as that obtained for

Na+-exchanged montmorillonite films. Thus, while ML32+ and MV2+

ions within clay galleries do not communicate with the electrode

surface, dipping the pre-exchanged ML32+-clay electrode in solutions

of electroactive ions does promote electrochemical activity.

Although ML32+ cations at exchange sites do not communicate

with the electrode surface, one might expect freely diffusing ions

incorporated in clay films to transfer electrons to the electrostatically

bound surface cations. Like the function of Ru(NH3)62+ as a charge

transport ion between the electrode and immobile cobalt

62 mobiletetraphenylporphyrin in NafionQ-coated polymer films,2

electroactive ions are potentially capable of shuttling charge between

ions incorporated in the clay gallery and the electrode surface. In

this context, the large self-exchange rate constants,263 appropriate

half-wave potentials of the 3+/2+ couples, and structural similarities

of the osmium and iron bipyridyl complexes establish Fe(bpy)32+ as a
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convenient probe of oxidation-reduction processes in Os(bpy)32+-

exchanged clay films. The charge shuttle scheme referred to here is

graphically shown in Figure 11. A graphite electrode coated with

Os(bpy)32+-exchanged montmorillonite (80 % of the charge exchange

capacity) was placed into a solution of Fe(bpy)32*, rinsed once in

water, placed in a cell containing 0.05 M NaZSO4 as the electrolyte,

and scanned between 0 and +1.10 V vs. SCE. As shown in Figure 12,

the initial cyclic voltammogram of the electrode gave a well-defined,

of

value was independent of scan rates

. 2+ . . . .

revers1ble Fe(bpy)3 wave w1th a peak current ratio, lp’a/lp’c

unity. The initial ip a/

between 2.0 and 200 mV/sec. This result is not consistent with a

1p,c

charge shuttle mechanism. If charge were being shuttled between

the clay gallery and electrode, then Fe(bpy)33+ formed by oxidation

at the electrode would be reduced by Os(bpy)32+ at the clay

interface. Therefore, cyclic voltammograms of Fe(bpy)33+/2+ would

exhibit behavior characteristic of a catalytic EC' mechanism (i.e.,i >
1m

ip 0)?“ Under no conditions, even when the Fe(bpy)32+ solution

concentration is increased to 0.05 M, is current flow attributable to

Os(bpy)32+ oxidation observed.

The incorporation ratei obtained for pre-exchanged clay is five

times faster than for the Na+-exchanged form. This indicates that the

method of preparation of the clay affects it's electrochemical

properties. Because the gallery ions are electrochemically inert, the

only significant difference between these samples is that the pre-

exchanged clay is swollen to a greater degree than the Na+-

exchanged form. The effect swelling has on the incorporation rate of

Os(bpy)32+ into various forms of montmorillonite was determined
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Figure 11

A reaction scheme devised to oxidize Os(bpy)32+ located in the

2+
galleries, with utilization of Fe(bpy)3 as a redox charge

shuttle agent.
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Figure 12

Reversible cyclic votammogram upon the first oxidation scan of

Fe(bpy)32+ ion-exchanged into a montmorillonite film

containing pre-exchanged Os(bpy)32+ while soaking in an

aqueous solution containing 0.1 M NaZSO4.
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with the preparation of five montmorillonite films: a) 78% pre-

exchanged Os(bpy)32+, b) 38% pre-exchanged Os(bpy)32+, c) Na+-

exchanged placed in 100% humidity for 24 h, d) Na+-exchanged air

dried for 4 h and e) reduced charge (collapsed) films. As previously

mentioned, the 78% pro-exchanged film should swell the most,

followed by the 38% pre-exchanged film, and then the humidified

and air dried films. The collapsed clay film should not swell. The

current response obtained at various times for the five clay samples

while soaking in an aqueous solution containing 0.2 mM Os(bpy)32+

and 0.2 M Na+-acetate is shown in Figure 13. The incorporation rates

parallel the degree of swelling for these films. The films maximum

loading and time required to attain them are listed in Table 6. These

results, which demonstrate that the preparation and resulting

swelling of clay films have a pronounced effect on the incorporation

rates of ML32+ metal complexes are further supported by

261,265
investigations with Al, Zr, Fe, and Si pillared clays. Increased

2+
diffusion rates for Fe(bpy)3 in pillared clay films over Na“-

exchanged clay have been reported. In addition pillared clays

incorporate polypyridyl cations from nonaqueous solutions whereas

Na+-exchanged clay films do not. Presumably the large fixed d-

spacing of pillared clays resulting from the molecular props in their

clay galleries causes the films to behave as if they were fully

swollen.265

6‘ haveAs previously mentioned Bard and coworkers2

suggested that the electrochemical response obtained for anionic

complexes arises from the presence of microchannels which are filled

by solution containing the redox active anion. Such microchannels
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Figure 13

Current responses obtained from Os(bpy)32+ exchanged into

montmorillonite films from an aqueous solution containing 0.2

sodium acetate and 0.2 mM Os(bpy)32+: (a) 78 % pre-exchanged

Os(bpy)32+; (b) 38 % pre-exchanged Os(bpy)32+;(c) Na+-

exchanged (humidified);(d) Na+-exchanged (air dried); and (e)

reduced charge.
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Table 6

Time Required to Reach Maximum Current Response for

Different Films Soaked in 0.2 mM Os(bpy)32+

 

 

S amp l e Montmorillonite Film t(im a x )/min im 1. x III A

a 80% pre-exchanged 4 2 1 1.9

with 0s(bpy)32+

b 38% pre-exchanged 9 0 1 1.4

with 0s(hpy)32+

c Na+-exchanged 1 3 0 1 3 .2

humidified

d Na+-exchanged 3 60 10.6

air dried 4 h

e reduced charge 3 00 0.60

(collapsed)
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would also contribute to the activity observed for polypyridyl

complexes and methylviologen cations. To obtain more direct

evidence for microchannels, we have investigated the texture of

montmorillonite films deposited on graphite by scanning electron

microscopy. The low-magnification SEM image shown in Figure 14a

reveals the characteristic waffle-like surface formed by the

deposition of clay into interconnected domains of ridges and valleys.

At higher magnification (Figure 14b) one can detect grain boundaries

formed by the imperfect stacking of tactoids with a rag-like texture.

These grain boundaries may represent the channels where redox

active ions in solution can invade the film.

Despite the above evidence for microchannels in clay films, the

simple solution-filling of such channels cannot be the sole mechanism

responsible for the electroactivity of clay films. It has been shown

that the effective concentration of electroactive ML32+ cations in clay

films (10'1 M) is substantially higher than the concentration of

cations in the soaking solution (10'3 M). This suggests that the

cations are being concentrated in the film by interactions with the

clay surface. Also, Yamagishi and Aramata have demonstrated

enantioselectivity for oxidation of racemic Co(phen)32+ at a SnO2 glass

electrode coated with A-Ru(phen)32"’-montmorillonite.96'253 This

latter result also establishes that the redox active polypyridyl

complex communicates with the clay surface. Yet, we must keep in

mind that ions bound to external surfaces, are rigorously

electroinactive. How can these facts be reconciled?

It is proposed that the electroactive ML32+ and MV2+ cations in

Clay modified electrodes in part are bound as ion pairs to the
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Figure 14

SEM images of Na+-exchanged montmorillonite films on

pyrolytic graphite, (a) 1000 x and (b) 7800 x.
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Figure 14
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surfaces of the clay particles which border the microchannels.

Although anions should normally be repelled by the surfaces of

smectite clays, polypyridyl complexes are known to be exceptionally

effective in promoting anion binding through ion pair

formation.2“‘268 The driving force for ion pairing is facilitated by

strong physical adsorption of the polypyridyl complexes to the

organophilic surface and by the ability of the large organocation to

shield the accompanying anion from the negative charge of the clay.

256
Methylviologen cations and related organic dye cations which

have also been shown to be electroactive in clay films,258 share many

of the same properties of polypyridyl complexes in promoting ion

pair formation.

The distinction between inactive, electrostatically bound

complexes at exchange sites and active complexes bound by ion

pairing is that in the former case the counter anion is the clay itself,

whereas in the latter case the counterions are the anions of the

electrolyte. Thus the electroactive cations are those which bind to

the clay surface in excess of the cation exchange capacity by an ion

pairing mechanism. Support for ion pairing is provided by the fact

that peak currents {are dependent on the anion of the supporting

electrolyte. For instance, the limiting peak current for a

Os(bpy)33+/2+ wave with Na2804 as electrolyte is 1.4 to 3.0 times as

large as the currents observed with NaC2H3O2 as the electrolyte over

the ionic strength range 0.05-0.30 M. Related electrolyte effects

have been noted by Bard and his co-workers.2‘51'265

In order to determine the relative importance of ion pair

formation on basal surfaces and edge surfaces, the cyclic
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voltammetric properties of clay films with different morphological

properties have been investigated. Specifically, we have examined

laponite and fluorohectorite, synthetic clays with particle sizes larger

and smaller than that of montmorillonite. The clay platelet sizes

decrease along the series fluorohectorite (> 1000 nm),

montmorillonite (< 200nm), and laponite (< 50 nm). Decreasing the

platelet size should increase the edge surface area greatly without

altering the total basal surface area within the oriented film. Thus,

the edge surface area of laponite should be more than twenty times

as large as the edge surface area of fluorohectorite. As Figure 15

illustrates, the incorporation rate and limiting current response for

Os(bpy)32+ in Na+-smectite films is correlated with clay particle size.

The limiting currents after 24 h are 24.3 11A for laponite, 12.6 11A for

montmorillonite, and 4.6 11A for fluorohectorite. To make certain

that these differences were not associated with the diffusion of ions

through these films, the apparent diffusion coefficients (D ) for the
31’?

three films using slow scan cyclic voltammetry were determined by

methods described by Anson et 01.228 The Dapp values obtained, as

expected were very similar for all three clay films, (5.5 x 10’“

cm2/sec for laponite, 3.3 x 10’11cm2/sec for montmorillonite, and

2.8 x 10'11cm2/sec for fluorohectorite) and were also in good

agreement with the D of Os(bpy)32+ (3.5 x 10'11 cm2/sec) in a
aPP

montmorillonite film.228 The same relative results are obtained for

clays pre-exchanged with Os(bpy)32+.

The results thus far establish that ML32+ and MV2+ cations

electrostatically bound to the exchange sites of smectite clay do not
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Figure 15

The current response obtained as a function of time from

various clay films adsorbed onto graphite soaking in 0.2 M

sodium acetate and 0.2 mM Os(bpy)32+: (a) laponite; (b)

montmorillonite; and (c) fluorohectorite.
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undergo electron transfer with the electrode surface or with freely

diffusing cations contained in the microchannels. This is a result of

an unfavorable exchange equilibrium with counterions required to

maintain charge neutrality after electron transfer has occurred. In

order to oxidize metal polypyridyl complexes electrostatically bound

to clays one of two processes must accompany the electron transfer

step: ejection of a metal complex from the clay or uptake of a

negative counterion. Polypyridyl complex ions bind very strongly to

montmorillonite, as reaction 13 is known to proceed essentially to

completion.

(2 Nat) =1» (1413+)+ [ML32+] + [2 Na+]soln (13)
clay soln clay

Thus, the desorption of ME,“ from montmorillonite upon electrolytic

oxidation of ML32+ to ML33+, as expressed in equations 14 and 15, is

unfavorable and electron transfer is impeded.

(2 ML32+)clay'."[Iqa‘hlsoln -e (ML33+)clay+(Na+)clay+[ML32+]soln (l4)

2 -26‘ . 3 2

(3 ML3 +)clay (2 MLB +)clay + [ML3 +]soln (15)

The alternative mechanism, counterion uptake is thermodynamically

a highly unfavorable process. A large driving force would be

required to overcome the energy required for the uptake of a

negative ion into negative clay layers. Because electron-self

CXchange between ML32+ and ML33+ has a driving force
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approximately equal to zero, (even the cross reaction between

Os(bpy)32+ and Fe(bpy)33+ only has a driving force ~ 0.2 eV) the

system does not possess enough energy to overcome this barrier.

Thus, of the three possible locations for ML32+ ions within the

clay microstructure (Figure 8), only those ions freely diffusing in

voids around clay particles are electrochemically active while

electrostatically bound ions are electrochemically inert, presumably

due to unfavorable thermodynamics required to maintain charge

neutrality during the redox event.

2. Elucidation of Clay Microstructural Control of

Electroactivity.

Having established that electrochemical responses arise from

excess complex around clay platelets, important issues include: are

the electrochemically active ions equally distributed throughout the

clay film?; and which of these ions have electrochemical access to the

electrode?

The first issue of interest is the determination of the

percentage of material outside the clay platelets that is

electrochemically active. Shown in Table 7 is the number of

coulombs (after subtracting background coulombs) for the oxidation

of Fe(bpy)32+ measured by slow scan cyclic voltammetry for various

montmorillonite film thicknesses on graphite electrodes. The

samples were prepared by soaking the clay modified electrodes in

several different concentrations of Fe(bpy)32+ until equilibrium was

established, with subsequent transfer to an aqueous solution

containing 0.1 M NaZSO4. It is important to maintain a common
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Table 7

Amount of Electroactivity From Different Clay Films of

Varying Thickness After Soaking in Aqueous Fe(bpy)32*

Solutions Containing 0.1 M Na2SO4

 

 

Montmorillonite Thickness Concentration Coulombs

Film (um) Fe(L)32+ (tnM)‘I x 10“"-c

Na+-exchanged 1.27 0.2 0.93‘I

0.76 0.2 l.01°

0.76 2.0 1.35

0.38 2.0 1.18

1.27 5.0 3.31

0.38 5.0 3.42f

1.27 10.0 3.61

Pre-exchanged 80% of 1.27 0.2 0.973

CEC with Fe(hpy)32+ 1.27 5.0 3.21

0.76 2.0 1.56h

0.38 5.0 3.11h

 

'L = bipyridine. I’The number of coulombs under reduction wave

after subtracting background. cStandard deviation for three

separate identical experiments: “3: 0.08, er 0.09, '3: 0.26, 8r 0.11.

llThe clay was pre-exchanged with 88 % of the CEC.
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electrolyte with identical concentrations for each system studied,

because as mentioned in Section III.B.1, the anion of the electrolyte

plays an intimate role in the ion-exchange process. The amount of

electrochemically active Fe(bpy)32+ incorporated into

montmorillonite at a given concentration of Fe(bpy)32+ is

independent of film thickness, within the error of the experiment.

The amount of electroactive Fe(bpy)32+ in these films monotonically

increases with the concentration of Fe(bpy)32+ in the soaking solution

and reaches a maximum value at as 5 mM. Importantly the clay films

which were prepared by pro-exchanging 80 % and 88 % of the CEC

with Fe(bpy)32+ behave similarly to the Na+-exchanged form. These

results are consistent with those listed in Table 6 and illustrated in

Figure 13.

