
Chapter 4Ele
tron Transfer Rea
tion Throughan Adsorbed Layer
4.1 Introdu
tionA proper understanding of ele
tron transfer rea
tion through an adsorbate interme-diate 
onstitutes the �rst step towards modelling the 
harge transfer a
ross a 
hemi
allymodi�ed ele
trode [172, 173, 174℄, through a mole
ular wire [175, 176℄, or the phenomenonof the mole
ular ele
troni
s [177, 175, 178, 179, 180, 181℄. In fa
t the indire
t heteroge-neous ele
tron transfer is a re
urring feature in all these pro
esses.In this 
hapter, the kineti
s of an adsorbate mediated ele
tron transfer rea
tion is
onsidered. The adsorbate is taken to be a metal ion. The rea
tant is supposed to 
ouplewith the adsorbate orbital alone; the dire
t 
oupling between the rea
tant and Blo
hstates in the metal ele
trode is negle
ted. The adsorbate 
overage fa
tor θ is allowedto take any arbitrary value in the range (0, 1). Thus starting from a single adsorbate
ase, 
orresponding to θ −→ 0 limit, the formalism remains valid all the way up toa monolayer regime (θ = 1). An important 
hara
teristi
s of metalli
 adsorbates isthat at low 
overage, the adsorbate orbital is spatially lo
alized. But in the monolayerregime, one obtains extended ele
tron states in the adlayer. These states form a two-dimensional band [182, 183℄. The lo
alized adsorbate state intera
t strongly with thesolvent polarization modes. On the other hand, the intera
tion of extended ele
tronstates with the polarization modes are mu
h weaker, and as a �rst approximation, it 
an48



be negle
ted [184℄ .A progressive desolvation of adspe
ies, when the 
overage is varied from zero to one,
hanges adsorbate orbital energy by a few ele
tron volts and hen
e must leave verysigni�
ant e�e
ts on the ele
trode kineti
s. In addition, in the monolayer regime, themetalli
 adlayer itself a
ts as the ele
trode surfa
e. As a 
onsequen
e, the adsorbatemediated ele
tron transfer ought to exhibit the 
hara
teristi
s of a dire
t heterogeneousrea
tion.Therefore, a study of how the metallization of an adlayer, and the subsequent des-olvation of the adsorbate bridge in�uen
es the indire
t heterogeneous ele
tron transferposes a 
hallenging problem in the area of ele
trode kineti
s. In the 
ited referen
es,the 
overage dependent potential energy pro�le for a bridge mediated ele
tron transferrea
tions is generated [184℄. In the present 
hapter, the 
urrent-potential relation forsu
h pro
esses is provided and analysed.The adsorbates exhibit di�erent stru
tural arrangements at di�erent 
overage. Evenat a �xed 
overage, more than one kind of distribution pattern 
an be observed in theadlayer [185, 186, 187, 188℄. Modelling ea
h 
on�guration separately poses a di�
ult task.Therefore we 
onsider a random distribution of the adsorbates in a two dimensional layer.Subsequently, an `e�e
tive-medium' des
ription is used for the adlayer. This pro
edure
aptures the essential features of the adlayer in an average sense [184, 189℄.
4.2 Model HamiltonianAn adsorbate has strong ele
troni
 
oupling with the substrate band states as wellas it has ele
troni
 overlap with neighbouring adspe
ies. The latter 
oupling leads to atwo-dimensional band formation in the adlayer at higher 
overage. The solvent polariza-tion modes are usually modelled in the harmoni
 boson approximation and their linear
oupling with the adsorbate and rea
tant lead to solvation and solvent reorganizationenergies. Here the rea
tant-adsorbate ele
troni
 interation is taken to be weak, thus en-abling us to treat it with in the linear response formalism [190℄. The model Hamiltonian49



representing the physi
al system is 
hara
terized by 
ertain key features to be dis
ussedas follows. Chemisorbed spe
ies are distributed randomly on the various adsorption siteson the ele
trode substrate . Thes sites are 
onsidered to form a two-dimensional latti
eand are 
ommensurate with underlying substrate. The energy levels asso
iated with theva
ant sites are taken to be in�nity to ensure that no ele
tron transfer takes pla
e througha va
ant site. The random distribution of the adsorbates leads to a randomness in thesite energies , that is in a sense, they a
quire a random 
hara
teristi
s depending on theo

upan
y or the va
an
y of the site. No randomness is asso
iated with the underly-ing substrate. Thus the ne
essary Hamiltonian needed to des
ribe the ele
tron transferpro
ess is shown below [184℄
H =

