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AbstratTransport of eletrons in moleular juntion devies is one of the important prob-lem in the �eld of moleular eletronis and nanosale devies. Though in thepast years formalisms have been suessfully developed to aount for tunnelingassoiated with energy gap between Fermi-levels and moleular levels, oherentand inoherent tunnelings and inelasti tunneling spetrosopy. A suessful pi-ture for general understanding of orientational and vibrational e�ets on moleularjuntion devies, typially as enountered in eletrohemial environment, is yetto be fully pereived. Additionally, sine in eletrohemial environment the biasand eletrohemial potential of the wire an be varied independently, a thoroughunderstanding of the eletron transfer proess in suh a system an help in pre-diting behaviours like urrent reti�ation, negative di�erential resistane et.Experimentally this is easily realised by operating in eletrolyte and to ontrol thepotential of two eletrodes with respet to a referene eletrode in the eletrolyte.This is desirable in lieu of downsaling of eletroni omponents sine the appliedgate voltage falls aross the double layers of the eletrode-eletrolyte interfaeswhih are a few angstroms in extent.Initially works on eletron transfer were aimed at DBA omplexes. The situ-ation of eletron transfer between reservoirs onneted by a moleular bridge wasinvestigated by Ratner and o-workers. Formal expressions were obtained by Car-oli and o-workers whih were later re-derived by several others in di�erent ontext.In this thesis onsiderable attention will be paid to the ase of a moleular bridgeontaining a redox enter. The presene of redox ompliates the analysis as theredox ouple an interat with the solvent whose �utuations will have enhanede�et on the urrent. This situation is studied in detailed in this thesis. Mod-elling the bridge wire by a tight-binding hamiltonian and the interation of theredox with the solvent polarization modes as linear oupling, an explit expres-sion for quantum ondutane (within the wide-band approximation) is obtained.The thermal averages over various polarization modes is performed numerially.Depending upon the strength of interation between neighbouring atoms, variousintereating urrent-voltage responses are seen. The onsidered system is shown to5



exhibit ertain desirable feature of eletroni iruits suh as reti�ation, negativedi�erential resistane, step behaviour (extended urrent voltage plateaus) et.Though the traditional view of eletron transport theories in eletrohemialenvironment is to onsider a transfer between two reservoirs or between DBA om-plexes wherein the donor and aeptor states are in disrete energies, we presentour result in this thesis for the eletron transfer rate from a redox to a reservoir.This problem demands attention sine while the reservoir normally has a ontin-uum of states while the redox whih has single energy level but is dependent onthe �utuation of the solvent, that is, the polarization mode of the solvent. Henethe total eletron transfer rate is determined by the ompetition between the res-onane tunneling of the eletron and the solvation of the redox. Assuming thesolvent exits in a thermal equilibrium independently, the transfer rate was studiedwhile varying some of the important parameters like the re-organisation energy,the relative position between the bridge and the Fermi-level et.In atual experiment, the moleular wire is onneted to an eletrode by meansof a ontat group. In general, the ontat group is a speies di�erent from theatoms of the moleular bridge and whih hemisorbs well with the eletrode. In thisthesis, eletron transfer through suh a hemially modi�ed eletrode is presented.Further, to orrespond better with atual experimental setup, the adsorbate israndomly distributed on the eletrode surfae and it's overage fator is allowed tovary from zero to 1 this overing all regimes, from lone adsorbate to monolayers.A modi�ed Newns-Anderson Hamiltonian is employed to model the system andthe urrent is alulated within the linear response regime. The randomness inthe adsorbate distribution is handled using CPA. The DOS is analysed for di�er-ent regimes of strong and weak oupling as well as lone and monolayer overageregimes. The urrent-potential pro�les are similary plotted for various limitingregimes. We reover the Marus inverted regime in the low overage ase and alsoa diret heterogenous eletron transfer in the high overage regime when the ou-pling is strong. A saddle point behaviour is observed in the low overage regimewith weak oupling. 6
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Chapter 1Introdution
In 1965, Gordon Moore, proposed his famous 'Moore's Law' [2℄ whih states thatthere would be a doubling of devies per hip every 24 months and has been seen tohold good for the past 40 years. Clearly suh a saling of the omponents is expetedto lead to a region where quantum e�ets beome predominant. This has lead to aninreased interest in the �eld of nanotehnology both at a formalism level as well as froma tehnologial point of view. The ative researh in formalisms is more geared towardsa better understanding of the transport phenomena involved as well as prediting thebehaviour of envisioned devies under given set of onditions. The reent fous at thisfront has moved from understanding simple tunneling near Fermi surfae and energybands to inluding e�ets of eletroni and vibrational degrees of freedom. While theengineering aspet is more towards devie design, whih in turn basially involves aroundmanipulating materials at atomi length sales. The suess in the latter is basially dueto the developments in STM, AFM and in general MJT's [3, 4, 5, 6, 7, 8, 9, 10, 11, 12℄.There has always been a need for high speed omputing along with low onsumptionof power and ompatness of omputing devies. Present day omputing is dominatedby semiondutors whih faes ertain setbak fators in view of the downsizing for de-vies. The hief among them are saling at atomi dimension, gate oxide thikness,power onsumption due to leakage urrent, quantum tunneling et[13℄. All the abovementioned fators have made moleules as a potential andidate for future omputing1



devies. Moleules on the ontrary have ertain desired features. Moleules within a typ-ial size of 1 to 100 nm an have a variety of strutures. Isomers of the same moleularfamily an have di�erent eletroni properties, a behaviour highly desired for swithingoperations at single moleule level. By suitable hoie of omposition, it is possible tovary the transport properties of a moleule extensively.
1.1 Eletron Transfer Theories