The fact that the observed electroactivity does not increase

with thicker films suggests that only the Fe(bpy)32+ near the

electrode is electrochemically active. This conclusion is further

supported by electroactivity / morphology relationships of the clay

microstructure on the electrode. The casting of montmorillonite films

from aqueous suspensions onto flat substrates results in 90 % of the

clay platelets being oriented parallel to the surface, where the

remaining 10 % make up so-called defect zones.269 In the defect

zone clay particles are jumbled and owing to the random stacking of

clay platelets, cavities and voids are more likely to form. In

conjunction with our previous results, this implies that the observed

electroactivity should increase with the creation of more defect zones

in the clay microstructure. One approach to creating defect sites is to

impart disorder in the microstructure by using the electrode surface
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as a template. Increased roughness of the electrode surface should

enhance the production of additional defect zones by inducing edge

to face stacking of the clay platelets. This would be most pronounced

near the electrode surface, while normal stacking of the clay platelets

occurs with increased distance from the electrode. Within this

framework the electrochemical responses of several electrode

microstructures can be understood. Pyrolytic graphite electrodes

which possess a visibly rough surface, with rocking curves of 6.41°,

incorporate a larger quantity of electroactive Fe(bpy)32+ than smooth

surface electrodes. For example 0.3 pm montmorillonite films on

Sn02,227 and Pt231 display current densities of 30 uA/cm2 and 60

llA/cm2 respectively, whereas the same films on pyrolytic graphite

have current densities in the range of 100-120 uA/cmz. In addition

the incorporation rates for ML32+ into clay films on Pt, Sn02, and

glassy carbon are very dependent on the thickness of the clay film

2+
and incorporate ML3 ions at a rate between 3-7 times slower

(depending on the film thickness) than for identical films on

pyrolytic graphite.

The common practices of rapidly heating clay films on smooth

electrodes and the use of polyvinylalcohol (PVA) to increase the

measured electrochemical activity

consistent with increasing disorder of the clay microstructure. The

former procedure prevents formation of parallel aligned platelets,

thereby increasing the amount of edge to face stacking in the clay

microstructure270 and the latter procedure prevents platelet

alignment by requiring the platelets to conform to the amorphous

polymer structure.
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These results permit the model for clay electroactivity to be

modified as shown in Figure 16. This model, which is consistent with

all of our results to date, separates the clay film into two regions: one

which electrochemically communicates with the electrode surface

and one that does not. As discussed above, the electroactive ML32+

ions are located in defect zones (previously referred to as channels or

voids) throughout the clay film. But only those ions in Region I with

access to the electrode surface either by direct contact or charge

shuttling through open pathways display electroactivity. At further

distances away from the electrode surface the amount of parallel

stacking of clay platelets increases resulting in the more ordered

microstructures represented by Region II. This increased order

reduces the basal volume and eliminates electrochemical pathways

to the electrode surface thereby resulting in electrochemically

isolated ML32+ ions. Substrates with smooth surfaces have a smaller

quantity of the defect zones, at least near the electrode surface, and

thus Region I for these electrodes will not extend as far away from

the electrode surface as for pyrolytic graphite.

In the context of these results, one final note of interest here

bears on the common practice in the literature of reporting the

amount of electroactivity as a function of the CEC for the clay sample.

Because the amount of ML32+ incorporated into clay does not depend

directly on film thickness and at some distance from the electrode

ions are electroinactive, normalizing the electroactivity observed

from exchanged redox ions to the quantity of clay on the electrode is

problematic. On the basis of this work, it is advised that activities
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Figure 16

Model depicting locations of electroactive and non-electroactive

polypyridyl metal complexes within a clay film.
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should be reported as charge/cm2 where the charge is measured

from electrolysis experiments. In our studies we report only the

charge because our electrode area remains constant 0.178 cmz. In

light of the complexities involved with reporting consistent data from

clay modified electrodes, the necessity to perform control

experiments is of paramount importance.

3. Electrocatalytic Activity of Clay/Polymer Films

The model described in Figure 16 shows the electroactive

ML32+ ions incorporated into clay films to be confined to a small

volume in the microstructure. The isolated ions in Region II should

become electroactivated if a pathway to the electrode is established.

This might be accomplished by the formation of a conductive

polymer network throughout the clay film. In this manner,

electron/hole transport from the electrode surface to Region 11 may

be achieved. The preparation of conductive polymers in clay films

by electrochemical methods has been established with the formation

of dimers of methylviologen (MV2+)271 and later

tetrathiafulvalenium (TTFl’)272 in montmorillonite. Heterogeneous

273,274 and
electrochemical initiated polymerization of pyrrole

aniline275 has since been achieved.

Our effort of electrochemically accessing the isolated ions in

Region II with conductive polymers was initiated with the reductive

polymerization of transition metal complexes containing vinyl

bearing ligands, which have been ion-exchanged into the clay. This

method of polymerization was first described by Meyer, Murray and

114
coworkers. The polymerization proceeds via a radical-radical
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coupling process involving pairs of vinyl groups.276'277 The

incorporation of Fe(vbpy)32+ (vbpy = 4-methyl-4'-vinyl-2,2'-

bipyridine) into montmorillonite films of Na+-exchanged and 80 %

pro-exchanged Fe(vbpy)32"’ from an acetonitrile solution containing 2

mM Fe(vbpy)32+ was achieved with limited success. Upon transfer of

these electrodes to acetonitrile solutions containing only electrolyte

the incorporated complex was completely leached from the film on

the first cycle. However, continuously cycling the potential of

montmorillonite modified electrodes between -1.70 and +1.35 V vs.

SCE, while soaking in an acetonitrile solution containing 0.2 M

tetraethylammonium perchlorate (TEAP) and 0.5 mM

Fe(vbpy)3(ClO4)2, promotes the incorporation of metal complex as

shown in Figure 17. These data were recorded at 10 min intervals

for a duration of l h. Film growth continued for several hours

thereafter providing oxygen was rigorously excluded from solutions.

The electrode was washed extensively with acetonitrile and

transferred to an acetonitrile solution containing 0.2 M TEAP. Figure

18a shows the CV for an electrode whose potential was cycled

sequentially from 0.00 to -1.85 V, to +1.45 V and back to 0.00 V vs.

SCE. The anodic wave at +0.97 V vs. SCE. arises from the 2+/3+

couple of the metal center, whereas the two cathodic waves at -1.46

and -l.58 V originate from the sequential one-electron reduction of

the vinylbipyridine ligands. The ip’a/ip’c = 1.25 for the oxidation

wave is greater than the expected value of 1.00. Conversely the

opposite behavior is observed for the cathodic waves which display

/' < 1.00. As shown in Figure 18, ip'a/i113.0 ratios W111 be unlty
‘lm p.c

upon consecutively cycling (two times) the potential between 0.00
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Figure 17

Growth of poly-Fe(vbpy)32+ at 10 min intervals in

montmorillonite adsorbed onto pyrolytic graphite while

soaking in an acetonitrile solution containing 0.2 M TEAP and

2.0 mM Fe(vbpy)32+.
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Figure 18

Cyclic voltammetric waves obtained from a poly-

Fe(vbpy)32+/montmorillonite electrode in acetonitrile

containing 0.2 M TEAP: (a) upon scanning the electrodes

potential from 0.00 V to +1.20 V, to -1.80 V, and back to 0.00 V

vs. SCE; (b) after the reduction waves had been scanned once

prior to measurement; and (c) after the oxidation wave had

been cycled once prior to measurement.
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and +1.45 V. Similarly ip clip a = 1.00 for both reduction waves

(Figure 18c) after cycling the potential two times between 0.00 and

-1.85 V.

In an effort to elucidate the origins for i on the first
13.8 I inc

scan, an identical experiment was conducted at a bare graphite

electrode. The potential sequence was 0.00 to -1.80 V, to +1.20 V,

and back to 0.00 V vs. SCE. Figure 19a shows a prewave spike before

the oxidation wave and the first reduction wave. The prewaves are

eliminated (Figure 19b and 19c) by performing the parallel

experiments used to obtain the CV's shown in Figure 18b and 18c.

These prewaves are clearly stable and associated with one another;

once one spike is cycled it does not reappear until after the other is

activated. Thus these waves represent the anodic and cathodic

branches of the same redox couple. Although the origin of these

prewaves obtained at the bare electrode has not unequivocally been

established possible explanations have been presented. Observed

prewaves at bare electrodes have been attributed to isolated sites of

damaged polymer, which are either to dilute or too immobile to

undergo direct electron transfer with the electrode.176 Recently

Guarr and Anson have proposed prewaves to arise from the partial

reduction of ligands which have been protonated causing the metal

complex to have a significantly more negative III/II redox couple.145

Although the clay/polymer composite modified electrode is

81m11ar to the polymer at the bare electrode With regards to 1WI at 1p.c’

the absence of the prewave spikes for the former suggests the clay

microenvironment is altering the polymerization process. Further

support for clay mediated polymerization comes from observations
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Figure 19

Cyclic voltammogram of poly-Fe(vbpy)32+ adsorbed onto

pyrolytic graphite while soaking in an acetonitrile solution

containing 0.2 M TEAP: (8) upon scanning the electrodes

potential from 0.00 V to +1.20 V, to -1.80 V, and back to 0.00 V

vs. SCE; (b) after the reduction waves had been scanned once

prior to measurement; and (c) after the oxidation wave had

been cycled once prior to measurement.
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that the growth rate of the polymer at the bare graphite electrode is

2.5-3.0 times faster in acetonitrile solutions containing equal

concentrations of Fe(vbpy)32+ than that for Na+-exchanged modified

electrode. Because the radical initiated polymerization process

requires Fe(vbpy)32+ from solution to approach and react with

reduced polymer already formed on the electrode, unfavorable

electrostatic interactions between the positively charged diffusing

ion and the positively charged polymer must be overcome for

polymerization to occur. The negatively charged clay layers may

electrostatically facilitate this process. The nature of the defect site

for clay mediated polymerization will be different than that of a bare

electrode. It is important to note that the inability to observe

prewave spikes from clay/polymer microstructures does not

preclude their existence. Indeed, the fact that ipa at ip c for the

clay/polymer composite suggests that isolated defect sites are

present in this system. The prewaves arising from these defect sites

may be shifted in potential such that they fall under the waves of

the bulk polymer.

Clay/polymer films are very stable to oxidation in acetonitrile

solutions containing electrolyte, but rapid loss of activity occurs if the

films are reduced over several cycles. For example the film whose

CV is shown in Figure 18 loses only 6 % of its activity, upon cycling

the electrode potential past the oxidation wave continuously for 2 h

and films soaked (48 h) in acetonitrile solutions containing 0.2 M

TEAP, which are not cycled, demonstrate no measurable loss of

activity. Conversely, activity is lost within a few cycles over the

reduction waves of the polymer. The cause for the degradation of
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these films upon reduction in fresh acetonitrile solutions is not clear.

These acetonitrile solutions are not dry and water, which is required

to assist in swelling of the films, can be reduced at the high negative

potentials needed for the reduction of the Fe(vbpy)32+ polymer. It is

possible that the reduced polymer is attacked by OH' produced from

the reduction of H20. Another interesting result is that the oxidation

wave stops growing after about 3 h of cycling the potential of the

clay modified electrode in 0.5 mM Fe(vbpy)32+. However, the

reduction waves continue to grow and shift to more negative

potentials. This result implies the presence of a chemically induced

polymerization initiated by cathodic currents.

The current response for the clay/poly-Fe(vbpy)32+ film

indicates thin cell behavior. Figure 20 displays a linear dependence

of current with scan rate, for the clay/poly-Fe(vbpy)32+ film.

Additional support for thin cell behavior is provided by the

symmetrical shape of the cyclic voltammogram for the Fe(vbpy)32+

oxidation wave (Figure 18c). The peak currents of the reduction

waves and Ep 6 for the metal-centered oxidation wave appear at

identical potentials for the polymer at bare graphite and within clay.

However, E for the oxidation wave of the polymer incorporated in
Pr“

clay films is shifted 40 mV positive of the Ep’a for the polymer on

graphite. This shift in potential could result from interactions of the

positively charged polymer with negative sites within the clay

producing an energy barrier which must be overcome for electron

transfer to occur. Peak separations of 81 mV for the oxidation wave

of Fe(vbpy)32"’ (100 mV/sec) and a FWHM of 125 mV are greater

than predicted and most likely result from resistive effects.
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Figure 20

A plot of the peak height ip a (DA) vs. the scan rate (mV/sec)

for the CV reproduced in Figure 18.
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Although thin film behavior does not unequivocally establish

the Fe(vbpy)32+ to be polymerized, it is noteworthy that clay films

incorporating comparable loadings of electrolyzed Fe(bpy)32+ (30 %

of CEC for Fe(bpy)32+ clay film active / 34 % of CEC for Fe(vbpy)32+

clay film active) demonstrate diffusional behavior (ip is linear with

1/2
the square root of scan rate 12 and diffusional tail is observed in

CV). Thus thin cell behavior appears to be specific to poly-

Fe(vbpy)32+ attached to the electrode. Moreover electroactive ions

do not leach from this film even after days of soaking in water

and/or acetonitrile solutions containing electrolyte. These results

strongly suggest that Fe(vbpy)32+ is polymerized in the clay.