∑

σ

ǭr({bν + b†ν})nrσ +
∑

σ

[υarc
†
aσcrσ + h.c]−

∑

ν

λrcν(bν + b†ν)

∑

k,σ

ǫknkσ +
∑

i,σ

ǫ̂iσ({bν + b†ν})niσ +
∑

ν

ωνb
†
νbν

+
∑

k,i,σ

[υikc
†
ick + h.c] +

∑

i 6=j,σ

υijc
†
i cj −

∑

{i},ν

λicν(bν + b†ν) (4.1)The redox spe
ies labelled r is 
oupled to adsorbate lo
ated at site i=a in the ad-layer. The sites in the adlayer are spe
i�ed by i, while the ele
trode states are labelledby k. n , c†, 
 represents the number, 
reation and annihilation operators for ele
tronswhile b† and b represents the 
reation and annihilation operators for bosons whi
h modelthe polarization os
illator modes. ν runs from 1 to 4 labelling the polarization modes
orresponding to orientational, vibrational, ele
troni
 solvent polarization and surfa
eplasmons respe
tively and ων represents the asso
iated frequen
ies. υ is used to denotethe 
oupling strength between the ele
troni
 states and λ signi�es the strength of adsor-bate and redox 
oupling with the boson modes. The subs
ripts o and 
 refers to rea
tantand adsorbate 
ore.
ǭr({bν + b†ν}) = ǫ0r +

∑

ν

λrν(bν + b†ν) (4.2)
ǫ̂iσ ≡ ǫ0aσ +

∑

ν

λaν(bν + b†ν) (4.3)
ǫ0r and ǫ0a are the energies of redox and adsorbate in gas phase. The expression (4.3)gives the energy of the adsorbate site i when it is o

upied. As mentioned before, in
ase where no adsorbate o

upies the site i, the following relation ensures that no 
harge50



transfer takes pla
e through uno

upied sites.
〈ǫ̂iσ〉 −→ ∞ (4.4)While evaluating the shift in adsorbate orbital energy due to it's 
oupling to boson,the boson mediated intera
tion between di�erent sites are negle
ted. Sin
e only a singlespe
ies adsorption is 
onsidered, a repla
ement of λiν by λaν and λicν by λcν is followed.Coherent potential approximation is employed to handle the randomness asso
iated withthe site energy [189℄.4.3 Cal
ulation of 
urrentAn examination of the model Hamiltonian shows that, the only possible me
hanismfor transitions involving redox is provided by the redox-adsorbate 
oupling terms υar.Treating the magnitude of υar to be small, the 
urrent 
ontribution 
an be obtainedwith employing linear response formalism. The mi
ros
opi
 
urrent asso
iated with theele
tron transfer rea
tion depends on the average value of the rate of 
hange of ele
troni
o

upan
y of the redox orbital [190℄.
I = −e〈∂nr

∂t
〉 (4.5)

I =
e

h̄2

∑

σ

∫ ∞

−∞
〈[V †

Iσ(0), VIσ ]〉dt (4.6)where VIσ = υarc
†
aσcr. The �rst term in the 
ommutator leads to anodi
 
urrent andthe se
ond one gives the 
athodi
 
urrent. The expe
tation value in the above equation
orresponds to a density matrix de�ned by H′ = H−∑σ(V

†
Ir + VIr). Employing Frank-Condon approximation, the anodi
 
urrent is obtained as

IA =
e

h̄2

∫ ∞

−∞
dt | Var |2 〈〈c†r(0)cr(t)〉F 〈caσ(0)c†aσ(t)〉F 〉B (4.7)Here 〈· · · 〉F implies an average over ele
troni
 degrees of freedom, keeping the bosoni
variables as �xed parameters and 〈· · · 〉B denotes the thermal average over boson modes51



whi
h are treated in 
lassi
al approximation. The time 
orrelation fun
tion involving
caσ , c

†
aσ 
an be expressed in terms of adsorbate Green's fun
tion.

〈caσ(0)c†aσ(t)〉F =
1

π

∫ ∞

−∞
(1− f(ǫ))eiǫτ/h̄(ImGii)i=adǫ (4.8)

(Gii(ǫ))i=a = 〈0 | caσ〈
1

ǫ−H′
〉c,i=ac

†
aσ | 0〉F (4.9)