In Semiondutors and metals the eletron transport an be understood from a Ohmipiture, that is, resistane is proportional to length of wires, for a �xed ross-setionof wire. Suh a piture fails for moleular ondution due to the loalized eletronistates. A partiular interesting ase is that of ondution through a DBA-moleule(Donor-Bridge-Aeptor), whih has been well studied in literature both experimentallyas well as theoretially. In DBA moleules, the donor and aeptor sites are part of thesame moleule and orrespondingly three di�erent mehanisms are possible for eletrontransfer. One is the thermal exitation from donor to aeptor whih is inoherent anddi�usive, while the other two mehanism are eletron super-exhange (eletrons tunnelfrom one eletrode to the donor then to the aeptor and �nally to the other eletrode),and hole exhange (where the eletron �rst leaves the moleular level reating a hole whihis then followed by re�lling)[14, 9℄. The latter two mehanisms are oherent in nature. Itshould be noted that the general observed I-V haratersitis implies a oherent transportof eletrons. The ondution, under ertain onditions, an be made to vary with thesign of applied voltage, thus leading to reti�ation [15℄ . The hief fator in determiningthe ondution behaviour of DBA moleule is the rate of eletron transfer from donor toaeptor. This prompts one to study ondution properties interms of eletron transferrate between donor and aeptor speies.The most suessful of eletron transfer theories is one due to Marus [16℄ , wherethe transfer rate for non-adiabati ase is alulated. 2



κet =
2π

h̄
|VDA|2ρFCWD (1.1)where ρFCWD is the Frank-Condon weighted density of states and VDA is theoupling between donor and aeptor eletroni states. Further, if EDA is thedi�erene in eletroni energy between the donor and aeptor and λ the solventre-organisation energy, it was shown by Marus that the above rate redues inlassial limit to an expression whih is now the well-known Marus expression foreletron transfer rate

κet =
2π

h̄
|VDA|2

e−(λ+EDA)2/4λkBT

√
4πλkBT

(1.2)For oherent transport, an approximate expression was derived by A.Nitzan[17℄ relat-ing the eletron transfer rate to the ondutane. He onsidered N idential segments inwhih only the �rst (1) and last (N) bridges sites were oupled to the donor and aeptor.The donor and aeptor speies are assumed to be hemisorbed on the eletrodes. Let
ΓD and ΓA be the imaginary part of their self-energies arising due to their oupling witheletrodes. Under this set of assumptions, for low bias, ondutane g was found to havethe form

g ≈ 8e2

π2ΓL
DΓ

R
A ρFCWD

κet (1.3)Though the above formula presents a simple orrespondene between the two ob-servables, namely the eletron transfer rate and the ondution, ertain fators needsto be taken into onsideration in a general senario. Thermal ativation an dominateat suitable temperatures leading to dephasing and hene shifting the transport proessfrom oherent regime to inoherent hopping. The above e�et will lead to a length de-pendeny in the transport. Sine most moleules are highly sensitive to temperaturehanges, juntion heating needs to be addressed. This brings the next important as-pet of eletron-phonon oupling whih is primarily responsible for juntion heating.Additionally, stohasti swithing involves moleules that have their eletroni transportproperties strongly dependent on underlying nulear onformations [18, 19, 20℄ . This hasbeen proved in an experiment by M. Berthe and o-workers [21℄ where eletron transporttakes plae only when the bridge is vibrational exited. 3



Traditional treatment in ET theories heavily relies on Frank-Condon approximation,where the transport is assumed to be independent of the geometry. Evidently there isa breakdown Frank-Condon approximation for ondutane in suh ases as mentionedabove.1.2 Experimental overview
Condutane measurements serve as a �rst test for the appliability of the formalismsdeveloped to fabriated devies. The most simplest is to use a sanning tunneling miro-sope to study the eletron transport through individual moleule adsorbed on the surfae[22, 23, 24, 25℄. Di�erential ondutane an be obtained from suh an experiment but theimportant assumption in suh a piture is the appliability of Terso�-Harmann piture[26℄. In Terso�-Harmann piture, the ondutane is proportional to the loal density ofeletroni states of the STM tip and the Fermi energy. This is justi�ed sine there exista large vaum gap between the moleular end and the STM tip and most of the voltagedrop ouring in the gap.It is possible to measure the ondutane properties in the presene of a gate voltage.The above measurements disussed were done in the absene of a referene potential.The appliation of three terminal juntions has beome ommon from the introdutionof CMOS transistors. In moleular eletronis proposals have been made to employ thethree terminal juntions to hange the nature of transport from oherent to hoppingtransfer [27, 28, 29℄. Attempts have been made to inorporate semiondutors in mole-ular ondution. Most of the experiments on moleular transport employs gold eletrodewith thiol anhor for the moleular wire. The primary fator for this ombination for theinterfae is that the Fermi energy of gold eletrode fall within the HUMO-LUMO gapof most thiol ended moleules. Experiments using semiondutor as the eletrode havebeen performed [30, 31, 32℄. The main advantage of using semiondutor for the jun-tion is that, a typial metal-moleule juntion su�ers for geometri hanges whih ana�et the transport property through the juntion, while a in a semiondutor-moleule4