With the formation of a polymerized film established, the

possibility of extending electroactivity into Region II can be

investigated. The polymerization of Fe(vbpy)32"’ in Na+-exchanged

and 88 % Fe(vbpy)32"' pre-exchanged montmorillonite films on

graphite was performed in acetonitrile solutions containing 2.0 mM

Fe(vbpy)37-+ and 0.2 M TEAP. Table 8 lists the number of coulombs

of charge accessed during a slow voltammetric scan from the

cathodic portion of the oxidation wave of polymerized Fe(vbpy)32+ in

clay that has been transferred to acetonitrile solutions containing 0.2

M TEAP. Almost identical values of 2.2 and 2.1 x 10"4 coulombs for

the polymerized films indicate that the gallery height does not

greatly affect electroactivity, a result which supports earlier

conclusions. For the purpose of comparison Table 8 also lists the

coulombs obtained from Na+-exchanged and 88 % Fe(vbpy)32+ pre-

exchanged montmorillonite films identically prepared to those above;

polymerized films were soaked in 2.0 mM solutions of Fe(vbpy)32+
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Table 8

Amount of Electroactivity from 0.38 pm Montmorillonite

Films Resulting from Incorporated or Polymerized

Fe(vbpy)32+

 

 

. Solution Fe(L)32+ Solution Coul. Coulombs

Film Extracted froma Measured in x 104 c

Na+-exchanged

polymerized acetonitrile acetonitrile 2.2

soaked acetonitrile acetonitrile -

acetonitrile water 0.3

water water 1.2

Pre-exchanged

88 % crzc‘l

polymerized acetonitrile acetonitrile 2.1

soaked acetonitrile acetonitrile -

acetonitrile water 0.7

water water 1.3

 

'L = vinyl-bipyridine, and the solution contains 2 mM Fe(vbpy)32+.

l’The soaking solution contains just electrolyte.

coulombs under reduction wave after subtracting background.

exchanged ion is Fe(vbpy)32+.

cThe number of

dThe
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for 8 h and transferred to either acetonitrile or aqueous solutions

containing 0.2 M TEAP and 0.2 M LiClO4, respectively. Significantly

diminished responses from these films results from the poor swelling

ability of clays in acetonitrile. Comparison of the electroactivity from

Fe(vbpy)32"’ polymerized in clay films as opposed to incorporation by

soaking clearly shows that polymerization enhances swelling. For

additional comparison, these same Na+-exchanged and 88 %

Fe(vbpy)32+ pre-exchanged montmorillonite films were soaked in

aqueous solutions containing 2.0 mM Fc(vbpy)32+ and 0.2 M LiClo4

for 8 h and then transferred to aqueous solutions containing 0.2 M

LiClO4. The coulomb data listed in Table 8 demonstrate that even

films soaked in aqueous solutions, which completely eliminates

swelling effects, have a diminished response over the polymerized

clay films. The electroactivity data in Table 8 corresponds to 0.26 of

the CEC for the films soaked in aqueous Fe(vbpy)32+ solutions and

0.48 of the CEC for the films polymerized in acetonitrile Fe(vbpy)32"'

solutions. The results are clear. The polymerized films display

almost twice the electroactivity over films which extract ions from

solution. We therefore conclude that polymerized Fe(vbpy)32+ in

clay films effectively extends Region I further away from the

2+
electrode by accessing previously isolated Fe(vbpy)3 in Region 11.

Nevertheless all of the Fe(vbpy)32+ from Region II is not activated in

the clay/polymer films because doubling the film thickness does not

increase the amount of activated Fe(vbpy)32+. Thus Region I activity

can be enhanced by creating a mode for charge propagation into

Region II by polymerizing Fe(vbpy)32+ in the clay film, although

much of Region II is still electroinactive.
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Clay/poly-Fe(vbpy)32+ films exhibit unique electrocatalytic

behavior. A clay/polymer modified electrode was placed in an

aqueous solution containing 0.2 M LiClO4 and 4.2 mM Fe(CN)64' and

its potential was cycled from - 0.10 to + 1.20 V vs. SCE at 2 mV/s.

The resulting voltammogram (Figure 21a) demonstrates the

characteristic S-shaped voltammetric response expected from

electrocatalytic systems. Presumably the Fe(vbpy)32+ polymer is

oxidized during the forward oxidation scan and before Fe(vbpy)33+

can be reduced at the electrode on the reverse cycle, it is reduced by

Fe(CN)64' to generate Fe(CN)63' and Fe(vbpy)32"’, which in turn

becomes reoxidized at the electrode. The large excess of Fe(CN)64'

present in solution coupled with the slow scan rate enables a steady

state response to develop which is manifested in the S shape of the

wave. The efficiency of this catalytic cycle is evidenced by the

magnitude of the difference in current responses from the clay/poly-

Fe(vbpy)32+ in the presence (Figure 21a) and absence (Figure 21b) of

added Fe(CN)64". In order to observe catalytic behavior the Fe(CN)64’

must necessarily come in contact with Fe(vbpy)33+. Therefore,

Fe(CN)64‘ must either penetrate through the clay/polymer film or

react at the edges of the film in Region I and/or Region II (Figure

22). The former pathway would result in a buildup of Fe(CN)63"

within the clay/polymer film. Yet Figure 21b shows no evidence of

Fe(CN)63'/4' in the film (the redox couple for Fe(CN)63'/4' appears at

as +0.3 V) suggesting that catalysis is occurring at the edge of the

clay/polymer film in either Region I or Region 11 (Figure 22).

Because electroactivity from clay films arises only from ions near the

electrode in Region I, and isolated ions further from the electrode in
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Figure 21

Cyclic votammograms scanned at 2 mV/sec, of a clay/poly-

Fe(vbpy)32+ film soaking in an aqueous solution containing 0.2

M LiClO4: (a) after the addition of 4.2 mM Fe(CN)64' and; (b)

before the addition of 4.2 mM Fe(CN)64'.
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Figure 22

Model depicting origins of electrocatalysis from a clay/poly-

Fe(vbpy)32+ film on an electrode.
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Region II are electroinactive, necessarily implies communication

between Fe(CN)64‘ and Fe(vbpy)33+ to occur at Region I edges. Thus

as graphically displayed by the model proposed in Figure 22,

electrocatalysis from the clay/poly-Fe(vbpy)33+ film is believed to

arise from the edges of Region I.

4. Intersalated Clay Films

With the studies described heretofore, electroactivity from ions

in clay galleries has not been realized. As discussed in Section

[11.8.], inactivity of ions in the the clay galleries results from

unfavorable thermodynamics arising from the inability to maintain

charge neutrality during electrolysis. The requirement of mobile

negative ions within the clay galleries can, in principle, be achieved

with intersalated clays. The general structure of montmorillonite

intersalated with Fe(bpy)32+ is given below by structure 6.

Negatively Charged Clay Layer

 

 

Ft‘=(bP)’)32+

Fe(bpy)32+ S042- F¢(bl))’)32+

SO42' Fe(bpy),2+ so.”

2+ 2+

Fe(bpy)3 Fe(bpy)3

Negatively Charged Clay Layer

6

An intersalated clay, prepared by adding the clay to 5 CEC of a

polypyridyl metal complex in the presence of dianions of the form
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X042’ (X = S, Mo, W), is distinguished by its incorporation of twice the

CEC in the clay galleries. One CEC balances the charge of the clay

layers while the additional CEC is present as an ion pair between the

metal complex and the X042' counterion. The additional 3 CEC is

external to the clay gallery (i.e. on surface layers and in voids around

the clay platelets) and is required to maintain a favorable

equilibrium for intersalate formation. This excess loading of the

galleries is reflected by increased d-spacings. The d-spacing

obtained for montmorillonite films with l CEC loading of Fe(bpy)32+

is 18.4 A whereas ion incorporation from solutions of 5 CBC yields

intersalates with d-spacings of 29.5 A. The sulfate ions of

intersalates are mobile and can be easily displaced with different

anions.268 Because intersalated clays should allow for total activity

of all redox cations within the clay film, the unfavorable

thermodynamics associated with the maintenance of charge

neutrality should be circumvented. Accordingly electrochemical

studies were undertaken with the goal of observing electroactivity

from ions electrostatically bound between clay layers.

Intersalated modified electrodes were prepared by air drying a

dilute suspension of intersalate onto a pyrolytic graphite electrode.

Figure 23 shows the first two scans of an intersalated modified

electrode immersed in a dichloromethane solution containing 0.2 M

tetrabutylammonium perchlorate (TBAP). The quantity of

Fe(bpy)32+ oxidized on the first scan, as determined by coulometry,

corresponds to ~ 3 CBC of the montmorillonite film. However, the

amount of metal complex electrolyzed upon the subsequent scan is

greatly reduced and continues to decrease with continued scanning
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Figure 23

The first two cyclic voltammograms of a Fe(bpy)32+

intersalated montmorillonite film on pyrolytic graphite

immersed in a dichloromethane solution containing 0.2 M

TBAP.
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of the oxidation wave. To ensure that this result was not caused by

the collapse of the clay in dichloromethane, the same experiment was

conducted in a saturated aqueous solution of sodium sulfate. Almost

identical results were obtained.

Although the increased electrochemical response of the

intersalates is encouraging, current attributed to a totally activated

intersalated film is not observed. The total number of coulombs of

intersalates should correspond to 5 CEC. Noting that of the 5 CEC in

intersalated films, 2 CBC are in the clay galleries and 3 CBC are

external to the galleries, the observation of current corresponding to

3 CBC may reflect electroactivity from only Fe(bpy)32+ outside of the

clay particles. In this case, the ultimate incorporation of Fe(bpy)32+

into an 88% pro-exchanged Fe(bpy)32+ montmorillonite film soaked

in a 5.1 mM solution (the concentration of the 3 CEC excess

Fe(bpy)32+ in intersalate suspensions as determined in Section

II.A.3.f) should be the same as that for the intersalate because the

2+
total amount of electroactive Fe(bpy)3 incorporated in clay films is

independent of the d-spacing. As shown in Table 9 the number of

coulombs measured on the 1St and 20”1 scans of an 88% pre-

exchanged Fe(bpy)32+ film, which has been soaked in 5.1 mM

Fe(bpy)32+ for 3 h and transferred to a dichloromethane solution

containing 0.1 M TBAP, corresponds to the Na+-exchanged film and

not to the intersalate. The values in Table 9 were determined for the

reduction rather than the oxidation of Fe(bpy)32+ because the former

excludes charge arising from the oxidation of water. As one

additional control experiment, 3 CBC of Fe(bpy)32+ was added to an

88 % pre-exchanged montmorillonite slurry before the film was cast.



123

Table 9

Amount of Electroactivity from Different Clay Films after

Soaking in 5.1 mM Fe(bpy)32”

 

# of coulombs
 

 

Montmorillonite Film 1St scan 20th scan

Intersalated + 5 CBC 13.5 x 104 ' 3.0 x 104 '

of Fe(bpy)32+ 4.4 x 104 b 2.5 x 104 b

Pre-exchanged with 88% 1.4 x 10'4 b 1.0 x 10'4 b

CEC of Fe(bpy)32+

Na+-exchanged 1.3 x 10'4 b 0.9 x 10‘4 b

Pre-exchanged with 88 % 3.9 x 104 ' 1.5 x 104 '

CEC of Fe(bpy)32+ + 3 CBC 3.7 x 10*4 b 1.2 x 104 b

of Fe(bpy)32+ “

 

“The number of coulombs under oxidation wave after subtracting

background. l’The number of coulombs under reduction wave after

subtracting background. “This film was not soaked in a 5.1 mM

Fe(bpy)32+ solution.
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Initial electroactivation is ~3 times that obtained for pro-exchanged

films (Table 9) soaked in Fe(bpy)32+. Nevertheless, the activity on

the first oxidation for the intersalate is ~10 times this value. In

addition, by the 20“I scan the responses from both pro-exchanged

films are basically the same whereas the intersalate activates about

3 times more Fe(bpy)32+. Thus excess activity is clearly observed for

intersalates.

The decrease in electroactivity from intersalates after the first

scan suggests significant and irreversible perturbation of the

microstructure upon passing current into the film. This could mean

that Fe(bpy)33+ is not stable when exchanged into clay galleries.

Previous experiments by Oyama, Oyama and Ansonzm'279 and

Rudzinski and Bard261 have demonstrated that structural iron

located in the clay octahedral sites is redox active. Could the

Fe(bpy)33+ produced upon oxidation of the intersalate react with the

clay structure thereby leading to its degradation in the clay gallery?

UV-vis spectroscopy in combination with bulk electrolytic

experiments suggest otherwise. Electronic absorption spectra show

only the presence of Fe(bpy)32+ and Fe(bpy)33+ and CV's display only

the reversible 3+/2+ couple. Therefore, instability of intersalates

under electrolytic conditions must result from a different source.

X-ray patterns of the intersalated clay sample on graphite

before and after electrolysis are enlightening. Figure 24a shows the

expected diffraction profile for an intersalated clay on pyrolytic

graphite; the appropriate d-spacing of 29.4 A is observed.2“7'268 The

pattern changes significantly upon electrolysis of a single oxidative

scan. As shown in Figure 24b, the order of the clay film is almost
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Figure 24

The X-ray diffraction patterns obtained from Fe(bpy)32+

intersalated films on pyrolytic graphite: (a) before the

electrolysis of the film; and (b) after the electrolysis of the film

in a dichloromethane solution containing 0.2 M TBAP.
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completely lost; only the sharp peak corresponding to crystalline

Fe(bpy)32+, present in the regions outside of the clay particles, is

present. This x-ray data suggests that upon electrolysis the

intersalate is collapsing to a monolayer with the rapid ejection of

Fe(bpy)33+ from the galleries. Significantly, the diffraction pattern in

Figure 24b indicates that the clay platelets are no longer stacked in

an ordered manner. Increased activity of intersalate on the 20th

scan is consistent with our previous data which suggests the

manifestation of disorder in increased electroactivity owing to a

larger basal volume for electroactive ions. Collapse of the intersalate

will create large void volumes which will be occupied by the ejected

ions. The greater volume of voids in Region I should allow the

incorporation of more cations and hence greater electroactivity.

These results clearly show that in order to sustain

electroactivity from intersalated species, the metal complex must be

immobilized within the galleries as an intersalate to prevent ejection

of the ion upon electrolysis. This can be achieved with the

electrochemical polymerization of a clay film intersalated with

Fe(vbpy)32+. A Fe(vbpy)32+ intersalated montmorillonite film was

cast on graphite, placed into a acetonitrile solution containing 2.0 mM

Fe(vbpy)32+ and 0.2 M TEAP, and the oxidation and reduction waves

were cycled for 1 h to induce polymerization. Figure 25 reproduces

the oxidation and reduction waves for this film in acetonitrile

containing 0.2 M TEAP. The amount of material oxidized as

determined by coulometry corresponds to 1.55 CEC of the clay. The

current response vs. scan rate for this intersalated clay/polymer film

shows thin cell behavior at slow scan rates but negative deviation at
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Figure 25

Cyclic voltammetric waves of a polymerized

Fe(vbpy)32+/intersalated montmorillonite film adsorbed onto

pyrolytic graphite while soaking in an acetonitrile solution

containing 0.2 M TEAP.
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higher scan rates is observed (Figure 26). Likewise the

voltammogram exhibits intermediate behavior, exhibiting a

symmetrical shape at slow scans with increasing diffusional

contributions at faster scan rates. The intersalated/polymer films

are very stable towards prolonged soaking in acetonitrile or aqueous

solutions and are also stable to oxidation. But these films are even

more sensitive to cathodic degradation than observed for the Na+-

2+
exchanged or Fe(vbpy)3 pro-exchanged forms.

X-ray patterns of the intersalated clay before and after

electrolysis were obtained in order to better understand the effect of

electropolymerization on the microstructure of the intersalated clay.