〈c†r(0)cr(t)〉F =
1

π

∫ ∞

−∞
e−iǫτ/hbarδ(ǫ− ǫr)dǫ (4.10)From the expression (4.9) , it is 
lear that Gii involves a restri
ted 
on�guration av-erage denoted by 〈· · · 〉c,i=a. This implies that while obtaining the 
on�guration average,the site a, whi
h is o

upied by an adsorbate and through whi
h the ele
tron transfertakes pla
e, is ex
luded from the averaging. The o

upan
y status of the remaining sitesare still unspe
i�ed. Hen
e for obtaining the deterministi
 expression for 
urrent, 
oher-ent potential approximation is employed. From a physi
al point of view, this formalismimplies that the random adsorbate layer has been repla
ed by an e�e
tive medium andthe net e�e
t is one in whi
h a redox is 
oupled to an adsorbate o

upying the site a,and this parti
ular adsorbate is embedded in a two dimensional e�e
tive medium.4.3.1 Estimation of Coherent PotentialAs mentioned earlier the randomness inherent in the adsorbate o

upan
y is handledusing 
oherent potential approximation . A

ordingly, the inherent random energy op-erator ǫ̂iσniσ in (4.3) is to be repla
ed by a deterministi
 operator kσniσ. The 
oherentpotential kσ(ǫ) is same for all the sites, but depends on the energy variable ǫ. kσ isdetermined self-
onsistently. The required self-
onsistent equation 
an be obtained asfollows.

Gij = G0
ijδij +

∑

l

G0
iiWilGlj (4.11)

Wil = Vil +
∑

k

VikVkl
ǫ− ǫk

(4.12)52



The above equation is obeyed by all GF matrix elements 
orresponding to sites ontwo-dimensional latti
e. The use of 
oherent potential for 
on�guration averaging leadsto the following result for 
on�guration averaged GF
Ḡ =

1

ǫ−W −K(ǫ)
=

1

N||

∑

u

1

ǫ− k −W (ǫ, u)
(4.13)The 
oherent potential operator K has an energy dependen
y and is deterministi
,moreover, it is diagonal in the site basis {i}, that isK(ǫ) =

∑

i k(ǫ)c
†
i ci. N|| is the numberof sites and the summation is over the �rst brillouin zone. The self-
onsistent expressionfor K in the more general 
ontext when the energy asso
iated with the va
ant site isassumed to be some large ǫv but not in�nite

θ

(ǫa − k)−1 − Ḡii
+

(1− θ)

(ǫv − k)−1 − Ḡii
= 0 (4.14)whi
h in the limit of ǫv −→ ∞ be
omes

k = ǫa −
1− θ

Ḡii
(4.15)Substitution of (4.13) in (4.15) leads to the desired form of self-
onsistent equationto be used for determining kσ(ǫ).

Ḡii =
1

N||

∑

u

1

ǫ− kσ(ǫ)−W
=

1− θ

ǫaσ − kσ(ǫ)
(4.16)The above self-
onsisten expression for the evaluation of kσ is exa
t but requiresa tedious summations over the brillouin zone and metal states. These 
an be furthersimpli�ed by following the 
ertain assumptions. The assumptions are as follows: (i) Theseparability of the metal state energy ǫk in the dire
tion parallel and perpendi
ular tothe surfa
e. (ii) The substrate density of states in the dire
tion perpendi
ular to thesurfa
e is taken to be Lorentzian, whereas the same is assumed to be re
tangular alongthe surfa
e. (iii) The adsorbate o

upies the 'on-top' position on the ele
trode and ispredominantly 
oupled to the underlying substrate atom. Consequently (4.16) be
omes

Ḡii =
1− θ

ǫaσ − kσ(ǫ)

=
1

2∆||(B −A)µ
[(A−C)ln

(

A−∆||

A+∆||

)

− (B − C)ln

(

B −∆||

B +∆||

)

] (4.17)
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A/B =
1

2
[(C +D)± {(C +D)2 − 4(CD − υ2

µ
)}1/2] (4.18)

C =
ǫ− kσ(ǫ)

µ
; D = ǫ− i∆⊥ ; µ = θδ/∆|| (4.19)

δ is the half-bandwidth of the adsorbate monolayer and 2∆|| is the substrate band-width at the surfa
e. It should be noted that when the 
overage tends to zero the
o
n�gurational averaged GF equals θ times the adsorbate GF obtained for the "loneadsorbate" 
ase. Moreover, it 
an be proven that eventhough µ tends to zero when θapproa
hed zero, the Ḡii remains �nite in this limit. This 
an be veri�ed either by suit-able expansion of adsorbate GF, or by a priori taking µ to be zero and reevaluating theadsorbate Green's fun
tion. The restri
ted 
on�gurational averaged GF (Gii)i=a 
an berelated to the 
omplete 
on�guration averaged GF as
(Gii)i=a =

1

(Ḡii)−1 + kσ − ǫ̂aσ
(4.20)Expressing

Ḡ−1
ii (ǫ, θ) +Kσ(ǫ, θ) = X1(ǫ, θ) + iX2(ǫ, θ) (4.21)