juntion, suh a unertainty is not present sine the is interfae formed by two-atomssharing eletron through a ovalent bond. Additionally, the band-gap is expeted toprovide negative di�erential resistane [33, 34℄. Some theoretial studies have also beendone for semiondutor-moleule interfae[33, 35℄, most of them fous on the band gapdomination of the transport properties.The traditionally employed three terminal voltage measurements, whih forms thebasis for swithing devies, su�ers from a serious drawbak. The mode of operationof a swithing devie is to ontrol to �ow of urrent by a third eletrode. Obviouslyfor moleular eletronis, this would imply plaing the third eletrode at a distane ofa few angstroms from the desired moleule. This method has serious onstrutionalonstraints. Another method would be to employ a large gating voltage to manipulatethe energy levels of the moleule whih is again not eonomial, espeially in lieu of heatdissipation. An alternate viable solution is to use moleules with redox enters and toontrol the states of the redox using gating voltage. The presene of third eletrode anbe avoided by operating the setup in an eletrolyte and the referene eletrode in theeletrolyte an be used as the gate eletrode. This is advantageous as the applied voltagefalls mainly aross the double-layer at the eletrode-eletrolyte interfae. Several groupshave reported suessful implementation of the above method to ontrol harge transferin serveral diverse situations like nanojuntion [36℄ , polymer �lms [37℄, arbon nanotubes[38, 39℄, redox moleules [1, 40, 41, 42, 43℄ et.1.3 Preliminary terms and onepts
The transport phenomenon in moleules typially takes plae within a few nanometersof length sale and hene it is advantageous to haraterise the ondution by usingonepts developed for mesosopi ondutors. Obviously the �rst of these are the lengthsale whih serves to roughly di�erentiate between the lassial and quantum regime [44℄.Typially, these length sales are the Fermi wavelength λF , the momentum relaxationlength Lm and the phase relaxation length Lφ. These are throughly disussed by Dattain his well written book on mesosopi ondution [45℄. 5



1.3.1 Fermi WavelengthAt very low temperatures, it is well known that only eletron lose to the Fermi surfaeontribute to urrent. The Fermi wavelength sales as the inverse square root of Fermienergy, λF = 2π/
√
2mEF . Numerially this is of the order of a few nm. If the transporthappens in one dimension, then there exist only one hannel, but for two dimensionaltransport the number of hannels or modes available for propagation is determined bythe ratio of the band-width W of the wire to the Fermi wavelength INT (2λF /W ), where

INT (x) is the largest integer smaller than x. Hene hanging the width results in dereasein the number of hannels available for eletrons to pass and thus leading to a step likeinrease or derease of the ondutane.
1.3.2 Momentum relaxation lengthThe momentum relaxation length Lm is the average distane traveled by the eletronbefore losing it's momentum by ollison with impurities, defet et. Numerially this isof the order a few mirons. In elasti sattering the momentum hanges even thoughthe energy remains onserved and hene elasti satter ontributes to the momentumrelaxation length. Thus both elasti sattering and inelasti sattering (i.e. satteringwith lattie vibrations, ore eletrons et) both ontribute to momentum relaxation buteletron-eletron sattering does not ontribute to the above relaxation1.3.3 Phase relaxation lengthThis length Lφ is de�ned as the distane traversed before the eletron looses informa-tion about it's initial phase. Dynamial satters like phonons, magneti impurities are6



primary fators ontributing to phase relaxation. Elasti sattering does not hange thephase of eletrons while sattering between two ondution eletrons an lead to phasehanges. At low temperature eletron-eletron sattering is the primary fator in bringingabout phase relaxation.The above harateristi length sale an be hanged by varying ertain experimentalparameters or by hanging the material properties. For example, the phonon exitationsan be suppressed by lowering the temperature whih in term inreases Lm and Lφ.Magneti sattering an be ontrolled by altering the onentration of the satters or byusing a suppressing magneti �eld. Similarly eletron-eletron interation is dependenton arrier onentration and band struture. So the transport behaviour an be studiedseparately by preparing the samples under suitable external ontrol parameters.Apart from the above mentioned length sale to haraterise the transport proess,ertain additional notions are needed in order to have a larity in understanding moleulartransport phenomenon [12℄.1.3.4 Moleule-eletrode ouplingWhen moleule is oupled with an eletrode, the disrete moleular energy levels mixwith the ontinuum energy bands of the eletrode and thus leading to hanges in someof the properties of the moleule. In the simplest approximation of wide-band approxi-mation, this only leads to a broadening of the energy level of the moleules. The lifetimeof an eletron then is inversely proportional to this broadening and hene determines therate at whih the eletron an esape into the reservoir. In general the mixing of energylevels will lead to shift and broadening of the moleular energy levels. This is the asewhen other forms of self-energies like the Newns semi-elliptial form [46℄is used insteadof wide-band approximation. Hene a stronger oupling with eletrode implies a higherurrent. Of partiular importane is oupling of moleule to two di�erent eletrode, sinethe uneven oupling on both eletrode with unequal voltage drop aross the eletrodes ispredited as means for obtaining negative di�erential resistane in moleular ondutors.7



1.3.5 Relative position of Fermi surfaeIn a typial senario, the eletrodes and the moleules are so seleted that the Fermilevel of the eletrode (whih is around -5 eV for noble metals) falls between the HOMO-LUMO of the moleules (approx -9 eV for HOMO). But one the onnetion is made,due to harge �ow, harge rearrangement and geometri rearrangement, the Fermi levelfalls between the HOMO-LUMO gap. The harge �ow and the allied proess will on-tinue to happen until the Fermi level falls within the gap. The Fermi level need notbe halfway in between the HOMO-LUMO gap but ould be anywhere in between. Theabove presented piture is somewhat simpli�ed, in that, it presumes that the mixingbetween moleule and eletrode is somewhat omparitively weaker than the interationsbetween the moleules. This may be true for most moleular-metal juntions but in aseof moleular-semiondutor juntions needs serious rethinking, for these juntions areformed by strong ovalent bonds.1.3.6 Eletrostati potential pro�le inside the moleuleIt is well known that the appliation of eletri �eld shifts the eletrohemial po-tential of the reservoirs. For eletron transport through ondutors , sine �eld inside aondutor is zero, the voltage drops are assumed to our at the juntion and the voltageto remain a onstant along the length of the ondutor, while for semiondutors the volt-age is expeted to drop along the length of the semiondutor. The situation is somewhatin between for moleular transport. The potential pro�le inside the moleule dependson the strength of the oupling between the moleule-metal at the juntion. A strongoupling will result in a ramp kind of potential pro�le while a weak oupling would resultin majority of the voltage drop aross the juntion with a possible onstant shift in themiddle. The seondary fators whih a�et the potential pro�le inside the moleule arepolarizability of the moleule and the harge distribution inside the moleule. In theory,the eletrostati potential in the absene of harge transport must satisfy poisson equa-tion. In the presene of moleules, the potential needs to be determined onsistently fromthe poisson equation with replaing the square of the wavefuntion (the solution from8