Figure 27a shows the expected diffraction profile from

montmorillonite intersalated with Fe(vbpy)32+ on pyrolytic graphite;

the appropriate d-spacing of 30.1 A is observed. Upon electrolysis

(Figure 27b) the second and third order diffraction peaks are lost

and the first order peak broadens, and shifts to a value

corresponding approximately to 22 A. The sample has clearly lost

order. Although the film is no longer totally intersalated, it is also

swollen beyond the d-spacing expected for one CEC of Fe(vbpy)32+,

(the d-spacings for montmorillonite containing one CEC of Fe(bpy)32+

or Fe(phen)32+ are approximately 18 A).2““'2“7 Either the film is not

lying on the electrode with the order observed prior to electrolysis or

more likely a wide variety of d-spacings exist throughout the film.

The observation that some order is maintained after the electrolysis

of Fe(vbpy)32+ intersalated films directly contrasts the results of

intersalated films of Fe(bpy)32+ which show total loss of order upon

electrolysis (Figure 24b).
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Figure 26

A plot of the peak height ip’a (11A) vs. the scan rate (mV/sec)

for the CV reproduced in Figure 25.
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Figure 27

The X-ray diffraction patterns obtained from polymerized

Fe(bpy)32+/intersalated montmorillonite films on pyrolytic

graphite: (a) before the electrolysis of the film; and (b) after

the electrolysis of the film in a acetnitrile solution containing

0.2 M TEAP.
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How can we explain these results? In the Fe(bpy)32+

intersalate experiments, the oxidation of 2.8 CEC of Fe(bpy)32+

suggests ions in clay galleries are activated. As previously

determined the electroactive material is not evenly distributed

throughout the clay film but rather located in Region 1. Therefore, 3

CBC cannot correspond to only external Fe(bpy)32+ but must include

contributions from ions in clay galleries as well. The intersalate can

maintain charge neutrality by simply ejecting cations. This process

accounts for the loss of order from intersalated Fe(vbpy)32+ films and

rationalizes the increased electroactivity from these films. In the

2+
case where Fe(vbpy)3 is the intersalate, electrolysis entails the

reduction of Fe(vbpy)32+ which subsequently initiates

polymerization. The accompanying process of maintaining charge

neutrality by cation uptake or ejection of anions can not involve

F e ( v b p y) 3 2 + , which should remain in the gallery. The

thermodynamics of ejecting a polymer from the gallery to maintain

charge neutrality upon oxidation of Fe(vbpy)32+ should be

significantly less favorable than uptake of an anion. This is

supported by the X-ray diffraction pattern having Fe(vbpy)32+

present in the galleries at quantities greater than 1 CEC. Moreover,

activation of ions in the gallery from intersalated films is further in

evidence by the comparison of the films prepared by the

electropolymerization of Fe(vbpy)32+ in 0.38 um films of intersalated,

88 % Fe(vbpy)32+ pre-exchanged and Na+-exchanged montmorillonite

using 10 mM Fe(vbpy)32"'. The limiting currents obtained from

intersalated, pre-exchanged and Na+-exchanged films corresponded

to 1.1 x 10'3 coulombs which is 2.4 of the CEC, 4.2 x 104 coulombs
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which is 0.9 of the CEC, and 3.3 x 10'4 coulombs which is 0.7 of the

CEC respectively. The electroactivity of the polymerized Fe(vbpy)32+

intersalated film (2.5 CEC) corresponds closely to that measured on

the first scan from of an intersalated Fe(bpy)32+ film (2.8 CEC). The

similarity in the electrochemical responses on the initial scans for

these films is satisfying because the overall microstructures should

be initially similar. However, the electroactivity observed from the

polymerized film is prolonged because the metal complex can not

escape from the gallery.

C. Conclusion

Voltammetric investigations demonstrate unequivocally that

tris(bipyridyl) metal complexes and methylviologen cations bound

electrostatically to the exchange sites of montmorillonite are

rigorously electroinactive. This electroinactivity is believed to result

from the inability of ions to move in and out of the gallery region

between the clay layers, which is required in order to maintain

charge neutrality after electron transfer has occurred. Alternatively,

electroactivity is observed from ions located in defect zones in the

clay film near the electrode (Region 1) whereas ions in isolated areas

further from the electrode (Region II) are inactive. The amount of

electroactivity from these films can be increased if Fe(vbpy)32"’ is

electropolymerized within the clay film, presumably resulting from

extension of Region I by providing a means to shuttle charge to

remote ions. By forming intersalates, counterion motion through the

galleries between the clay layers is permitted. Although intersalated
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ions appear to be electrochemically active owing to the observation

of 3 CEC activation in the films; the metal complexes are rapidly

expelled from the galleries of intersalate upon electrolysis.

Immobilization of ions within intersalated montmorillonite can be

accomplished by the electrochemical polymerization of Fe(vbpy)32+.

Similar electroactivity is obtained from the Fe(vbpy)32+

intersalated/polymer films (2.5 of the CEC) as that for Fe(bpy)32+

intersalates. However, for the former the X-ray diffraction pattern

obtained after electrolysis of an intersalated film suggests that metal

complex is retained within the clay galleries. The combination of the

X-ray and coulometric data strongly supports the hypothesis that

gallery ions can be activated in intersalated clay/poly-Fe(vbpy)32+

2+
films. These clay/poly-Fe(vbpy)3 composites are very stable to

prolonged electrochemical oxidation and have been shown to

demonstrate electrocatalytic activity similar to poly-Fe(vbpy)32+

films on bare electrodes.



CHAPTER IV

POLYPYRIDINIUM BASED MODIFIED ELECTRODES



A. Background

Electron transfer reactions between highly exergonic

intermediates provide a means of generating excited states which

cannot readily be prepared via photoexcitation. Electrogenerated

chemiluminescence (ecl) arises from the electron transfer reactions

of electrochemically generated oxidized and reduced intermediates

(often called an annihilation reaction) with sufficient energy to

populate an emisive excited state of one product. A major advantage

of ecl is that the production of high energy intermediates required

for luminescence occurs at an electrode, whereas chemiluminescence

(cl) requires sacrificial destruction of an added species. Although

sufficient electrochemical excitation energy is a necessary

requirement for ecl, it is not sufficient. For example, most organic

systems have enough energy to populate excited states, yet low

excited state production yields 0 c are observed,28°'282 (0 cs is
8

defined as the equivalents of excited states produced per electron

transferred). Typically a nonemissive triplet intermediate is

populated and subsequent triplet-triplet annihilation yields the

emitting singlet state. Because triplet-triplet annihilations are

inherently inefficient, low 0 es are often observed.283

Conversely, most inorganic complexes have low lying emissive

excited states that can directly be populated upon annihilation.

Inorganic ecl systems should therefore possess higher excited state

production ylelds 0 c than thelr organic counterparts. Despite the

discovery of several inorganic systems possessing ecl chemistry,234'

239 measured excited state production yields of few systems

138
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approach unity.29°'291 The origin of these low yields is sometimes

known (i.e. decomposition of one or both of the electrogenerated

reactants),.292'294 but for many systems these explanations are not

applicable. Low yields are nevertheless observed. Recently, Mussel]

and Nocera295 accounted for the low excited state production yields

of highly exergonic inorganic systems by employing current electron

transfer theories. The general reaction scheme summarizing this

analysis is shown in Figure 28. Annihilation between oxidized

hexanuclear cluster M06C114' and reduced pyridinium compounds (D)

results in production of M06C1142' in its electronically excited state

(reaction 1) or ground state (reaction 2). An excited state production

yield of ~ 8 % was observed. For highly exergonic systems such as

these (A G“ 2 2.2 eV) electron transfer can occur at distances greater

than closest contact. Long distance electron transfer is shown to

circumvent excited state production (reaction 1) and facilitate

reaction to ground state (reaction 2). By using the steady-state

equilibrium pair distribution model for electron transfer, the

dependence of the excited state kes and ground state kgs rates on the

distance at which electron transfer occurs, is shown in Figure 29. An

increase in distance is accompanied by a steady diminution of Ices

owing to an increase in the outer-sphere reorganizational energy

(7.0) and accompanying decrease in electronic coupling (HA3)

between reactant pairs. Conversely opposite behavior is observed

for kgs. Because annihilation to produce ground state reactants

occurs in the inverted region, an increase in distance is manifested in

a monotonic decrease of the outer sphere reorganizational energy

and hence increase in rate. This rate increase originating from the



140

Figure 28

Annihilation reaction between oxidized M6X14' cluster and

reduced pyridinium ions to produce cluster in its emissive

excited state or ground state.
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Figure 29

Distance dependence of the differential bimolecular rate

constant for the excited-state (es) and ground-state (gs)

electron-transfer channels for the reaction between M06C114'

and one electron reduced 4-cyano-N-methylpyridinium.
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outer sphere reorganizational energy competes with a decrease in

rate resulting from attenuated electronic coupling with distance. The

net result is that [:88 will increase and maximize at electron transfer

distances greater than closest contact. In this case reaction to ground

state will prevail and low (D cs will be observed. Significantly, this

model predicts unit excited state production efficiencies for

annihilation in which the reactant pairs are confined to closest

contact during electron transfer?”

Control of the electron transfer distances in ecl reactions may

be accomplished in polymer modified microstructures. The ability to

obtain ecl from a luminescent inorganic ion, Ru(bpy)32+

®
electrostatically bound within a polymer (Nafion , a sulfonate based

(‘1 296-300
polymer) has been establishe In these systems, ecl is

3+
obtained from electron transfer between oxidized Ru(bpy)3 and a

sacrificial electron donor C2042} the polymer does not participate in

®
the annihilation reaction (Nafion is an insulator). In this regard the

ability to produce ecl from covalently linked poly-Ru(vbpy)32+ 30‘

and polyvinyl-9,10-diphenylanthracene302 attached to electrodes has

been described. These systems however do not exhibit unit excited

state production yields even though they are covalently linked and

electron transfer can occur between neighbors on the same chain.

Presumably the floppiness of the polymer backbone does not fix the

neighboring reactant pairs at closest contact and annihilation

reactions occur at long distances.

This problem should be overcome by juxtaposing reactants by

the formation of a tight ion-pair. This might be achieved by

substituting the pyridiniums of Figure 28 with polymer bound
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pyridinium and bipyridinium ions. One electron reduction of the

bipyridinium ion will maintain a favorable electrostatic interaction

between negatively charged oxidized cluster and monovalent

bipyridinium radical cation. Indeed, addition of bipyridinium cations

to solutions containing M06C1142' result in the immediate

precipitation of an insoluble salt thereby suggesting that polymeric

films containing pyridinium and bipyridinium groups attached to

electrodes may tightly bind clusters by ion-pair formation.

An ecl reaction scheme for M6X142‘lpyridinium or

bipyridinium systems is shown in Figure 30. The electrode is poised

to a value positive enough to oxidize cluster, and then rapidly

stepped to a value sufficiently negative to reduce the pyridinium or

bipyridinium based polymer. The resulting electron transfer

between oxidized cluster and reduced polymer can populate the

excited state of the cluster (providing the polymer has a reduction

potential of at least -0.64 V vs. SCE) which in turn can emit light.

The use of both conducting and insulating polyionic polymers, which

electrostatically bind electroactive organic and inorganic ions by ion-

exchange processes is well established."6 Typically, the polymeric

film is cast onto the electrode and ion exchange is accomplished by

soaking the electrode in a dilute solution containing the ion of

interest. The electrode is then transferred to a solution containing

just electrolyte (actually most investigations have maintained a very

low concentration, 10'5 M of the exchanged ion in the electrolyte

solution to prevent reverse ion exchange from occurring) and

electrochemical studies are performed.
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Figure 30

Reaction scheme for generation of excited state M6X14' cluster

upon annihilation of oxidized cluster ion and a one-electron

reduced poly-pyridinium based polymer.
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Of course the success of controlling electron transfer in M6X142'

[pyridinium or bipyridinium based polymers requires microscopic

design of the polymer microstructure. Polymer microstructures have

synthetically been tailored to accomplish specific functions. For

example cobalt tetraphenylporphyrin is known to catalyze the

reduction of molecular oxygen to hydrogen peroxide, which makes it

useful in fuel cell schemes. The expense and difficulty associated

with its preparation stimulated attempts to immobilize small

quantities of the porphyrin on electrode surfaces. However, free

standing films of the porphyrin do not adhere to the electrode, and

when confined within polymers the porphyrin does not communicate

with the underlying electrode. This problem was resolved by Buttry

and Anson who introduced redox active ions into polymers to shuttle

charge between the electrode an isolated redox species.2“2’303 To

this end, the polymer microstructure has crudely been manipulated.

More precise control of polymer microstructures is seen in

Wrighton's use of polymer modified small band-gap semiconductor

electrodes to catalyze hydrogen evolution.3°‘"307 Silicon is modified

with a positively charged bipyridinium polymer. Incorporation of

PtC162' by ion-exchange and subsequent reduction to Pto permits the

surface area for electrochemical contact to be increased thereby

enhancing the rates for catalytic reduction of water in these

microstructures. This procedure for converting polymers into porous

electrodes has been exploited by several other research

groups.125,308,309

Perhaps the most specific case of synthetically designing

polymer microstructures arises from the possibility of using
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polymers as semi-conductors or molecular wires. Many polymers

are conductors in their oxidized or reduced states, such as

polypyrrole.310 However, these systems are of limited use because

their switching times are several orders of magnitude slower than

those of conventional solid state electronics, because the rate limiting

step for switching the potential is counterion uptake. This problem

has recently been eliminated by synthetic design of a new class of

311-312 These polymers eliminateself-doped conducting polymers.

charge compensation as the rate limiting step by covalently attaching

an oppositely charged functional group onto the redox active moiety.

Therefore, when the polymer is electrochemically activated, a

zwitter-ion results and thus switching times are intrinsically faster.

Presented here are our investigations of the charge transport

processes of hexanuclear cluster complexes ion-exchanged into

polyionic films. Unit excited state production yields of synthetically

designed M6X142'lpoly- pyridinium or bipyridinium based polymeric

microstructures might be attained if the cluster ion is completely

immobilized at the polymer redox site. The mechanism for ecl with

the oxidized cluster/reduced pyridinium based polymer systems,

(Figure 30) requires rapidly stepping the electrode potential past

their respective redox couples resulting in electron transfer between

reactant pairs. This scheme operates well if the charge propagation

rates for cluster ions and polymer redox sites are equal. However

this will only occur if their rate limiting steps are the same (i.e.

motions of the polymer backbone or counter-ion movement). The

potential problem with unequal propagation rates is demonstrated

here, in a typical experiment the electrode is first biased to an
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oxidizing potential generating M6X14' then rapidly switched to a

negative enough potential to produce reduced polymer, although this

potential can also reduce M6X14' back to M6X142'. Therefore, if the

charge propagation rate of the cluster is significantly faster then for

the polymer the cluster will be reduced by the electrode and not by

the polymer. This could be avoided by reducing the polymer first,

(this scenario could be reversed with the polymer charge

propagation rate being faster than the cluster). Thus a complete

understanding of the mechanisms of charge transport within these

films is required in order to establish that tight binding is occurring

in these systems and that the appropriate annihilation reaction be

established for ecl chemistry.