Im(Gii)i=a =
−X2(ǫ, θ)

[(X1(ǫ, θ)− ǫ̂aσ)
2 + (X2(ǫ, θ))

2]
(4.22)In order to evaluate the anodi
 
urrent IA, a thermal average over boson modes is tobe 
arried out. Treating them as os
illators in seperate thermal equilibrium, the requireddensity matrix for this average in this limit is

Pqν =W (qν)/

∫ ∞

−∞
W (qν)dqν (4.23)

W (qν) = exp[−β
∑

ν

ων

2
(p2ν + q2ν) + λ̄νqν] (4.24)With the above de�ned probability fun
tion the net expression for anodi
 
urrent isshown below
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Ia = e〈nr〉 | υar |2
1√
πh̄

1

Z

∫

dǫ

∫

(Πνdqν)

∫

dt

∫

dτ [(1− f(ǫ)]

exp[−β
∑

ν=1,2

ων

2
(p2ν + q2ν) + λ̄νqν ] exp[i(ǫ − ǫr −

∑

ν

λrνqν)t]

exp[i(X1(ǫ, θ)− ǫa −
∑

ν

λaνqν)τ− | X2(ǫ, θ) || τ |] (4.25)where
Z =

∫

(Πνdqν)e
[−β

∑
ν

ων
2
(p2ν+q2ν)+λ̄νqν ] (4.26)In the above expressions λ̄ν = λcν + λoν + λrν as the 
onsideration is towards anodi

urrent. A similar expression 
an be obtained for 
athodi
 
urrent following the samepres
ription as above. The 
ru
ial di�eren
e to noti
e between the anodi
 and 
athodi

urrent is that for 
athodi
 
urrent the 1 − f(ǫ) is to be repla
ed with f(ǫ) and λ̄ν for
athodi
 
urrent is equal to λcν + λoν + λaν .4.3.2 Current expression in terms of re-orangisation ener-gies and overpotentialsCarrying out the various integrations involved in (4.25) the anodi
 
urrent 
ontribu-tion within the limit of linear response formalism is obtained

Ia = 2 eθ|var|2
√
πh̄−1

∫ ∞

−∞
sgn(X2(ǫ, θ)) (1 − f(ǫ)) ρana (ǫ) ρanr (ǫ)dǫ (4.27)Here ǫf denotes the ele
tro
hemi
al potential of the system. ρana (ǫ) and and ρanr (ǫ)are the adsorbate and the rea
tant density of states.

ρana (ǫ) =
1

2
√
πP

Re(w(z)) (4.28)
w(z) = e−z2erfc(−iz) (4.29)55



P =
(4Er

aE
r
r − (Er

ar)
2)

4βEr
r

(4.30)
Z = (−Qan + i|X2(ǫ, θ)|)/(2

√
P ) , (4.31)

Qan = X1(ǫ, θ)− ǫ0aσ +
∑

ν

λaν λ̄ν
ων

−
(ǫ− ǫ0r +

∑

ν

λrν λ̄ν
ων

)Er
ar

2Er
r

(4.32)in 
ase of anodi
 
urrent.
Er

r =
∑

ν

λ2rν
ων

; Er
a =

∑

ν

λ2aν
ων

; Er
ar = 2

∑

ν

λrνλaν
ων

; (4.33)are the reorganization energy for the rea
tant, adsorbate, and the 
ross reorganizationenergy, respe
tively.
ρr(ǫ) =

√

β

4πEr
exp

[

−β (ǫ− ǫ′r)
2

4Er

] (4.34)Alternatively, we 
an also write
ǫ′r = ǫ0r −

∑

ν

λrν λ̄ν
ων

= F r
R − F r

O − Er
r ≡ η − Er

r (4.35)where
F r
R = ǫR −

4
∑

ν=1

λ2Rν

ων
− 2

4
∑

ν=1

λRνλcν
ων

(4.36)
F r
O = ǫO −

4
∑

ν=1

λ2oν
ων

− 2

4
∑

ν=1

λoνλcν
ων

(4.37)
FO and FR denote the free energies of the redox-
ouple in the oxidized and redu
edstates. ǫR − ǫO = ǫor, λRν = λrν − λoν . Thus FR − FO gives the overpotential η forthe ele
tron transfer rea
tion. Similarly, the fra
tion of overpotential drop between theele
trode and adsorbate is related to the 
hange in the adsorbate free energy during therea
tion

ǫ′aσ = ǫ0aσ −
∑

ν

λaν λ̄ν
ων

= F a
R − F a

O − Er
a ≡ αη − Er

a + Er
ar (4.38)
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Rewriting the anodi
 
urrent expression in terms of overpotential, the expression for
Qan and ρanr takes the form as shown below.