shrodinger eqaution) instead of the harge density. Density funtional-NEGF alulationare employed in literature to arry out the above proedure [47, 48, 49, 50, 9, 51, 52℄.1.3.7 Eletroni struture of the moleuleAlthough ondutane in dominated by eletrons near the Fermi surfae, in moleulartransport, the bottle-nek of the phenomenon appears to be the availability of the numberof hannels for eletron transfer. Irrespetive of the materials involved, generally threedi�erent regions based on the hannels available. The single transmission hannel regionours when the s band eletrons dominate the DOS of the moleules. Similarly thereexist 3 and 5 hannels orresponding to p and d band eletrons ontributing the DOS[53℄ . The situation is further ompliated due to hybridization. It is seen that not allavailable hannels are used in onduting hannels. Generally the dominant hannel is asymmetri ombination of orbitals in a hybridized view. This point of view is supportedby ertain experimental fats [54, 55, 56, 57, 58℄.
1.4 Mehanisms of eletron transport

Broadly the eletron transport is divided into three regimes: ballisti, di�usive andlassial.1.4.1 Ballisti regimeThis type of transport regime is haraterised with the sample size (l) muh smallerthan the momentum relaxation or phase relaxation length (l � Lm , � Lφ). This is ballistisine the eletron an transport without loosing momentum and phase. The Landauerformalism holds good in this regime. The ondutane is independent of the length of the9



moleular wire. The ondutane is due to the resistane at the ontats. In other words,it is sattering of eletron at the boundary of reservoirs that determines the urrent. Andhene the ondutane is proportional to the width of the juntion and independent ofthe length of the wire.1.4.2 Di�usive regimeThis regime is intermediate where Lφ >> Lm and the transport is di�usive. Sine theeletron retains it's initial phase , quantum interferene e�ets still needs to be onsidered.The MConell [59℄ expression for rate of eletron transfer holds valid in this regime. Thatis, G= A exp(−βl) where, l is the length of the moleular wire, β is the harateristideay parameter and A is some onstant depending on the juntion properties. In pratieit has been found to be a good approximation for ertain kind of alkanes up to a ertainlength and small voltages. One of the possible reasons for suh behaviour is attributed tolarge HOMO-LUMO gap and the eletron transfer takes plae through super-exhange, a proess where the eletron hops through virtual orbitals whih are energetially wellseparated from the eletrode Fermi level.1.4.3 Classial regimeThis regime of transport happens when the size of the sample is larger than themomentum relaxation length and phase relaxation length. Interferene e�ets an benegleted sine the eletron entering at one end looses information of it's initial phase.Inelasti sattering dominates in this regime and the ondution is that of a regularmarosopi wire obeying Ohm's law. In addition to inelasti and inoherent satters,the eletroni levels in the moleular wire ouple to the vibration or other degrees offreedom present in the system resulting in a ondution dependent on the length of thesample.
10



1.5 Brief overview of theoretial tools
1.5.1 Lippman-Shwinger equationThis method was pursued primarily by Lang and o-workers [60, 61, 62, 63, 64℄ .The general mode of solving the problem is as follows: The bare metalli eletrodes wereonsidered in the presene of bias voltage and their single-partile wave-funtions anddensity distributions were found using density-funtional formalism. Next the bridge be-tween the two eletrodes are introdued and a Lippman-Shwinger equation is solved foreah of the single-partile wavefuntions to obtain the wavefuntion for the total ele-trodes plus bridge system. The density distribution is obtained from the wavefuntionsand the solution is found by iterative proedure.
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) (1.4)In the above equation G0 is the Green's funtion for the bare eletrodes without thebridge and ψ0 the wavefuntion whih desribes the motion of eletron in the two ele-trodes and δV is the di�erene in potential between the bare unonneted system and theone with bridged eletrodes. The urrent is alulated by di�erentiating the expressionfor wavefuntion obtained from solving the Lippman-Shwinger equation. Initially, Langand o-workers approximated the wavefuntion in the bare eletrodes as plane waves[60, 65℄. These were further re�ned by Joahin and Magoga [66, 67℄ who onsideredatomi orbitals instead of plane waves. In addition Joahim and o-workers employedreursive green's funtion methods and were able to obtain the exponential deay withinrease in length of ondutane.1.5.2 Landauer-Buttiker Formalism
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Landauer viewed urrent �ow as a transmission proess with eletron entering thewire through on of the juntions and then alulating the probability for it to reah theother juntion. Landauer employed the wave sattering to arrive at his result.
I =

2e2

h

∫

dǫT (ǫ)[fL(ǫ)− fR(ǫ)] (1.5)Where T (ǫ) is the transmission oe�ient and fL and fR are the Fermi distributionsfuntion for the two eletrodes. The prefator 2e2/h is known as the universal ondu-tane and hene the numerial value of resistane is 12.9K Ω. The formula works well inase where the entral region is small in omparison with the oherent length of the wavesso that it is treated as purely elasti sattering without energy loss. Hene this formula isideally suitable for ballisti thermal transport. The resistane is independent of the lengthof the ondutor, the origin of whih is at the juntions. Blenowe [68℄ made an estima-tion of the transmission oe�ient using elasti wave models. Mode mathing method[69, 70℄ is one of the prominently used tehnique for alulating Transmission oe�ient.Wang and Co-Workers [71℄ alulated the transmission oe�ient using sattering bound-ary method. Transfer matrix method have also been used to alulate the transmissionoe�ients in one dimensional atomi models as well as in ontinuum models.[72, 73, 74℄1.5.3 Ratner-Mujia FormulationsIn 1994, Mujia, Ratner and Kemp [75, 76℄ developed a formalism to express urrentthrough a system of two eletrodes onneted by Moleular hains of N-sites. Initially,Mujia and Ratner onsidered expliitly the situation where the moleules in onnetedto the reservoirs only through the �rst and the last sites (1 and N). If ∆L and ∆R arethe imaginary part of the self-energies ontributions arising from the Left and Rightreservoirs, then the expression for urrent as derived by Mujia and Ratner is
I(V ) =