B. Results and Discussion

1. PVP+—Me Polymer Modified Films

Polyvinylpyridine (PVP) coordinates inorganic metal

107.174.182.224
complexes and in acidic solutions electrostatically binds

multicharged inorganic anions.313'316 In addition to protonation the

nitrogen of the PVP moiety is easily quaternized with alkyl

halides.1“7'3”‘319 Quatemized PVP is ideal for our studies because

the polymer will retain it's positive charge in nonaqueous solvents.

Furthermore, an ion-pair can be formed between the M6X142' ion and

two quaternized PVP units. Prior attempts to incorporate negative

ions into these films in acetonitrile have failed.147 Interestingly we

have found that by choosing appropriate experimental conditions,
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negative ions can be exchanged into these films and the immobilized

anions display electrochemical activity.

Initial investigations utilized N-methyl-4-polyvinylpyridinium

(PVPi—Me), l as the polymer backbone. The NMR spectrum of (PVP

—Me)PF6 prepared as described in Section II.A.2.b in CD3CN is shown

in Figure 31. The peak assignments are 6(peak shape, number of

protons from integration): 7.8(b, 2H), 6.5-7.0(b, 2H), 3.6(b, 3H), 1.6(s,

2H), 1.3(b, -). A contaminant present at 1.1-1.2 ppm, prohibits the

accurate integration of the peak at 1.3 ppm and cannot be

eliminated, even after three recrystallizations of PVPt—Me. Although

it's origin is unclear, this impurity is electrochemically inert. The

bump at 1.93 ppm is from the solvent and is used as the reference

peak. The broadness of these peaks is common for polymers and is

the result of dipolar broadening from neighboring protons.320

Although any M6X142' (M = M0, W and X = Cl, Br) cluster ion

can be ion-exchanged into PVP“—Me, W6Br142‘ was employed as the

probe ion of choice for the charge transport characterization because

W 6Br142’ possesses an easily accessed, reversible oxidation couple

E1,2 (W6Br14'lz' = +0.98 V vs. SCE in acetonitrile). Films were

prepared by droplet evaporation of a methanol solution containing

1.3 % of (PVP—Me)PF6 (cluster does not incorporate if the films are

cast from aqueous solutions) on platinum or glassy carbon electrodes.

Modified electrodes were soaked in a acetonitrile solution containing

2.0 mM W6Br142' followed by several washings with acetonitrile. If

the surface coverage of the polymer is less than 1 x 10'“ moles/cm“,

the cluster completely leaches from the film within several cyclic

voltammetric scans. However, thicker films retain WéBr142‘ for over
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Figure 31

A 250 MHz NMR spectrum of N-methylpolyvinylpyridinium

hexafluorophosphate in CD3CN.
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24 hours of continuous soaking in acetonitrile. In the following

studies platinum electrodes were employed although glassy carbon

also work as well.

Figure 32 shows the cyclic voltammograms of WGBr142‘ in

acetonitrile containing 0.2 M TBAPFG, PVPL—Me film adsorbed on

platinum with a surface coverage of 2.2 x 10'6 mol/cm“, and an ion-

exchanged W6Br142'lPVPL-Me film. For the native film two

chemically irreversible waves appear at -l.31 V and -1.45 V vs. SCE

attributable to multiple E“ values for the reduction of pyridiniums in

different microenviomments. The irreversibility of these waves may

arise from dimerization of PVP rings in the 2-position upon

reduction; the dimerization of a monolayer of N-methyl-2-

polyvinylpyridinium is known to occur in the four position at a

potential of -1.32 V vs. SCE.87 The reduction waves, which persist for

several scans, correspond to activation of only 0.5 % of the

pyridinium sites in the polymer as determined by coulometry.

Limited electrochemical response from these films is a signature of

poor swelling of the polymer by acetonitrile producing an energy

barrier for electron hopping. The polymer reduction waves are

attenuated and broadened upon incorporation of W6Br142' into the

film. Moreover, both of these observations are consistent with ion-

pairing in the polymer film. For the latter a tighter ion-pair between

PVPi—Me and WéBer' as opposed to PF6' results in stiffening of the

polymer chains, which restricts the polymer motions required for

site-to-site electron hopping. The enhanced decay of the polymer

response upon incorporation of cluster is consistent with the cluster
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anion bringing two pyridinium sites together, thereby facilitating

dimerization in the polymer.

The reversible oxidation of the W6Br142' ion is preserved in

PVPi—Me films. A measured EDI/2 = +1.05 V (Figure 32c) is shifted

60 mV positive to the value observed at the bare electrode (Figure

32a). This shift is expected on the basis of simple ion-pair

considerations. The binding of the cluster anions to the positively

charged polymer will stabilize the negative charge of the cluster

making it thermodynamically more difficult to oxidize. The oxidation

wave of W6Br142' displays diffusional behavior (diffusional tail). A

peak separation (AE - 130 mV) greater than the expected 59 mV is

probably due to uncompensated film resistance because increasing

the electrolyte concentration is accompanied by a resultant decrease

of A E. Further support for diffusional behavior is provided by the

linear relationship between the cyclic voltammetric peak current ip

and the square root of the scan rate 121/2 (Figure 33). The amount of

electroactive W6Br142', determined by coulometry, corresponds to a

15 % loading (assuming 93 % of the pyridinium sites are methylated

as determined by NMR spectroscopy). The concentration of

electroactive W6Br142' (mol/L) in the film Ccluster can be determined

by

Q 9103
HEEL...—

C:cluster=F It (16)

(w polymer)

where chuster is the coulombs of W6Br142' determined by

coulometry, p is polymer density (g/cm3), F is Faraday's constant,
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Figure 32

Cyclic voltammograms of: (a) WéBer' dissolved in acetonitrile

containing 0.2 M TBAPF6 at a bare platinum electrode; (b) a

PVP‘L-Me film with a surface coverage = 2.2 x 10‘6 mol/cm2

absorbed onto a platinum electrode immersed in an acetonitrile

solution containing 0.2 M TBAPF6; and (c) a PVP+—Me film ion-

exchanged with W6Br142' immersed in an acetonitrile solution

containing 0.2 M TBAPFG.
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Figure 33

A plot of peak height ip a (11A) vs. the scan rate (mV/s) for the

anodic wave of the CV reproduced in Figure 32c.
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and wt is the weight (g) of PVPt—Me deposited onto the
polymer

electrode. A polymer density of 0.91 :l: 0.02 g/cm3 was determined

by dissolving a known quantity of polymer into a known volume of

acetonitrile and accurately measuring the volume change. A density

of ~1.0 g/cm3 was independently determined by dividing the film

surface coverage mol/cm2 by the film thickness (the thickness

determined by profilometry is equal to 5.6 um). However, because

the film must be dry for profilometry measurements, the density

measurement of 0.91 g/cm3 is deemed more accurate. It is

interesting to note that the density determined by using the dry film

thickness corresponds to a 15 % error due to swelling effects, which

is in good agreement with other polymeric systems studied.22°'321

On the basis of 0.91 g/cm3, a maximum cluster concentration of 0.70

M is calculated from eq 16. This value falls into the 0.1-5.0 M range

calculated for most polymeric films containing redox ions.l During

the characterization of W6Br142'lPVPL—Me films it was noticed that

upon cycling the potential, the peak current for the W6Br142' wave

decreases in a regular manner. The decrease in the peak current is

more pronounced at slower scan rates. However, if the electrode was

soaked without cycling for extended lengths of time, for a given scan

rate, much smaller attenuation was observed. Thus scanning the film

promotes a loss in electroactivity, and this loss is most prominent at

slow scan rates. Possibly cluster ion in the dianion form binds tightly

in the film whereas the monoanion diffuses freely, exits the film, and

is lost to bulk solution. This mechanism would require a

corresponding uptake of anions from the electrolyte and therefore,

should be affected by electrolyte concentration. Although, increasing
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the concentration of electrolyte did not dramatically perturb the loss

of electroactivity of the film, an additional attenuation of 10 % was

observed when the TBAPF6 concentration was increased from 0.2 M

to 0.8 M. By taking into account the fact that increased electrolyte

concentrations also increase the leaching rate without cycling the

potential. an effective increase in rate of cluster departure from the

film upon oxidation in a 0.8 M TBAPF6 solution is 8 %. Interestingly

Mortimer and Anson321 observed the opposite behavior, for the 2-

l3- and 3-/4- reductions of inorganic ions exchanged into

bipyridinium films in aqueous solutions. In their case, the more

negatively charged ion leached from the film. They attribute this

behavior to the necessity of maintaining charge neutrality within the

film. This explanation does not apply here because the oxidation of

the cluster would induce cluster anion uptake and not its ejection.

Moreover, in Mortimer and Anson's study the redox couples were

polyionic in both oxidized and reduced forms and thus can

electrostatically crosslink the polymer in either form. Differences in

electrostatic interactions, therefore, should not perturb the polymer

significantly upon oxidation or reduction. In these investigations, the

monoanion WéBrM' can not electrostatically crosslink the polymer

and therefore unlike it's polyanion W6BI’142' counterpart will not

have the effect of crosslinking to hinder its diffusion from the film.

The electrostatic binding of the cluster ions within PVPL-Me

2-

will be reflected in the diffusion coefficients of W6Brl4 and

W 6Br1 4'. Before these values can be determined for W6Br142' in a

polymer matrix swelled by acetonitrile, the diffusion coefficient of

W6Br142’ in acetonitrile at a bare electrode needs to be determined.
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Unfortunately very few determinations of diffusion coefficients for

inorganic ions in nonaqueous solutions have been reported. Adams

et al. have demonstrated that diffusion coefficients of many organic

ions determined by chronoamperometry in low viscosity solvents are

inaccurate?”323 Errors in the value of n1. (the apparent number of

electrons transferred considering slow kinetics), undetermined side

reactions with impurities, and film formation on the electrode

surface are all causes for the anomalous measurements of diffusion

coefficients of organic ions. Although these problems do not exist in

most inorganic studies, diffusion coefficients of inorganic ions in

nonaqueous solvents vary significantly with methodology of

measurement. For example reported diffusion coefficients for

ferrocene determined in acetonitrile varies from 7.0 x 10'“ to 2.4 x

10'5 cm“/s.324'32“ Thus it is instructive to examine the diffusion

coefficients obtained for W6Br142 in acetonitrile by several different

techniques.

Diffusion coefficients are determined readily by

chronoamperometry from the slope of the plot of i(t) vs. t'”2

(equation 10) and cyclic voltammetry from the plot of i vs. 121/2
P

(equation 4). Chronopotentiometry is also a useful technique for

determining diffusion coefficients by utilizing the Sand equation,

 

11,2 _ I’lFAIDIIZIIillchl

21 (17)

where ‘t (s) is the transition time (the amount of time required for

the concentration C‘ of redox material to drop to zero at the
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electrode) resulting from the application of a constant applied

current 1 (amps) to the electrode. The slope of the line obtained by

plots of ‘t at different applied currents directly yields D. Finally,

rotating disc voltammetry is a very accurate technique for

determining diffusion coefficients. The limiting current il (amps) is

related to D2,3 by the Levich equation

, 0.620 nFAD2/3w1/2C‘

1l = 1,1/6 (13)

where (D is the angular rotation rate (8), and v the kinematic

viscosity (cm2/s, for acetonitrile v is equal to 4.67 cmzls at 25

°C).327 Plots of the i(t) vs. t1/2, ip vs. 121/2, Tm vs. 1/i, and il vs.

m m were linear with correlation coefficients of at least 0.9998. The

diffusion coefficients obtained for W6Br142‘ in acetonitrile by these

different techniques are summarized in Table 10. The values are in

good agreement with each other with an average value of 10.1 :1: 0.9

x 10‘“ cm2/s. Of these techniques, cyclic voltammetry is believed to

be the least reliable because the value of the Randles-Sevcik constant

depends on the electrode and varies between 2.52 - 2.72 x 105,

errors in the diffusion coefficient as high as 16 % can result.

Chronopotentiometry suffers from large double layer charging effects

resulting from continual change in potential and the large potential

steps required in chronoamperometry causes significant transient

perturbations. Rotating disc voltammetry is reliable because large

potential or current steps are not required. steady state is achieved

very rapidly, and most importantly the Levich equation is rigorously
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Table 10

Diffusion Coefficients of W6Br142' in Acetonitrile

Determined by Different Electrochemical Techniques.

 

Concentration Electrochemical Diffusion Coeff.

of W6B r1 42' (m M ) Technique x 10“ (cm2 / s)

2.26 Cyclic Voltammetry 8.9

3.17 Cyclic Voltammetry 9.0

1.02 Rotating Disc Voltammetry 9.4

3 .34 Chronoamperometry 10.2

2.80 Chronopotentiometry 11.9
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derived from hydrodynamics; diffusion coefficients can be

determined to :l: 1 %. Therefore, we believe the diffusion coefficient

of 9.4 x 10'6 cmzls obtained from rotating disc experiments to be the

most dependable measurement of W6Br142' in PVP+—Me. This value

agrees very well with the diffusion coefficients measured for

Fe(bpy)32+ (D = 1.10 x 10‘5 cmzls) and Fe(phen)32+ (D = 1.08 x 10'5

cm2/s) in acetonitrile.327 Both WGBer' and Fe(L)32"' ions have

charges z = 2, and similar ionic diameters d(Fe(bpy)32+ = 10.5 A,

d(Fe(phen)32+) = 10.8 A, and d(W6Br142')= 12.0 A. Thus similar

diffusion coefficients for these systems is expected with the larger

size of the cluster explaining it's slightly slower diffusion.

The apparent diffusion coefficient Dapp for W6Br142'

electrostatically bound within PVP+—Me can be determined most

easily by chronoamperometry using the Cottrell equation (eq 10)

providing the film thickness and quantity of cluster inside the

polymer are known. The film thickness was determined from the

above mentioned density measurements, and the amount of

exchanged cluster was determined by coulometry. The calculated

D app for W6Br142‘ is 9.1 x 10'9 cmzls. The diffusion coefficient for

W6Br14' is provided by reverse step chronoamperometry. This

technique involves the application of a potential step to the mass

controlled region for a known amount of time, 't (s), and then the

electrode potential is stepped back to zero. For reversible reactions

the diffusion coefficient can be determined by the relation,



 

(19)

and is found to be 1.8 x 10'8 cmzls for W6Brl4'. This value is more

than twice that obtained for W6Br142‘ in the polymer film and

provides strong evidence in support of the prediction that the

W68r142' cluster is bound more tightly than W68r14' in the film.