Qan = X1(ǫ, θ)− αη − Er
a + Er

ar −
(ǫ− η + Er

r )E
r
ar

2Er
r

(4.39)
ρanr (ǫ) ==

√

β

4πEr
r

exp

[

−β (ǫ− η + Er
r )

2

4Er
r

] (4.40)Pro
eeding along similar lines of argument for the 
athodi
 
urrent, and noting that
λ̄ν = λcν +λoν +λaν for 
athodi
 
urrent, the expression for Q and ρr obtained as shownbelow,

Ic = 2 eθ|var|2
√
πh̄−1

∫ ∞

−∞
sgn(X2(ǫ, θ)) f(ǫ) ρa(ǫ) ρr(ǫ)dǫ (4.41)

Qcat = X1(ǫ, θ)− αη + Er
a −

(ǫ− η − Er
r + Ea

ar)E
r
ar

2Er
r

(4.42)
ρcatr (ǫ) ==

√

β

4πEr
r

exp

[

−β (ǫ− η − Er
r + Er

ar)
2

4Er
r

] (4.43)The 
oupling 
onstants between adsorbate and various os
illator modes are s
aled bya fa
tor √(1− θ2) to take into a

ount the disolvation e�e
t as adlayer itself exhibitsmetalli
 properties in the higher 
overage regime. Consequently, the solvation and re-organization energy for the adsorbate get s
aled by a fa
tor (1 − θ2), and the solventindu
ed 
ross energy terms are s
aled as √(1− θ2) . No su
h s
aling is present for sol-vation and reorganization energies of the redox-
ouple. Thus the s
aling laws for thevarious re-organisation are as follows
Er

ar(θ) =
√

(1− θ2)Er
ar(0) ; Er

a(θ) = (1− θ2)Er
a(0) (4.44)4.4 Numeri
al Results and Dis
ussionsThe basi
 
on
ern of this 
hapter is towards 
urrent-overpotential 
hara
teristi
s with57



spe
i�
 emphasis on the variation with the 
overage fa
tor (θ) and the fra
tion of overpo-tential drop (αη) a
ross the adsorbate. A �rst look at the expression for anodi
 
urrenteq. 4.27 shows that the 
urrent is an overlap integral of three terms 
orresponding tothe availability of va
ant energy level at the ele
trode (1− f(ǫ)), the density of states ofthe solvated redox 
ouple ρanr and the density of states of the adsorbate ρana . The redoxdensity of states has a Gaussian form in terms of ǫ. The self-
onsistent evaluation ofthe 
oherent potential kσ(θ) enfor
es a numeri
al derivation of the adsorbate density ofstates. However in the following limiting 
ases, kσ(θ) takes the value
lim
θ→0

kσ = ǫ− ǫ− ǫaσ − wii

θ
− wii (4.45)and

lim
θ→1

kσ = ǫaσ (4.46)where
wii =

∑

k

|vik|2
ǫ− ǫk

(4.47). Consequently, the adsorbate density of states 
an be analyti
ally obtained in the limits
θ → 0 and 1. Additionally, ǫ′aσ involved in performing the self-
onsistent evaluation of the
oherent potential takes the value as αη − Ea(θ) + Ear(θ) for anodi
 
urrent evaluationand αη + Ea(θ) for 
athodi
 
urrent estimation.
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Figure 4.1: Comparison of density of states of the adsorbate for weakly 
oupledregime at low (θ = 0.1) and high 
overage fa
tor (θ = 0.9). The values of parameters(in eV) are as follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5 eV. 58



In what follows, we des
ribe the 
urrent vs overpotential pro�le for di�erent sets ofparameters. The adsorbate-ele
trode intera
tion is treated both in the weak (v = 0.5eV )and strong (v = 2.0eV ) 
oupling limits. When the 
overage is low, the adsorbate densityof states has a single peak Fig. 4.1 . An important 
onsequen
e of the strong 
ouplinglimit is the splitting of the adsorbate level in bonding and anti-bonding states for low
θ Fig.4.2. This feature is re
aptured in the present analysis sin
e energy dependen
e of
∆(ǫ) is expli
itly treated in the present approa
h On the other hand, the well knownwide-band approximation for ∆(ǫ) fails to provide the bonding anti-bonding splitting. Inthe monolayer regime, due to the 2-d bond formation by the adsorbate layer, its densityof states a
quires a �at pro�le, irrespe
tive of the strength of the ele
trode-adsorbate
oupling (Fig 4.1, 4.2) . The table I summarizes the values of parameters used in the
al
ulations.
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Figure 4.2: Comparison of density of states of adsorbates for strong 
oupling regimeat low and high 
overage fa
tor. The values of the various parameters employed(in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| = 1.5,∆⊥ =