4e

πh̄

∫ EF+eV/2

EF−eV/2

∆L∆R|G1N |2dE (1.6)Some of the impliit assumption in the formalism is the absene of diret eletrode-eletrode interation and imposing the ondition that the reservoir and wire have or-thogonal basis states. Mujia-Ratner employed atomi orbitals for basis funtions. The12



salient point to notie is that while the reservoir has basis funtion whih are gener-ally in�nite dimensional, and the moleular wire has a �nite dimensional basis funtion.But the relation expressing urrent depends only on the G of the moleule (that is, theGreen's funtion of the moleule as modi�ed by the possibly voltage dependent intera-tion with the reservoir and not the green's funtion of the free moleule), whih is �nitedimensional. It should also be noted that in the original work of Mujia-Ratner, the �nalurrent was not obtained by integrating over the energy levels between the two reservoirsmodi�ed appropriately by the voltage applies, but rather they assumed that urrent on-dution is basially due to eletrons near the Fermi surfae and hene alulated theurrent pro�le by examining the form of the integrand near the Fermi surfae. Yalirakiand Ratner [77℄ generalised the end-only onnetion assumption in the original work toarbitrary onnetions.1.5.4 NEGF: Caroli's formulaA preise formula for alulating the urrent between two eletrodes onneted bya wire is given by Caroli and o-workers [78℄. The original form of the derivation donewas Caroli and o-workers by imposing ertain additional onstraints on the system andhene it was derived in a slightly restrited sense. The more widely aepted form forthe formula is due to Wingreen and o-workers [79, 80, 81, 82℄. They were able to obtainthe formula while allowing ertain additional interations for the eletrons in the wire.Both Caroli and Wingreen employed Kheldysh methods to obtain the formula. The sameequation was also obtained by several other others by using Quantum Langevin Equations[83℄.
I(V ) =

e

πh̄

∫ EF+eV/2

EF−eV/2

Tr[GrΓLG
aΓR]dE (1.7)where Gr† = Ga is the green's funtion for the entral wire region and ΓL,R = ∆L,Ris the imaginary part of the self-energy arising out of the interation between the wireand the eletrodes. The problem, when expressed in the above formalism essentially boilsdown to evaluating elements of the green's funtion of the wire. This proeeds as follows
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(1.8)Where HL,W,R refers to the hamiltonian of the left, wire and the right reservoir,
VLW,RW,WL,WR are the hopping terms from reservoir to wire. The quantity of interestis the green's funtion of the wire GW . It should be noted that in general the HL,R arein�nite dimensional matries and HW is �nite dimensional matrix. If the wire is modeledas N Single sites, then HW is a matrix of N times N dimension. Solving for the green'sfuntion of the wire

GW =
1

ǫI− HW − ΣL − ΣR
(1.9)In the above expression for GW , the self energies ΣL,R arising from the eletrodeinteration are related to the ΓL,R in the Caroli's formulas as ImΣL,R, and the ΣL,R anbe expressed interms of the green's funtion of the eletrodes Σ(L,R) = V †

W (L,R)GLV(L,R)W. Thus even though the green's funtion of the moleular wire require an inversion of �nitesize matrix, the self-energies involve green's funtion of the eletrode whose Hamiltonian'sare in�nite dimensional matrix. But this doesn't pose muh of a problem as analytialsolution are available for the form of green's funtion of the eletrode.1.5.5 Handling InterationsThe above mentioned theoretial methods generally do not address the question aboutthe nature of spei� interations and their e�et on the urrent. Of partiular inter-est is the interation of eletron-phonons sine these type of interations are responsiblefor juntion heating. It is well know that moleules are highly sensitive to temperaturehanges this issue needs to be addressed. It has been well-known from eletrohemi-al literature [84, 85, 86, 87, 88, 89℄ that the transfer of eletron from redox ouple toeletrodes has a di�erent behaviour from transfer of eletron from a single state to a on-14



tinuum energy band. One possible mehanism is a one-step oherent transport proessin whih an eletron tunnels via the redox state of the moleule from one eletrode toanother quikly so that the moleule has no time to relax to the redued state, that isthe moleule stays in the initial oxidized or redued state for the whole duration of theeletron transport. When the Fermi level mathes with that of the redox energy level alarge resonant tunneling urrent will be observed. Another possible proposed mehanismis a two stage proess in whih the eletron tunnels to the redox and then resides in theredox until the redox relaxes to redues state. Neither of the proposed models agreeswell with the experiment and the more realisti assumption seems to imply that the nettransfer proess is a ombination of both [43℄ .
1.6 Eletron transfer and it's relevane in eletro-hemial environment

In eletrohemistry, Self-Assembled Monolayers (SAM) play a vital role. Suitablydesigned SAMs an form organized assemblies with nano-partile arrays, metal-moleuleontats and strutures resembling moleular wires. Two dimensional SAMs assembledon suitable sustrates are desired andidates for energy storage devies like fuel ellsand in the fabriation of sensors and optoeletroni devies. A thorough knowledge ofeletron transfer mehanism in suh orgnaized assemblies is neessary for the suessfullappliations. A theoretial approah in addressing the problem of eletron transfer inSAMs will help greatly in identi�ng ideal moleular assemblies.1.6.1 Bridge mediated eletron transferThe bridge mediated eletron transfer proess is known to be a prominent eletrontransfer mehanism in many biologial strutures like redox proteins, photosynthetireation, nulei aids et [59, 90, 91, 92, 93, 94, 95℄ . The eletroni oupling through15