Substitution of the measured diffusion coefficient and the PVP

film thickness into eq 4 (Section 1) permits the approximate amount

of time required for the W6Br14' to reach the outer edge of the

polymer film to be assessed. For D = 1.8 x 10'8 cm2/s and d = 5.6 pm

a value of 8.7 s is obtained. In other terms, if the potential of the

electrode is stepped to a oxidizing enough value to ensure mass

transfer controlled diffusion, a significant loss of redox material

should occur at 8.7 seconds. Although cluster is always leaching

from the film, the leaching process levels off once the loading of the

film reaches approximately 4 %. At this value, cluster exits the film

very slowly, unless the potential is cycled. A plot of the the amount

of material lost (as determined by coulometry) when the potential of

the electrode is stepped to +1.2 V for increasing times is shown in

Figure 34. The transition time of ~ 12 s agrees surprisingly well with

the predicted value of 8.7 s when one considers the errors associated

in determination of the film thickness. For example, assuming that

swelling of the film increases the thickness by 15 %, the predicted

transition time would increase to 11.5 seconds. Thus, W6Br142' is

bound strongly whereas W6Br14' can freely diffuse and exit the film,

resulting in attenuated currents.
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Figure 34

The rate of W6Br142' ion departure from an PVP"—Me film on a

platinum electrode after potential steps to +1.3 V vs. SCE for

increasing times.



168

 

15'

%
W
6
B
l
‘
1
4
2
'

l
o
s
t

10'

 
l

5
10

15

time, see

Figure 34

 



169

2. PQ2+ Polymer Modified Films

Cluster ions can be incorporated into PVP'LMe polymers and

undergo electron transfer with the underlying electrode. However,

the original goal of a tight ion-pair is not achieved. The favorable

binding of W6Br142' within the polymeric support is vitiated upon

cluster oxidation. The measured diffusion coefficients and time

traversal studies clearly establish a freely diffusing W6Br14' ion

within the PVP+—Me microstructure. A tighter binding of the cluster

in it's oxidized form might be achieved by utilizing a polymer with

more highly localized positive charge density. Accordingly, the 4,4'-

bipyridinium based polymer, N,N'-bis[-3-(trimethoxysilyl)propyl]-

4,4'-bipyridinium, (PQ2+), 2, first developed by Bookbinder and

Wrighton,328 was investigated.

The NMR spectrum of PQ2+ prepared as described in Section

II.A.2.c in D20 is shown in Figure 35. The peak assignments are

6(peak shape, number of protons from integration, coupling

constants): 9.17(4H, d, J = 7 Hz), 8.61(4H, D, J = 7 Hz), 4.77(4H, t, J = 7

Hz), 3.36(18H, s), 2.24(4H, q, J = 7 Hz), 0.84(4H, t, J = 7 Hz). Polymeric

films were prepared by electrochemically depositing monomeric PQ2+

onto platinum oxide and tin oxide electrodes (Section II.B.2).

The cyclic voltammogram of PQ2+ (surface coverage 5.2 x 10'9

mol/cmz) in an acetonitrile solution containing 0.2 M LiClO4 is given

in Figure 36a. Two waves corresponding to the consecutive one-

electron reductions of the PQ2+ to PQ+ to PO“ are observed. A AB!) =

28 mV and FWHM for both Ep’c and Ep’a = 90 mV for the PQZH“

wave is clearly indicative of thin cell behavior. However, this



170

Figure 35

A 250 MHz NMR spectrum of N,N-bis[-3-

(trimethoxysilyl)propyl]-4,4'-bipyridinium diiodide in D20.
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Figure 36

Cyclic voltammograms of a platinum oxide electrode modified

with a PO“ film (surface coverage = 5.2 x 10'9 mol/cmz)

immersed in an acetonitrile solution containing 0.2 M LiClO4

upon scanning the potential: (a) past the one electron reduction

waves of PO“; (b) past the one electron reduction waves of

PO“ after addition of 50 11M W6Brl42' to the acetonitrile

solution; and (c) past the oxidation of W6Brl42' after

incorporation of the cluster ion into the PQ2+ film.
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behavior is not observed when the film is transferred to a solution

containing 75 11M W6Br142’. As shown in Figure 36b, AEp increases

to 45 mV and the FWHM of anodic component of the wave increases

to 140 mV but the 90 mV FWHM cathodic component of the wave is

preserved. The increased peak separation is expected for tighter

ion-pairing of the polymer with the cluster than with the supporting

electrolyte ClO4'. The unusual behavior of the FWHM values for the

anodic and cathodic components of the reduction wave are most

probably related to the microstructure. The wave for the W6Br14’/2'

couple is diffusional in shape and behavior (Figure 36c), with a peak

separation A Ep of 75 mV and peak current directly proportional to

the square root of the scan rate.

No electrochemical responses from incorporated cluster was

observed if the film coverages of PQ2+ were greater then 1.5 x 10'8

mol/cm“. This is in direct contrast to PVP polymeric films, which

require thick films for prolonged electrochemical responses. The

difference between the two systems is believed to originate from the

much tighter binding of the cluster in PQ2+ polymer films which will

be manifested in a more rigid polymer network. Thus PQ2+ films in a

0.2 M LiClo4 acetonitrile solution with a coverage of 1.5 x 10'8

mol/cm2 display reversible thin cell behavior. However addition of

50 11M W6Br142‘ to the contacting acetonitrile solution shuts down the

current due to polymer reduction after four potential scans (Figure

37). Therefore, investigations of charge transport of anions

exchanged into PQ2+ polymer films from acetonitrile must utilize thin

films.
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Figure 37

The first four consecutive cyclic voltammograms of a PQ2+ film

attached to a platinum oxide electrode (surface coverage = 1.5 x

10'8 mol/cmz) placed into an acetonitrile solution containing

0.2 M LiClo4 and 5 uM W6Br142'.
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The electrochemistry of PQ2+ films has been studied

extensively in both aqueous and nonaqueous solutions.133'134'220'306'

303-322-3234” However, to our knowledge the diffusion coefficient

for charge propagation (Dc!) for PQ2+ films in nonaqueous solvents

have not been reported. This value can be calculated using the

Cottrell equation (eq 10) providing the area of the electrode, surface

coverage I" (mol/cmz), and film thickness are known. The surface

area of Pt0 electrodes measured by electrochemical techniques are

slightly larger than the areas calculated from physical dimensions of

the electrode. For example, the Pt0 electrodes have a measured area

of 0.020 cm“, while the electrochemically determined area using

Fe(CN)64' as the standard is 0.028 cm“; for the latter, the surface

coverage was determined by dividing the coulombs under the

reduction wave by both Faraday's constant and the electrochemically

determined area of the electrode (the common practice in the

literature, when this procedure is used, is to report the surface

coverage as 1" where corr stands for corrected value). The
COI'I’

thickness values were determined by profilometry. The Dct for the

reduction of PQ2+ by chronoamperometry could not be determined

because potential steps large enough to overcome resistive effects

could not be achieved. Therefore, the potential was initially stepped

past the reduction wave for several seconds to ensure complete

reduction of the film, and after the potential was stepped back to

zero volts the current response as a function of time was measured.

The charge transfer diffusion rates Dct for PQ2+ were determined for

films immersed in acetonitrile solutions containing 1.0 M LiClO4 as

described in Section 11.8.4. The average diffusion coefficient Dct of
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6.3 :I: 0.4 x 10‘11cm2/s was obtained from three independent

measurements of films ranging in coverages 1"corr from 9.2 x 10'9 to

1.2 x 10'8 cmzls in acetonitrile. The Dct for PQ2+ obtained in aqueous

solutions containing 1.0 M l.iClo4 is 11.0 x 10'11cm2ls.22° The fact

that the propagation of charge for PO“ is twice as fast in water as it

is in acetonitrile suggests that polymer motions or counter-ion

mobility is the rate limiting step for charge transport because water

will swell PO“ to a much greater extent than acetonitrile.

The apparent diffusion coefficient Dapp for W6Br142'

electrostatically bound within PQ2+ can be determined from the

Cottrell equation according to the procedure described in Section

II.B.4. The calculated values of Dapp for W6Br142' and M06C1142‘ are

8.7 x 10'11 and 8.9 x 10'11 cm2/s respectively. This value is over 2

orders of magnitude slower than is observed for W6Br142'

electrostatically bound in PVP'L-Me. Clearly the tighter binding

pocket in the PQ2+ polymer film causes more restricted movement of

the cluster dianion.

3. EVDQ2+ Polymer Modified Films

Although, PQ2+ films display stronger binding towards

W6Br142' than PVPi—Me, cluster ions are still leached from PQ2+ films

upon cycling the potential several times in acetonitrile solutions

containing only electrolyte. This observation provided motivation for

the design of a polymer with even tighter binding sites. Inspection

of the PQ2+ unit reveals the distance between the nitrogen atoms in

4,4'-bipyridine is 7.1 A332 The positive charge can be concentrated
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by bringing the nitrogens into the 2,2' position of the bipyridine

where the nitrogens are only separated by 2.8 A332 Therefore, the

charge density of the electrostatic pocket for a 2,2'-bipyridinium

based polymer should be larger than that for a 4,4'-bipyridinium

based polymer and the cluster should be more tightly bound.

Accordingly, electrochemical investigations turned to 4-vinyl-

4'-methyl-N,N'-ethylene-2,2'-bipyridinium (EVDQ2+), 4, which was

first described by Murray and coworkers.‘22377-277.335 Preparation

of EVDQ2+ is described in (Section II.A.2.e). The starting material for

the synthesis of EVDQ2+ is 4-vinyl-4'-methyl-2,2'-bipyridinium

(VDQ), 3, (Section II.A.2.d). Low temperature sublimation of the

product as the final step in the purification procedure eliminates all

starting materials and produces a highly purified product as

demonstrated by elemental analysis (Anal. Calc. (Found)) for

C13H12N2-1/4H20: C, 77.81 (78.51); H, 6.29 (6.30); and N, 13.96

(13.95) and NMR spectroscopy. The NMR spectrum of VDQ prepared

as described in Section II.A.2.d in CD3CN is shown in Figure 38. The

peak assignments are 6(peak shape, number of protons from

integration): 8.47 (1H, d), 8.36 (1H, d), 8.21 (1H, s), 8.05 (1H, s), 7.14

(1H, d), 6.97 (1H, d), 6.61 (1H, q), 5.94 (1H, d), 5.40 (1H, d), 2.33 (3H,

s) which agree well with the literature.221'333'334

The characterization of EVDQ2+ is more difficult. The NMR

spectrum in both D20 and CD3OD produces broad and uninformative

peaks. That the initial light green EVDQ2+ turns a deep purple upon

dissolution in water suggesting the presence of radical impurities, a

fact confirmed by EPR data. Elemental analyses are in poor

agreement with the values expected for EVDQ2+(Anal. Cale. (Found))
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Figure 38

A 250 MHz NMR spectrum of 4-vinyl-4'-methyl-2,2'-

bipyridinium in CD3CN.
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for C15H16N2-H20: C, 44.80 (42.08); H. 4.51 (4.52); and N. 6.97 (6.63).

Fast Atom Bombardment Mass Spectrometry (FABMS) display a

parent peak at 243 corresponding to the molecular weight of EVDQ“

plus a water of hydration.

The polymerization of EVDQ2+ has been reported to occur via

free radical initiation of the vinyl group at the electrode.122

However, we believe that the overall process is more complicated

and probably involves contributions from electro-deposition as well.

Neutral EVDQ is less soluble in acetonitrile than EVDQ2+ and readily

adsorbs onto the electrode. Evidence for electro-deposition is

predicated on the fact that polymeric films are not formed with the

one electron reduction of EVDQ“ but rather require the cycling of

both reduction waves; vinyl centered free radical polymerization

usually requires only one-electron reductions. In addition growth of

the polymer in TBAP, TBAPF6, TMAP6, and TEAP (at high

concentrations of EVDQ“) all display absorptive postwave spikes

after the second reduction wave which is characteristic of electro-

101.113
deposition. Postwave spikes are not observed for dilute

concentrations of EVDQ2+ in TEAP previously reported in the

literature122 , and hence have previously escaped detection. Also

only thin films can be grown (the thickest film obtainable was 2.1 x

10'8 mol/cmz) which is also characteristic of electro-deposition.

Nevertheless, film growth does include a polymerization component.

No film is obtained from the monomer without the vinyl group 4,4'-

dimethyl-2,2‘-bipyridinium (EDQ2+). Considering the extent of 1c-

aromaticity of EDQ2+ it is unlikely that the vinyl group is needed for

electro-deposition but it does provide the site for free radical
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polymerization. Additionally, film growth requires the presence of

Br' or I' and the rate of film formation can be increased in presence

of excess Br' or using the I'. The rate increase for a polymerization

process is expected because free radical polymerization requires a

positively charged diffusing EVDQ2+ ion to come in contact with a

positively charged polymer chain and these halides are known to

form charge transfer complexes which can stabilize this process.336

The cyclic voltammogram of a EVDQ2+ film on a platinum

electrode with a surface coverage of 1.7 x 10’8 mol/cm2 in

acetonitrile containing 0.1 M TEAP is shown on Figure 39a. The two

reduction waves corresponding to consecutive one-electron

reductions (Ep,1 = -0.54 V and Ep’2 = -1.02 V vs. SCE) of the

pyridinium display reversible thin cell behavior, (AE = 20 mV,

FWHM = 90 mV, and peak currents are directly proportional to the

scan rate). In accordance with previous observations of the PQ2+

system, transferral of this electrode to a acetonitrile solution

containing 15 DM W68r142' (a concentration too low to observe at the

bare electrode) and 0.1 M TBAPF6 causes the reduction waves to

broaden (Figure 39b), again presumably due to tight ion-pairing of

W6Br142‘ in the tight diaquat pocket. The oxidation wave of the

W6Brl42‘ is reversible at fast scan rates. A diffusional tail (Figure

39c) is not observed and peak currents are directly proportional to

the scan rate. Because these films are thin, these observations alone

do not prove that the cluster ion is immobilized. However, this film

does not lose cluster upon soaking in a acetonitrile solution

containing only electrolyte for over 24 h. The combination of these

results suggest that cluster is tightly bound within EVDQ2+.
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Figure 39

Cyclic voltammograms of a platinum electrode coated with a

EVDQ2+ film (surface coverage = 1.7 x 10’8 mol/cm“) and

dipped into an acetonitrile solution containing 0.2 M TEAP upon

scanning the potential: (a) past the one electron reduction

waves of EVDQ“; (b) past the one electron reduction waves of

EVDQ2+ after addition of 15 1.1M WéBr142' to the acetonitrile

solution; and (c) past the oxidation of W‘sBrM2 after

incorporation into the EVDQ2+ film.
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The oxidation wave of the cluster becomes electrochemically

irreversible at slow scan rates. In Figure 40, the wave clearly shows

irreversible behavior at 10 V/s. The enhanced reversibility at faster

scan rates is possibly due to irreversible chemical reaction of the

oxidized cluster which is circumvented by faster scan rates.