1.5, µ = 4.5, υ = 2.0Table 4.1: Values of parameters used in 
al
ulation in eV
v ∆|| ∆⊥ µ Er Ear (0) Ea (0)strong 2.0 0.75 1.5 4.5 1.0 0.25 0.75weak 0.5 0.75 1.5 4.5 0.6 0.2 0.4
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Figure 4.3: Plots showing the density of states for redox, adsorbate and the Fermidistribution for anodi
 
urrent under zero overpotential. The weakly 
oupledregime and low 
overage of θ = 0.3 is 
onsidered here .The values of parame-ters (in eV) are as follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5 eV.
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Figure 4.4: Plots showing the density of states for redox, adsorbate and Fermidistribution for 
athodi
 
urrent at zero overpotential. The values of parametersare same as in 4.3
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Ideally, under zero overpotential 
ondition, the anodi
 and 
athodi
 
urrents are ex-pe
ted to be equal in magnitude. This implies that the pro�le of the produ
t ρanr (ǫ)∗ρana (ǫ)for anodi
 
urrent is identi
al to the produ
t pro�le ρcatr (ǫ) ∗ ρcata (ǫ) for the 
athodi
 
ur-rent. This is a 
onsequen
e of the equal separation between the peak positions of adsor-bate and rea
tant density of states for anodi
 and 
athodi
 pro
esses during equilibrium.[Fig. 4.3, 4.4℄. The 
orresponding plots for strongly 
oupled regime is also shown in Fig.4.5, 4.6

-4 -3 -2 -1 0 1 2 3 4
 ε

0

0.2

0.4

0.6

0.8

1

 ρ 
 r 

 ρ 
 a 

1 - f( ε)

Figure 4.5: Plots showing the density of states for redox, adsorbate and the Fermidistribution for anodi
 
urrent under zero overpotential. The strongly 
oupledregime and low 
overage of θ = 0.3 is 
onsidered here .The values of parameters(in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a = 0.75 and v = 2.0 eV .As noted earlier, the ele
tro
hemi
al potential ǫf has been set as the zero of energys
ale for the dire
t ele
tron transfer rea
tion. The presen
e of additional 
harge parti
lesfor the bridge assisted ele
tron transfer rea
tion, namely the adsorbates, 
hanges φ,the equilibrium potential of the ele
trode. This is turn gets re�e
ted as a θ dependentvariation ∆φ(θ) in ǫf (≡ 0). The fa
t that the anodi
 and 
athodi
 
urrents at equilibriumpotential are identi
al in magnitude provides a novel method for the determination of

∆φ(θ). Thus the relation Ia(η = 0) = Ic(η = 0) with f(ǫ) = (1 + exp(−β(ǫ+∆φ(θ)))−1(
f eqs. 4.27 and 4.41) enables us to evaluate ∆φ(θ). The variation of ∆φ with respe
tto θ is shown in Fig.4.7 in the limit of weak and strong adsorbate-ele
trode intera
tion,with Er
r = 0.6 eV, Er

ar(0) = 0.2 eV, Er
a (0) = 0.4 eV. The value of ∆φ(θ) depends onthe strength of 
oupling v; its magnitude in
reases as the 
oupling be
omes stronger.61
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Figure 4.6: Plots showing the density of states for redox, adsorbate and Fermidistribution for 
athodi
 
urrent at zero overpotential. The values of parametersare same as in 4.5
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Figure 4.7: Plots showing the variation of ∆φ with respe
t to θ the 
overage fa
tor.The values of re-organisation energies employed were same in both the 
urves. Er= 0.6 eV, Ea(0) = 0.4 eV, Ear(0) = 0.2 eV
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|∆φ(θ)| is again large for low θ values and remains almost 
onstant in this region. Notethat in this regime, the 
harge on the adsorbate remains lo
alized on the adsorption site.
|∆φ(θ)| starts diminishing sharply for θ > 0.6 and it tends to 0 as θ → 1. This behaviouris expe
ted. As θ → 1, the adsorbate layer be
omes metalli
 and gets in
orporated inthe ele
trode. The ele
tron transfer a
quires the 
hara
teristi
s of a dire
t heterogeneousrea
tion, and 
onsequently as noted earlier, the ele
tro
hemi
al potential µ again lies atthe zero of the energy s
ale.
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Figure 4.8: anodi
 
urrent vs η for α = 0.3. The values of the various parametersemployed (in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| =