a hain linking an eletron donor to an aeptor an ontrol the rate of eletron transferbetween the groups on the two hain ends. Eletrohemial tehniques are well suitedfor the studies of long range eletroni oupling and eletron transfer between metaleletrodes and attahed redox moleules [96℄. Eletron transfer an be investigated withthe help of tehniques like voltammetry and impedane measurements. Two dimensionalSAMs an be designed to study the distane dependeny in long range bridge mediatedeletron transfer [97, 98, 99, 100℄.It has been well known from the works of A. J. Bard and o-workers [96, 101℄, thatorganized monolayers of alkane thiols on eletrodes provide a general route to reat-ing surfae strutures in whih redox speies are linked to eletrodes through moleularbridges whose length and struture an be varied. Furthermore, Dubois and Nuzzo [102℄designed SAMs of alkane thiol moleules on a gold surfae whih provided a onvienentapproah for studying eletron transfer reation between and eletroative group and ele-trode where the eletroative group is held at �xed distane from the eletrode surfae.Typially, distane dependenies of eletron transfer is mainly investigated with redoxmoleules like ferroene and ferroyanide ions. For example, hexayanoferrate speies inassemblies is a well studied one due to it's potential appliation in atalysis and sensors.It is possible to study eletron transfer rate in biologial speies using methods developedin eletrohemistry. For example, ytohrome C is a biomoleule. It's eletroativity isdue to it's porphyrin skeleton. By linking porphyrin / ytohrome as the terminal groupof alkane thiols of di�erent hain length, the distane dependeny of eletron transfer hasbeen investigated [103, 104℄.
1.6.2 Eletrohemial oulomb stairase hargingMonolayer Proteted Cluster (MPC) has demonstrated an eletrohemial analogueof oulomb stairase harging. Clusters of Au, Ag, Pt et. are stabilised by protetionby ligand monolayers of alkanethiols, silanes, polymers et. Due to the ombination ofsmall metal - like ore size and hydroarbon like dieletri oating, the apaitane of16



Figure 1.1: An ideal Self Assembled monolayer based on alkanethiols assembledon gold eletrode. (soure: page 240, in Eletroanalytial hemistry: a series ofadvanes, vol 19. by A. J. Bard and I. Rubinstein)the MPC is less than an attofarad per MPC. Thus addition or removal of singel eletronfrom suh apaitors produes potential hanges so that the solution phase, double layerapaitane harging of MPCs beomes a quantized [105, 106℄. A theoretial modellingof the above mentioned senario starts with a simple eletrostati interation. Theorieshave been further extended to aount for the miroeletrode harater of the lusters[107, 108℄.1.6.3 EletroatalysisThree dimensional SAMs are expeted to be of signi�ant importane in the atalysisof fuel ells. Preparation of atalyst in the form of nano-partiles assemblies inreasesthe surfae area to a large extent and hene the e�ieny of atalysis also inreases.This helps in the fabriation of miniaturized fuel ells. Sine oxidation of organi fuels isthe primary proess in fuel ells, a thorough understanding of eletron transfer in suhsenarios help in developing fuel ells with a overall higher performane.1.7 Organization of ThesisThe thesis is organized as follows. 17



Chapter 2: We present the alulation and results for ondutivity of amoleular wire ontaining a redox enter, and embedded in an eletrohem-ial environment. The e�et of solvent modes interations with the redoxwere inluded and an exat expression for quantum ondutane for a hainof arbitrary length is derived. Thermal averages were handled numeriallyand expliit plots for I-V pro�le are provided for three atoms ase. Plotsshowing reti�ation, extended urrent voltage plateaus, negative di�eren-tial resistanes are inluded.Chapter 3: We disuss the rate of eletron transfer from a redox to aneletrode via N-atom bridge. The redox interats in an eletrohemial en-vironment with solvent modes. A model hamiltonian for suh a system ispresented employing whih a voltage dependent expression for rate is pro-vided. The variation of eletron transfer rate with various parameters likeoupling strength, re-organisation energies et. are analysed numerially. Inpartiular, graphs showing a omplete bloking of eletron transfer in suitablevoltage range for ertain oupling strengths are presented.Chapter 4: We explain in detail the role of adsorbate overage on the ele-tron transfer between a solvated redox and adsorbate-eletrode omplex. Theinherent randomness involved in the distribution of adsorbates in the sub-strate surfae is handled using Coherent Potential Approximation (CPA).Current-Overpotential plots are provided for all regimes of overage fatorand strong and weakly ouplied adsorbate-substrate interations are analysedspei�ally. It is shown that in the low overage regime, adsorbate mediatedeletron transfer exhibits the harateristis of homogeneous eletron trans-fer while in high overage regime the diret heterogeneous eletron transferbehaviour is obtained.Conlusion: We onlude with an overview of the work, and future dire-tions of researh based on this work.
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Chapter 2Eletron tunneling between twoeletrodes mediated by a moleularwire ontaining a redox enter
2.1 Introdution

Understanding of eletron transport through a single moleules reeived an inreasedinterest due to the speulation of employing moleular units as fundamental elements ofomputer iruits [5, 6℄. Additionally, eletron transfer in moleular wires at nanosalelevel reeived further attention, both at the level of formalism as well as ab-initio al-ulations, due to its possible relevene in understanding and appliation for a lass ofdiverse problems like sensors, photonis, solar energy onversion [109℄. Controlled hargemovement in a suitably designed moleule an be used as the basis for storing and pro-essing of information. Suh Quantum-Dot Cellular Automata arhiteture has beenexperimentally realised in a series of experiments for a variety of appliable omponentslike memory ells, logi gates and loked memory ells[110, 111, 112℄. A pratial im-plementation of QCA arhiteture onsists of a single redox enter with an organi orinorgani bridging group [113℄. The e�ieny of solar energy onversion proess dependsnot only on e�ient photon apture but also on harge seperation and transport throughvery large distanes. Sine the harges are reated by sunlight on the surfae of an as-sembly of moleules or semiondutors, it is resonable to expet moleular wires to at as19