However, W6Br142' is completely reversible at a bare platinum

electrode in acetonitrile ( ip’a = 1p.c and ipC‘ is constant from cyclic

voltammetry; it“2 is constant for chornoamperometry (short times);

and ‘tr = “(f/3 for reverse Chronopotentiometry) and we have no

evidence that decomposition of the monoanion is promoted by the

polymer film. Alternatively, the presence of prewave humps on both

the first reduction wave of EVDQ2+ and the oxidation wave of

W6Br142' (Figure 39) provide a clue as to the origins of the

electrochemical irreversibility. this unusual behavior. Similar to the

prewave spikes described in Section III.B for Fe(vbpy)32+, the

prewaves in Figure 39 are associated with one another and

correspond to the anodic and cathodic components of a redox couple.

This behavior is consistent with the oxidized cluster becoming

trapped in an inaccessible region of the polymer and therefore being

unable to return to the electrode (ip a >'1p’c). By 1ncreas1ng the scan

rate, the W6Br14' ion does not have enough time to diffuse into the

isolated domalns resultlng 1n 1pm = 11”. On thls bas1s the poss1blllty

exists that the redox sites of the polymer might be able to shuttle

charge to the isolated W6Br14'. If this does occur we would expect

that scanning the reduction waves of the polymer subsequent to

scanning the oxidation wave of the cluster should result in an

enhanced response from the cathodic portion of the polymer
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Figure 40

Cyclic voltammograms of W6Br142' incorporated into a EVDQ2+

film adsorbed onto a platinum electrode (surface coverage = 1.7

x 10'8 mol/cmz) immersed in an acetonitrile solution containing

0.2 M TEAP recorded at (a) 10 V/s and (b) 33V/s.
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reduction wave. It is noteworthy that the polymer reduction wave is

reversible if the oxidation wave of cluster is not scanned. This is

expected because isolated oxidized cluster is not present for the

polymer to shuttle charge to, unless W6Brl4' is produced. Similarly

the anodic portion of the oxidation wave for the cluster should be

significantly diminished upon its second scan without cycling the

polymer reduction waves because the oxidized cluster in the isolated

regions of the polymer can not communicate directly with the

electrode. Without activation of the polymer, isolated cluster ions

can not be reduced. Indeed these are the observed results.

Enhanced response from the polymer reduction wave is observed

with attenuated responses of the cluster oxidation wave. In a typical

experiment, the number of coulombs lost on subsequent scans of the

cluster oxidation wave appear almost identically as an increased

response for the cathodic current of the polymer wave. The ratio of

these experimentally determined differences in the cluster and

polymer waves is 1.18 1.04 (for three separate films). This value is

close to unity and suggests that the polymer mediates electron

transfer to isolated W6Br14‘.

Therefore, while W6Brl42' is tightly bound within the polymer,

W6Br14' freely diffuses. The apparent diffusion coefficient of

W6Br142' incorporated within EVDQ2+ films determined by using the

procedure described in Section II.B.4 is 1.8 x 10'11 cm2/s (accurate

determination of the diffusion coefficient of W6Br14' was impossible

because of its rapid exodus to the isolated regions of the polymer).

This value is significantly smaller than the value obtained for the
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PO“ system (8.7 x 10'11 cm2/s) suggesting even tighter binding for

W6Br142' in the 2,2' over the 4,4' bipyridinium films.

4. Comparison of EVDQ2+,PVDQZ*, and BVDQ2+ Polymer

Modified Films

The charge density of the cationic binding site increases along

the series PVPt—Me, PO“, and EVDQ2+ and a corresponding decrease

in the diffusion coefficient of W6Br142‘ is observed. The ability to

control the diffusion rates of ions within polymeric films by

specifically designing polymers with varying charge density binding

sites is a novel and potentially useful concept. However, in addition

to the binding site, other significant differences in the polymer

microstructures exist. Therefore, in an effort to unequivocally assess

the role of the binding site in determining charge transport in the

pyridinium and bipyridinium films it was of interest to investigate

the diffusion rates of cluster in structurally similar polymers with

binding sites of varying charge density. The 2,2'-bipyridinium

systems provides the opportunity to undertake such studies. By

increasing the length of the linkage between the nitrogen groups, the

effective charge density of the dication binding site can be altered.

The interplanar angle of the pyridine rings in N,N'-ethylene-2,2'-

bipyridinium (EDQ2+) is 9°, whereas for N,N'-1,3-propylene-2,2'-

bipyridinium (PDQZI) is 60° and for N,N'-1,4-butylene-2,2'-

bipyridinium (BDQ2+) is 80°.337 Therefore, polymers formed from

the vinyl containing analogs of these monomers should possess

progressively weaker binding pockets as the interplanar angle
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increases, while maintaining structural uniformity in the overall

polymer microstructure.

The physical properties of 4-vinyl-4'-methyl-N,N'-propylene-

2,2'-bipyridinium (PVDQ2+)S and 4-vinyl-4'-methyl-N,N'-butylene-

2,2'-bipyridinium (BVDQ2+) 6, synthesized as described in Sections

II.A.2.f and II.A.2.g, were identical to EVDQ“. FABMS exhibited

parent peaks which correspond to their prospective molecular

weights with a water of hydration. The same polymerization

procedure for EVDQ2+ was employed with the exception that the I‘

salts were used.

The cyclic voltammogram of PVDQ2+ on a platinum electrode

with a surface coverage of 4.0 x 10'9 mol/cm2 in acetonitrile

containing 0.1 M TBAP is shown in Figure 41. The cathodic peak

potentials are Ep’l = -0.76 V and Ep,2 = —l.04 V vs. SCE. The shift in

the first reduction wave to more negative potentials as compared to

EVDQ2+ is attributed to the decreased delocalization of the x-system

arising from the torqued pyridinium rings of PVDQ“. The second

reduction wave is relatively insensitive to changes in structure as

evidenced by their values only differing by 20 mV. The two

reduction waves for PVDQ2+ (Figure 41) display reversible thin cell

behavior (AE = 20 mV, FWHM = 90 mV) and peak currents are

directly proportional to the scan rate.

A PVDQ2+ modified platinum electrode (surface coverage = 1.06

x 10'8 mol/cmz) readily incorporates cluster from an acetonitrile

solution containing 20 nM wésrlf and 0.2 M TBAPF6 as shown in

Figure 42a. The oxidation wave does not have a diffusional tail and

peak currents are directly proportional to scan rate. Ion-exchanged
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Figure 41

Cyclic votammogram of a PVDQ2+ film adsorbed onto a

platinum electrode (surface coverage = 4.0 x 10'9 mol/cmz)

immersed in an acetonitrile solution containing 0.2 M TEAP
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Figure 42

Cyclic voltammetric waves obtained from a PVDQZ“ film coated

onto a platinum electrode (surface coverage = 1.1 x 10'8

mol/cm“) dipped into an acetonitrile solution containing 0.2 M

TEAP and 20 11M W6Br142': (a) upon scanning the electrodes

potential from 0.00 V to +1.40 V to -1.10 V and back to 0.00 V

vs. SCE; (b) after the reduction waves for the PVDQ2+ polymer

had been scanned once prior to measurement; and (c) after the

oxidation wave of WéBer' had been cycled once prior to

measurement.
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cluster in PVDQ2+ shows no evidence of a return wave even at scan

rates as fast as 50 V/s. In this regard the PVDQ2+ behaves similarly

to EVDQ2+ in that W6Br14' diffuses to isolated sites within the PVDQ2+

microstructure, as shown in Figure 42a. Scanning the oxidation wave

two consecutive times results in a decreased electroactive response

(Figure 42b). Subsequent scans of the reduction waves of the

PVDQ2+ polymer film show an enriched response of the cathodic

portion of the polymer reduction wave on the first scan (ip c > '11),! 011

first scan, i =p c i1) 8 on second scan). If the increased response of the

cathodic portion of the reduction wave results from the polymer film

shuttling charge to isolated cluster ions, then the differences in

electroresponses for the oxidation of cluster and reduction of

polymer from Figure 42 should correspond to the same number of

coulombs. Integration of these waves establishes that this is clearly

the case (the ratio for the number of excess coulombs for polymer

reduction divided by the number of lost coulombs for the oxidation

of cluster = 1.04 i .03).

This model is further substantiated by charge shuttling

experiments. Reactivation of isolated oxidized cluster ions which

cannot directly communicate with the electrode surface, is not

necessarily related to polymer but can be accomplished by a variety

of freely diffusing shuttle reagents. The reduction of isolated cluster

ions by IrCl63' is shown in Figure 43. IrCl63' initially generated at

the electrode is in evidence by a cathodic component of the IrCl62‘l3‘

couple. Of course in a charge shuttle mechanism the anodic

component of the couple is not observed because the IrC163" diffuses

to isolated W6Brl4', reduces it, and the IrCl62' generated by this
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Figure 43

Cyclic votammogram of a PVDQ2+ film on a platinum electrode

soaking in an acetonitrile solution containing 0.2 M TBAPF6, 25

uM W6Br142‘ and 50 M er162'.
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reaction diffuses back to the electrode and becomes rereduced

whereupon it diffuses to another oxidized cluster thereby

establishing a catalytic cycle. This mechanism is borne out by the

absence of an oxidation wave for IrCl62'. These results establish that

W6Br14’ ions freely diffuse within the PVDQ2+ microstructure and

become confined in an isolated region of the film which can only be

accessed by the use of intrinsic and extrinsic charge mediators.

The reduction wave for BVDQ2+ polymerized onto platinum

produces one very broad reduction wave at approximately -0.95 V

vs. SCE. The first reduction wave is evidently shifted far enough

negative that it engulfs the second reduction wave. Thin films of

BVDQ2+ formed onto latinum extract cluster ions from a acetonitrileP

solution containing 10 11M W6Br142 .

W6Brl42' exchanged into BVDQ2+ and PVDQ2+ display almost identical

The oxidation waves for

behavior.

Apparent diffusion coefficients for W6Br142'electrostatically

bound within PVDQ2+ and BVDQZ”, determined as described in

Section II.B.4 are 3.0 x 10'11 cm2/s and 4.1 x 10'11 cmzls

respectively. The Dapp values for PVDQ2+ and BVDQ2+ are more

similar to each other than for EVDQ2+ because the interplanar angles

are more closely correlated. The apparent diffusion coefficients Dam)

of cluster in l>v1>+—Me, PQZ", EVDQ“, PVDQZ”, and mm“ are

graphically summarized in Figure 44. These data clearly

demonstrate that the diffusion rate of exchanged W6Br142' ion

decreases with increasing, charge density of the binding sites.

Moreover this conclusion is further evidenced by determinations of

the distribution coefficient KD (the concentration of redox ion in the
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Figure 44

A plot of the apparent diffusion coefficients, D for W6Br142’

aPP

incorporated into PVPt—Me, Po“, BVDQZ”, PVDQZ“, and EVDQZ”

polymeric films as a function of the number of binding sites.
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Figure 45

A plot of the distribution coefficients KD for W63r142'

incorporated into PVPL—Me, PQ2+, woo“, woo”, and EVDQ“

polymeric films as a function of the number of binding sites.
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polymer film divided by the concentration in the soaking solution)109

for W6Br142' incorporated into the polymers. As shown in Figure 45

the KD values for the five polymers investigated monotonically

increase as a function of binding site charge density in a parallel

manner to the apparent diffusion coefficients lending further

evidence to our conclusion that in acetonitrile, electrostatic binding in

ionic polymers is directly related to the charge density of the binding

site..

C. Conclusion

These studies demonstrate that the diffusion rates of ions

exchanged into polyionic polymer films can be influenced by the

design of the polymer microstructure. The binding pocket of PVP+—

Me requiring the juxtaposition of two pyridinium rings per cluster

ion is structurally floppy and W6Br142' is mobile. The diffusion

coefficient of cluster is suppressed by several orders of magnitude

by bringing the individual positive charges of the PVPt—Me sites into

a single pocket in PQ2+. By localizing the charge even further into the

2,2' position of the bipyridinium ring the ion-pairing is further

enhanced. As originally inferred from structural considerations. the

diffusion coefficients of W6Br142‘ decrease along the the series

EVDQ“, PVDQZ”, and EVDQ2+ owing to the tilt angle between the

bipyridinium rings. This correlation of the diffusion rates among the

pyridinium and bipyridinium series, and parallel behavior of KD and

Dapp strongly suggests that the primary perturbation on the charge
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transport in these films is the nature of the binding site and that the

macroscopic polymer structure plays at most only a secondary role.

In each polymer system investigated the W6Br142’ ions are

immobile in tight ion-pairs, however, the oxidation of cluster or

reduction of polymer binding sites to +1 reduces ion-pair interactions

significantly, such that W6Brl4' becomes mobile. Hence fixed site

distance for ecl reaction between oxidized cluster and reduced

polymer will not be maintained. On this basis the eel yields for these

cluster/polymer systems are expected to be similar to

cluster/pyridinium ions in solution. This is the case. Thus in order

to accomplish fixed distance electron transfer in polymer

microstructures, reactant pairs will have to be covalently liked to

each other to ensure they do not diffuse apart. This can be

accomplished by preassembling the system. For example, M06C113LL'

modified with the bidentate ligand L,L' will enable W6Brl3' to be

coordinated. Production of oxidized tungsten bromide cluster and

reduced molybdenum chloride cluster in the charge rectification

sense will establish an ecl annihilation reaction at closest contact.