1.5,∆⊥ = 1.5, µ = 4.5, υ = 2.0We �rst present the 
urrent-overpotential pro�le in the weak 
oupling limit (v =

0.5 eV ) for a range of θ and α. The employed values of various reorganization energiesare Er
r = 0.6, Er

ar(0) = 0.2, Er
a (0) = 0.4. The general behaviour 
an be analysed bylooking at the 
ase of lower 
overage and high 
overage regimes respe
tively, and thenby investigating the e�e
t of variation of α in these limits. Fig. 4.8 shows that for a�xed α, anodi
 
urrent as well as the 
urrent peak height in
reases with θ in the small θrange (θ = 0.1 and 0.3). This feature arises due to a better overlap between the rea
tantand adsorbate density of states, whose peak positions are approximately separated by adistan
e Er

r + Er
a(θ) − Er

ar(θ). An in
rease in θ redu
es Er
a and Er

ar (
f eq. 4.44), andhen
e the peak separation diminishes and the overlap gets enhan
ed. The presen
e ofanodi
 
urrent peak at ηp signi�es negative di�erential resistan
e for η > ηp. This feature63



is absent in the higher 
overage limit. For large value of θ, the 
urrent at higher η exhibitsa saturation e�e
t. This is a 
onsequen
e of the fa
t that the maximum in the adsorbatedensity of states ρana is now suppressed. ρana now a
quires a plateau pro�le (Fig 4.1). Theplateau height, and therefore the overlap between the rea
tant and adsorbate densityof states de
reases with the in
reasing 
overage. Therefore a de
rease in the saturation
urrent results as θ → 1 (
urve θ = 0.7 and 0.9 in Fig. 4.8).
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Figure 4.9: anodi
 
urrent vs η for θ = 0.1 in the weak 
oupled regime. The valuesof parameters (in eV) are as follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5eV.The e�e
t of the α variation on the anodi
 
urrent is highlighted in Fig. 4.9, 4.10and 4.11. This e�e
t is more pronoun
ed in the low 
overage regime due to the presen
eof adsorbate density of states peak. The rea
tant and adsorbate density of states peakseparation in
reases with the in
reasing α. Consequently, the maximum overlap betweenthe two o

urs at larger η. This explains the o

urren
e of the anodi
 
urrent peak athigher η values as α in
reases . On the other hand, the near 
onstant adsorbate densityof states for large θ ensures a minimal e�e
t of α variation on the anodi
 
urrent (Fig.4.11, 4.12).Next the strong 
oupling limit with [v = 2.0 eV, Er

r = 1.0 ev, Er
ar(0) = 0.25 eV, Er

a (0)= 0.75 ev ℄is 
onsidered. Figures 4.13, 4.14, 4.15 and 4.16 shows the 
urrent overpotentialresponse in the strong 
oupling regime. As in the 
ase of low 
overage, the Ia vrs η plotexhibits a negative-di�erential region (Fig. 4.13, 4.14). 64
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Figure 4.10: anodi
 
urrent vs η for θ = 0.3 in weak 
oupled regime. The valuesof parameters (in eV) are as follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5eV.
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Figure 4.11: anodi
 
urrent vs η for θ = 0.7. The values of parameters (in eV) areas follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5 eV.
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Figure 4.12: anodi
 
urrent vs η for θ = 0.9. The values of parameters (in eV) areas follows: Er
r = 0.6, Er

ar(0) = 0.2, Er
a = 0.4 and v = 0.5 eV.
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Figure 4.13: anodi
 
urrent vs η for θ = 0.1. The values of the various parametersemployed (in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| =

1.5,∆⊥ = 1.5, µ = 4.5, υ = 2.0
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Figure 4.14: anodi
 
urrent vs η for θ = 0.3.The values of the various parametersemployed (in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| =

1.5,∆⊥ = 1.5, µ = 4.5, υ = 2.0
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Figure 4.15: anodi
 
urrent vs η for θ = 0.7. The values of the various parametersemployed (in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| =

1.5,∆⊥ = 1.5, µ = 4.5, υ = 2.0
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Figure 4.16: anodi
 
urrent vs η for θ = 0.9. The values of the various parametersemployed (in eV) are as follows: Er
r = 1.0, Er

ar(0) = 0.25, Er
a(0) = 0.75,∆|| =

1.5,∆⊥ = 1.5, µ = 4.5, υ = 2.0More importantly, the presen
e of two peaks in ρana when 
oupling v is large and θ issmall (Fig. 4.2) leads to a saddle point and a maximum in the Ia vrs. η plot. For the set ofparameters 
urrently employed, the Ia,Max now o

urs at a mu
h larger η in 
omparisonto the weak 
oupling limit, and may not be a

essible experimentally. However, thesaddle point in the 
urrent appears in an overpotential range where the anodi
 
urrentpeak appears in the weak 
oupling limit. For large 
overage, 
urrent potential pro�le aresimilar in strong and weak 
oupling limit. Interestingly, the saturation 
urrent is smallerin the large 
oupling 
ase due to a de
rease in the height of ρana . In fa
t this loweringof the 
urrent in the strong 
oupling holds true for any 
overage and η. This is shownin Fig. 4.17 wherein the variation of equilibrium 
urrent Io with respe
t to 
overage isplotted. The Io is smaller for larger v, and as explained earlier in the 
ontext of Fig.4.8, shows a maximum in the intermediate 
overage regime. However it may be notedthat when v → 0, 
urrent would be proportional to |v|2, and an in
rease in v in this veryweak 
oupling limit will lead to an in
rease in the 
urrent.The high 
overage regime of θ → 1 
orresponding to a formation of monolayer of ade
rease in the 
urrent for higher η when the 
overage is low virtually mimi
s the Mar
usinverted region for a homogeneous ele
tron transfer rea
tion. On the other hand, the
urrent getting saturated at higher η when the 
overage is large is also true for a dire
t68
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Figure 4.17: Plots showing the equilibrium 
urrent at zero overpotential I0 vs θfor strong and weak 
oupled regime. The values of re-organisation energies weresele
ted be the same for both the 
urves, Er = 0.6 eV, Ea(0) = 0.4 eV, Ear(0) =0.2 eVheterogeneous ele
tron transfer rea
tion. Thus depending on the extent of 
overage, anadsorbate mediated ele
tron transfer at an ele
trode exhibits the 
hara
teristi
s of bothhomogeneous and heterogeneous ele
tron transfer rea
tions. The lo
alization of adsorbateele
tron at low 
overage and its delo
alization at high 
overage is the reason behind thisphenomena.4.5 Summary and Con
lusionsIn this 
hapter, we 
onsidered ele
tron transfer in an ele
tro
hemi
al system, froma solvated redox to an ele
trode mediate by intervening adsorbate atoms. Further ran-domness is introdu
ed in the model in terms of the 
overage fa
tor whi
h relates to thenumber of adsorbate atoms adsorbed on the ele
trode surfa
e. The theory developed isvalid for a range of regime, lone adsorbate mediate transfer to the monolayer format-ted dire
t ele
tron transfer regime. The inherent randomness involved in the adsorbatedistribution on the surfa
e has been ta
kled by 
oherent potential approximation (CPA)and separate expression are derived for anodi
 and 
athodi
 
urrent. 69



Expli
it attention was paid to the low 
overage and high 
overage regime, even thoughthe formalism is valid for all regime, sin
e at these two regions the theory 
ould be
ompared with pre-existing literature. Plots were also provided for intermediate regimesand additionally, the e�e
t of the adsorbed atoms on the Fermi level of the ele
trodewere in
orporated by means of a shifted equilibrium potential ∆φ(θ), ensuring that theanodi
 and 
athodi
 
urrent were equal under zero overpotential 
ondition.The analysis also provides a novel method for determining the variation in ∆φ(θ)with 
hanging adsorbate 
overage.The fra
tion of overpotential drop a
ross the ele
trode-adsorbate is in
orporated andthe 
olle
tive plots are analysed. We have proved that this fra
tion of overpotential dropplays a signi�
ant role in determining the response behaviour of 
urrent, typi
ally thelo
ation and extent of the maximas in 
ase of lower 
overage situations. while in 
aseof high 
overage regime, the e�e
t is not profound and the ele
tron transfer follows thetraditional dire
t ele
tron transfer as expe
ted from heuristi
 arguments.The dependen
e of anodi
 
urrent in the weak and strong ele
trode-adsorbate 
ouplingis analyzed. In the former 
ase, Ia vrs overpotential pro�le exhibits a peak, where as inthe later 
ase, and in the same overpotential region, the 
urrent plot shows a saddlepoint behaviour. This fa
t 
an be used to distinguish a weakly 
hemisorbed bridge froma strongly 
hemisorbed one. These distinguishing features o

ur only when the 
overageis low. At high 
overage, Ia ∼ η plots have identi
al pro�le for weak and strong 
oupling
asesAt low 
overage, it is possible to re
over the Mar
us inverted region, whi
h is absentwhen the 
overage is large. The lo
alized nature of the adsorbate orbital when 
overageis low, and its getting delo
alised for high 
overages leads to this behaviour.
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