CHAPTER V

DEVELOPMENT OF AN ELECTROANALYTICAL SENSOR



A. Background

One of the major challenges facing analytical chemists is the

ability to quantify trace and ultratrace quantities of materials from

multicomponent samples. The best-known electroanalytical

technique is stripping analysis,339 whereby a trace metal is

electrolytically deposited onto an electrode thus satisfying the dual

purpose of concentration and isolation of the analyte from the

complex matrix. The analysis is conducted by electrochemically

stripping, in one potential step, the deposited metal from the

electrode surface, resulting in a enhanced current response from the

electrode over that which would be observed if no analyte was

deposited onto the electrode surface. This technique is virtually

limited to metal ions as the analyte and mercury electrodes because

most organics and inorganic complexes cannot be electrodeposited

and solid electrodes become easily fouled.339

The area of voltammetry following nonelectrolytic

concentration has been established as a technique with tremendous

4“ The mostpotential for trace analysis of electroactive analytes.3

recent development in this field has been the use of modified

electrodes. The methods developed to confine analytes within

polymers on electrodes have been: (i) complexation which utilizes

functional groups on the polymer backbone to coordinate the analyte;

(ii) covalent attachment of the analyte to the polymer backbone; and

(iii) electrostatic binding of the analyte within a polyionic

340
polymer. Of these techniques electrostatic binding of analytes is

the most versatile because specific reactions between the analyte

206
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and polymer are not required. The analysis of multicharged

electroactive analytes has been achieved in many systems."6

Although there has been a report in the literature claiming to detect

A g"’ at concentrations as low as 1 x 10'11 M341 the majority of the

polyionic sensors have detection limits in the range of 1 x 10'“ to l x

10'9 M with linear calibration curves over approximately 2 orders of

concentration.342'348

The desired features for an electroanalytical sensor for analyte

are: (i) rapid equilibration between contacting solution and polymer;

(ii) low detection limits with large concentration ranges of linear

current responses; (iii) efficient operation over a large pH range; (iv)

detectability of monocharged species; (v) ability to reversibly

establish the sensor (i. 8. reverse ion-exchange can be accomplished);

(vi) operation in both aqueous and nonaqueous solvents; and (vii) the

ability to discriminate the desired analyte from complex mixtures.

The sensing systems developed heretofore achieve only a few of

these goals. Therefore the development of new sensors is of major

interest. Described herein is a novel electroanalytical sensor which

realizes the above goals.

B. Results and Discussion

1. Development of an Electroanalytical Anionic Sensor for

use in Nonaqueous Solvents

The EVDQ2+ polymer films extract and concentrate anions from

very dilute solutions. Therefore, these films are viable candidates as

electrochemical sensors for anion detection in nonaqueous solutions.
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For example the unprecedented detection of a dianion (W6Br142‘) at

concentrations as low as 5 x 10'8 M in acetonitrile by cyclic

voltammetry is shown in Figure 46. The detection limit for W6Br142

with a film of EVDQ2+ (surface coverage 2.1 x 10'9 moi/cm“) is 3 x

10'8 M as determined from the anodic peak current of the cyclic

voltammogram and would presumably be even greater by using a

more sensitive technique such as differential pulse polarography.

Moreover, the anodic peak current for the detection of W6Br142’ is

linear over 3.5 orders of magnitude (Figure 47a). Unfortunately the

peak current is dependent on the surface coverage of the film as

evidenced by Figure 47b which shows that a film with a surface

coverage of 1.1 x 10'9 mol/cm2 has a limit of detection of l x 10'7 M

and displays linear responses only over 2.5 orders of magnitude.

The sharp rise in peak currents in Figure 47b corresponds to

currents which would be attained from a bare electrode at the same

concentration indicating the film is not altering the electroresponse

at higher concentrations. Films thicker than 4.5 x 10‘9 mol/cm2 also

display diminished ability to detect low concentrations of W6Brl42'.

Film coverages between 2.0 x 10’9 mol/cm2 and 4.0 x 10'9 mol/cm2

yielded the greatest sensitivity and accompanying linear range of

detection for the cluster anions. The fact that the magnitude of peak

currents are affected by the film coverage of EVDQ2+ is a drawback

because these films must be calibrated before they can be used to

quantify electroactive material in solution. Importantly, the high

sensitivity for anion binding and detection have also been observed

for anions other than cluster including Fe(CN)63', Fe(CN)4bpy', Irle',

1', and Br'. These films have tremendous potential for the
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Figure 46

Cyclic voltammogram of W6Br142' incorporated from an

acetonitrile solution containing 0.2 M TEAP and 5 x 10'8 M

W6Br142' into a EVDQ2+ film adsorbed onto a platinum electrode

(surface coverage = 4.1 x 10'9 mol/cmz).
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Figure 47

A plot of the cyclic voltammetric peak current for the

oxidation of W6Br142' incorporated into EVDQ2+ films as a

function of the concentration of W6Br142’ in the contacting

acetonitrile solution for platinum electrodes with surface

coverages of, (a) 2.1 x 10'9 moi/cm2 and (b) 1.1 x 10‘9

mol/cmz.
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electrochemical detection of trace quantities of anions in nonaqueous

solvents.

2. Characterization of Anionic Effects on the

Microstructure of EVDQ2+

Seldom is the analysis of a pure sample required and most

often extraction and detection of analyte from a complex mixture is

required. For EVDQ2+ polymer films, anions other than the analyte,

have the most potential to interfere with the function of the film as a

sensor. Thus the examination of anion effects on the charge

transport rates of EVDQ2+ modified electrodes was undertaken.

The Dct for the reduction of EVDQ2+ and PVDQZ“ could not be

determined because potential steps large enough to overcome

resistive effects can not be achieved. The potential was stepped past

the reduction wave for several seconds to ensure complete reduction

of the film, and after the potential was stepped back to 0.0 V vs. SCE

the current response as a function of time was measured. The charge

transfer diffusion rates Dct for EVDQ2+ and PVDQ2+ films soaking in

acetonitrile solutions containing different electrolytes are given in

Tables 11 and 12, respectively. These Dct values are clearly sensitive

to the supporting electrolyte.

The Dct values are determined for the oxidation of +1 polymers

to +2, which necessarily requires accompanying cation ejection or

anion uptake. The role cations play in the charge neutrality process

can in part be understood by comparison of the Dct values for the

perchlorates (Tables 11 and 12). The rate of charge transport

decreases along the series LiClO4 > TBAP 2 TEAP. Clearly no obvious
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Table 11

Apparent Diffusion Coefficients and FWHM Values for

EVDQ2+ Films With Varying Thicknesses

 

 

 

 

rm, x 109 0.2 M Fwanmv 1)ct x 1011

moles/cm2 ' Electrolyte in,c 1p“ cmzlsec“

5.6 LiClO4 90 110 3.61

5.6 TBAP 91 114 2.61

14.3 TBAP 120 153 2.80

5.6 TEAP 90 115 2.54

12.9 TEAP 115 144 2.50

14 3 TEAP 110 140 2.45

5.6 TBAPF6 130 146 1.49

12.9 TBAPF6 140 170 1.50

14.3 TBAPF6 151 179 1.41

14.3 TBABF4 . 162 190 0.57

14.3 TBAAsF6 185 236 0.43

“The film coverage 1" CO” was determined using the

electrochemically determined area of the Pt electrode. I’Full width at

half maximum of the cyclic voltammetric peak for the first one

electron reduction of EVDQ“. “Dct is the apparent diffusion

coefficient from EVDQ2+ films.
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Table 12

Apparent Diffusion Coefficients and FWHM Values for

FVDQ2+ Films With Varying Thicknesses

 

 

 

 

rem x 109 0.2 M FWHMme Dct x 1011

2 ~ 2
moles/cm “ Electrolyte lp’c {pa cm /sec“

9.7 LiClo4 120 146 2.34

12.0 15004 117 150 2.69

3.5 TBAP 90 115 1.69

9.7 TBAP 135 166 1.60

12.0 TBAP 140 160 1.65

2.4 TEAP 90 124 1.37

9.7 TEAP 151 183 1.35

10.0 TEAP 146 180 1.41

2.4 TBAPF6 124 152 0.48

3.5 TBAPF6 130 155 0.48

9.7 TBAPF6 176 204 0.53

1.0 TBAFF6 180 210 0.41

3.5 TBABF4 155 176 0.32

9.7 TBABF4 220 255 0.39

9.7 TBAAsF6 240 306 0.31

aThe coverage I“corr was determined using

electrochemically determined area of the Pt electrode. I’Full width at

half maximum of the cyclic voltammetric peak for the first one

electron reduction of EVDQ“. “D ct is the apparent diffusion

coefficient from EVDQ2+ films.
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trend between the size of the cation and Dct rates exists. These

observations implicate anion uptake as the process responsible for

maintaining charge neutrality. The Dct values for the anions in

Tables 11 and 12 follow the order ClO4‘ > PF6‘> BF4' > AsF6'. With

the exception of BF4', this series parallels hard/soft acid/base

formalisms with the hardest base ClO4' (smallest least polarizable

anion) producing the fastest Dct rate and the softest base AsF6’

(largest most polarizable anion) producing the slowest Dct rate.

Accordingly, ClO4' would be expected to form the strongest ion-pair

with the positively charged sites in EVDQ2+ films and AsF6' the

weakest. These data seemingly contradict conventional thinking

which predicts that the anion movement will slow and become the

rate limiting step for charge transport as anion binding increases;

thus the smallest Dct values should be expected intuitively for C104'

and the largest for AsF6‘. How can this disparity be explained?

Electron hopping between fixed sites attached to electrodes

require an accompanying displacement of counterions to maintain

charge neutrality. Recently Saveant has established that steady state

currents obtained from immobilized sites on an electrode should be

349 Furthermore, Andrieux andindependent of counterion mobility.

Saveant suggest that the current responses from transient techniques

(like chronoamperometry) should increase as the mobility of the

counterion decreases.350 Charge propagation is driven by a potential

gradient established in the polymer film by an applied potential at

the electrode. When counterions are mobile the potential gradient,

which drives charge propagation through fixed polymer redox sites

by site-to-site electron hopping, is diminished by the counterion
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movement. However, when counterions are immobilized the

potential gradient can not be satisfied by ion movement. Therefore,

for transient potential steps the electron hopping rate and Dct will be

driven by a larger potential field and thus charge transport is

dominated by migration increasing the observed propagation rate.

As ion mobility decreases, the potential gradient becomes larger and

thus charge propagation rate increases. This increase in observed

current from transient techniques, like chornoamperometry used in

this study, results in larger calculated Dct values (see eq 10, Section

I). To our knowledge Tables 11 and 12 lists the first data that are

consistent with this model. The anion's increasing ability to form

tighter ion-pairs with positively charged polymers parallels

increasing Dct values. This implies that the currents measured for

C104‘ have the largest contributions from migration and AsF6‘ lowest,

resulting in larger calculated Dct values for CIO4'. Saveant's model is

further supported by the fact that for a given supporting electrolyte

EVDQ2+ which has the tightest binding pocket exhibits larger Dct

values than PVDQ“. Admittedly the Li+ and BE,“ data on Tables on

11 and 12 are not in line with Saveant's model. The fact that Li+ and

BF4' are the smallest and least polarizable cation and anion studied

respectively, may imply that more complex relationships between

these counterions and polymer motion exists.

Of course the Saveant model will only apply for charge

app of

W6Br142' because the monoanion can freely diffuse. Thus the charge

propagation along the polymer redox sites and not for the D

propagation rate for cluster will always contain a diffusional

component. Currents arising from the physical diffusion of ions as



218

the mode of charge propagation as opposed to site-to-site charge

hopping can not be dominated by migration (diffusion and migration

are competing processes). Therefore, the Dapp's of W6Br142' should

obey intuitive diffusional behavior i.e. tighter binding equals slower

diffusion.

The charge transport rates. Dct were determined for both

EVDQ2+ and PVDQ2+ as a function of increasing W6Br142"

concentration in acetonitrile containing 0.2 M TBAPF6 and are listed

in Table 13. On the basis of the Saveant model we would expect an

increase in Dct values from the films with tighter ion-pairs. As

shown in Figures 44 and 45, presumably due to its higher charge

W6Br142' binds more efficiently to the 2,2'-bipyridinium sites as

compared to monoanionic electrolytes. The Dct value for EVDQ2+

increases from 1.50 x 10'11 cm2/s with only TBAPF6 present to 4.39

x 10‘11 cm2/s when 5 11M WéBrMZ' is added to the solution. Similar

behavior is observed for PVDQ2+. These data clearly support the

Saveant model. Eventually the Dct values of polymer decrease with

increasing concentration of W6Br142’ (however it should be noted

that even with the observed decrease, Dc 's are faster than that

2-

1

measured when no W6Brl4 is present. As each 2,2'-bipyridinium

site becomes bound by cluster. it is likely that the neighboring

binding sites become diametrically opposed to each other across

polymer chains in an effort to reduce W6Brl42‘—W6Brl42’

interactions. Thus would perturb the polymers ability to establish

proper orientation required for site-to-site electron hopping to occur.

Interestingly. the FWHM of the polymer reduction waves was

noticed to parallel Dct values in that as D decreases, FWHM
Ct
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Table 13

Apparent Diffusion Coefficients for EVDQ2+ and PVDQ2+

Films w/wo Added whit-142-

 

 

 

Conc. of Added rem x 109 0.2 M D c, x 1011

WGBruz' 11M moles/cm2 " Electrolyte cmzlsec"

EVDQ2+

0 1.3 TBAFF6 1.50

5 1.3 TBAPF6 4.39

10 1.3 TBAFF6 3.29

50 1.3 TBAFF6 2.19

FVDQ2+

0 1.0 TBAPF6 0.41

5 1.0 TBAPF6 2.33

10 1.0 TBAFF6 1.33

50 1.0 TBAPF6 0.79

“The film coverage 1'60” was determined using the

electrochemically determined area of the Pt electrode. bDct is the

apparent diffusion coefficient.
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increases. The FWHM is controlled by interactions between

neighboring charged sites to the extent that repulsive interactions

are manifested in increasing FWHM. The predicted value for FWHM

of 90 mV is only observed for thin films using ClO4' as the

electrolyte. For a given electrolyte in Tables 11 and 12 the FWHM

becomes larger for thicker films. This observation is expected

because repulsive interactions between neighboring chains become

more likely. These repulsive interactions between chains will be

mediated by ion-pairing. Anions which bind tighter are more

efficient at neutralizing charge and reducing repulsive interactions

between polymer redox sites than weaker binding anions. On this

basis the former would be expected to possess smaller FWHM values.

Moreover, as shown in Tables 11 and 12, the FWHM is always

larger for the anodic wave then the cathodic wave. Because anion

uptake has been established as the process by which charge

neutrality is maintained upon oxidation of reduced polymer, it is

likely that anion ejection controls charge neutrality for reduction of

the polymer. The reduction of the film should occur rapidly because

anions already in the film are simply ejected. However, reoxidation

involves the uptake of anions thereby requiring swelling of the

polymer to permit rentry of the anion into the film. This is a

thermodynamically more difficult process producing equilibrium

effects which cause multiple E° values. Thus broadened waves are

observed for the anodic component of the reduction wave.
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C. Conclusion

This is the first reported example of a electrochemical sensor

based on modified electrodes which can detect extremely dilute

concentrations of monoanions in nonaqueous solutions. The

characterization of electrolyte effects on the charge propagation rates

support charge propagation driven by migration. In addition

preliminary experiments demonstrate that these films work equally

well with aqueous solutions over wide pH ranges. Further

investigations of aqueous solutions are ongoing in our laboratory.

Ultimately development of practical sensors requires further

development with emphasis on stability, impurity fouling, and low

cost. However, the fundamental function of these polymer modified

electrodes as novel sensor materials has been established.
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