relevant aeptors of the harges. Also the weak solar �uxes imply a very low urrent anda need for fast harge transport. Certain lasses of polymers and oligomers have beenproposed as ideal andidates for satisfying the above riterion for inreasing the yield insolar energy onversion [114, 115℄.The above mentioned are some of the reasons for the reent inreased surge in interestfor understanding harge transport along moleular wires. Typial theoretial work in the�eld involves obtaining generi expressions for the ondutane, urrent-voltage pro�les,rate onstants, transition probabilites et. Formal works on transport properties alongmoleular wires were arried out on Donor-Bridge-Aeptor (DBA omplexes) systems,wherein eletrons are transferred between donor and aeptor onneted by a moleularbridge [116, 117, 16, 59℄. Further, eletron transfer between reservoirs onneted by amoleular bridge has been studied by Ratner and o-workers [75, 76, 118℄. The aboveworks resort to time-dependent quantum mehanis for obtaining expressions relevantto eletron transfer. Expressions for the ondutane between two reservoirs onnetedby monoatomi sites were well known in mesosopi physis. The formal expression was�rst derived by Caroli and o-workers [78℄ and was later expanded to a broader lassof problems by Wingreen and o-workers [79, 80, 81℄. Reently, the same expressionswere re-derived by various authors [119, 120, 121, 122, 83℄ by formulating QuantumLangevin Equations (QLE). Initially, both the moleular wire and mesosopi ondutionwere modelled using tight-binding Hamiltonians, and sine at a Hamiltonian level theseproblems seem idential, it is expeted that the expression obtained for one should beappliable for the other.Several authors have pursued other omputational methods suh as density funtionaltheory, �rst priniple ab-initio alulations and pakage simulation of Non-EquilibriumGreen's Funtion in studying ondution through moleular wires [52, 123, 124, 125, 126℄.Most of these authors di�er in their treatment of the eletrodes and the interation ofthe metal-moleule oupling. Most of the earlier works were oriented towards a bet-ter approximation for modelling the interation and self-energies at the moleule-metaljuntions, while little work has been done in inorporating the e�et of additional inter-ations the eletron might experiene in the moleular wires. Though numerous workshave been done of the subjet of eletron-phonon oupling with relevane to quantumdots [79, 127, 128, 129, 130, 131, 132℄, inluding treatments for lassial, quantum, equi-20
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VsdFigure 2.1: Shemati of a gated moleular transistor in an eletrohemial envi-ronment (see ref.[1℄ )libriated and out of equilibrium systems, exat treatment of suh a proess in spei�for moleular wire has not reeived muh attention. Moleular wires di�er from quan-tum dots in that the observed ondutane behaviour of quantum dot is dominated byColoumb blokade.The fous in the present will be on a speial eletrohemial ase: a moleular wireontaining a redox-enter onneting two eletrodes. The eletrohemial ase is of speialinterest sine two potentials an be varied independently: the bias between the twoeletrodes, and the potential of one of the eletrodes with respet to the solution. Thelatter ats like a gate voltage that ontrols the urrent in the wire. In addition, theredox enter interats with the solvent, whose �utuation will a�et the urrent. Thespeialties of the eletrohemial situation were �rst eluidated by theorists [133, 134,135, 136℄. Starting with the pioneering paper of Tao [1℄, there have been a fair numberof experimental studies of eletrohemial systems [137, 138, 139, 43, 36, 140, 141, 142,143, 144℄ whih in turn have generated more theoretial work (see e.g. [145, 146℄ andreferenes therein).
Most of the theoretial work on eletrohemial systems has been restrited to speialsystems with one or two intervening redox enters. In this study, we will onsider a wireof arbitrary lengths ontaining one redox enter interating with the solvent. Using atight-binding Hamiltonian and Green's funtion tehniques we will derive an expression21



for the urrent whih is exat for the ase where the interation to the two eletrodesan be treated in the wide-band approximation. These alulations will be illustratedby model alulations for partiularly interesting ases: steps and negative di�erentialresistane, and spetrosopy of intermediate eletroni states.2.2 Model Hamiltonian, Green's funtions and ur-rent densityThe model system that we onsider onsists of two metal eletrodes, labeled R and L,onneted by a hain of 2n + 1 atoms � an odd number is hosen for onveniene only.The atom in the enter is redox-ative and interats with the solvent; thus, we identifythe index n+ 1 with the index r of the redox speies. We use a tight-binding model, inwhih eah atom ontains one orbital and interats only with its nearest neighbor. Theorresponding Hamiltonian an be written in the form:
H =

∑

k

∑

i=L,R

ǫk,ink,i + ǫrnr +
2n+1
∑

i=1
i 6=n+1

ǫini

+
n−1
∑

i=1

{υic†i ci+1 + h.c}+
2n
∑

i=n+2

{υic†i ci+1 + h.c}

+
∑

i=n,n+1(r)

{ῡic†i ci+1 + h.c}+
∑

k

{vk,1c†k,Lc1 + vk,2n+1c
†
k,Rc2n+1 + h.c}

+
1

2

∑

ν

h̄ωνq
2
ν +

∑

ν

h̄ωνgνqνnr (2.1)In this Hamiltonian, n always denotes an oupation number, c† a reation c an an-nihilation operator, ǫ an energy, and v a oupling onstant. The �rst line ontains thediagonal elements, the indies (k, L) and (k,R) labeling the eletroni states on the twoeletrodes. The seond and third lines give hopping elements between adjaent sites, andthe last line the potential energy of the solvent, with oordinates qν and frequenies ων ,and its interation with the redox enter r; the gν are the orresponding oupling on-stants. Equation (2.1) is a natural generalization of the Hamiltonian for redox-mediatedtunneling via one enter [136℄.
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Figure 2.2: Simple shemati of a moleular wire strethed between two eletrodewith an redox enter interating with the polarization of the surrounding solvent.
The matrix form of the fermioni part of the above Hamiltonian HF has the generiform:

HF =
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. . .. . . ῡ

ῡ ǫr + λνqν ῡ

ῡ
. . .. . . υ

υ ǫ2n+1

































2n+1×2n+1Working within the nearest neighbour interating tight-binding model, it is under-stood that HF has non-zero entries only in diagonal and sub-diagonal elements. Thegeneral sheme of approah is to alulate the quantum ondutane and then obtainthe urrent by integrating the ondutane between appropriate limits. The formula em-ployed for obtaining the quantum ondutane, or tunneling rate, is the same as the one23



used by Datta et al. [147℄. This form of the formula was �rst derived by Caroli et al.[78℄ and was subsequently derived in a muh wider ontext by Wingreen and o-workers[79, 80, 81℄.
g = Tr[GrΓLG

aΓR] (2.2)As before, the subsripts L and R refer to the left and right reservoir. Γ denotes theimaginary part of self-energy (for ease of following the notations, Γ = vk(ImG
0
kk)v

∗
k). Thequantity of interest is | 〈1 | G | 2n+1〉 |2, where G is the Green's funtion obtained fromthe above Hamiltonian. This an be obtained by separating the Hamiltonian into twoparts: H = H0+V and onsidering a Dyson equation , G = G0+G0V G, where the simpli-�ation of the problem results from the hoie of V . Letting V =

∑

i=n,n+1 ῡic
†
i ci+1+h.c,the Hamiltonian H

0
F ontains 3 blok matries. Physially this amounts to utting the

2n+1 atom hain at 2 plaes on either side of the redox ouple. The losed form for theelement 〈1 | G | 2n+ 1〉 is obtained as shown:
〈1 | G | 2n+ 1〉 = 〈1 | G0 | 2n+ 1〉+

∑

i,j

〈1 | G0 | i〉〈i | V | j〉〈j | G | 2n+ 1〉 (2.3)
= 〈1 | G0 | n〉〈n | V | n+ 1〉〈n + 1 | G | 2n+ 1〉

〈n+ 1 | G | 2n + 1〉 = 〈n + 1 | G0 | n+ 1〉〈n + 1 | V | n〉〈n | G | 2n+ 1〉 (2.4)
+ 〈n+ 1 | G0 | n+ 1〉〈n + 1 | V | n+ 2〉〈n + 2 | G | 2n+ 1〉

〈n | G | 2n+ 1〉 = 〈n | G0 | n〉〈n | V | n+ 1〉〈n + 1 | G | 2n+ 1〉 (2.5)
〈n + 2 | G | 2n+ 1〉 = 〈n+ 2 | G0 | 2n+ 1〉 (2.6)

+ 〈n+ 2 | G0 | n+ 2〉〈n + 2 | V | n+ 1〉〈n + 1 | G | 2n + 1〉
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From the above 4 equations , G1,2n+1 = 〈1 | G | 2n+ 1〉 an be solved:
G1,2n+1 =

G0
1,nῡn,n+1G

0
n+1,n+1ῡn+1,n+2G

0
n+2,2n+1

1−G0
n+1,n+1[ῡn+1,nG0

n.nῡn,n+1 + ῡn+1,n+2G
0
n+2,n+2ῡn+2,n+1]

(2.7)Now we require the terms G0
1.n, G

0
n+1,n+1, G

0
n+1,n+2, G

0
n+2,2n+1, G

0
n+2,n+2. These anbe found by using the above redued Green's funtion tehnique, in addition to exploitingthe reursive relation for the determinant of a matrix onsisting only of diagonal and sub-diagonal entries. Similar alulational methods were employed by Evenson and Karplus[148℄.For simpliity, we assume that the ouplings to the two metals at the ends are thesame, and use the wide-band approximation, in whih ∆ = π

∑

k | vk |2 δ(ǫ− ǫk) is takenas onstant.If dn represents the determinant of a n× n matrix with diagonal entries set to ǫ− ǫiand subdiagonal entries set to some υ, then it is possible to express:
G0

1,n =
(−υ)n−1

dn − dn[
v2
k

ǫ−ǫk
]

(2.8)
G0

n,n =
dn−1 − dn−2[

v2
k

ǫ−ǫk
]

dn − dn−1[
v2
k

ǫ−ǫk
]

(2.9)
G0

n+1,n+1 =
1

ǫ− ǫr
(2.10)

G0
n+2,2n+1

∼= G0
1,n (2.11)

G0
n+2,n+2

∼= G0
n,n (2.12)Invoking the wide band approximation the above expressions redue to the followingform: 25



G0
1,n =

(−υ)n−1

dn + idn∆
(2.13)

G0
n,n =

dn−1 + idn−2∆

dn + idn−1∆
(2.14)Thus, the problem has been redued to alulating the determinants dn, whih willbe thoroughly explained in the next hapter.The ondutane an be obtained from Caroli's formula and integrated to obtainedthe net urrent. The net urrent thus obtained has a qν dependeny whih has to beeliminated by performing a thermal averaging. The �nal result obtained after thermalaveraging gives the net total urrent. As noted in the introdution, in eletrohemialsystems there are two potential di�erenes to onsider: the bias V between the twoeletrodes, and the eletrode potential, whih shifts the levels in the solution. We use theonvention that the potential of the right eletrode R is kept onstant, and set its Fermilevel to zero. The levels on the wire shift with the eletrode potential; this assumes thatthe ondutivity of the solution is higher than that of the wire. Other senarios an bealulated by the same formalism. With this onvention, we write the total urrent inthe form:

I(q) =

∫

Tr[GrΓLG
aΓR]{f(ǫ+ e0V )− f(ǫ)}dǫ (2.15)where f(ǫ) denotes the Fermi-Dira distribution. As has been pointed out several times(see e.g. [149℄), in the ase of a lassial solvent it is su�ient to onsider a singlee�etive solvent oordinate q. E�etively, this means that in the Hamiltonian, we makethe following substitutions:

1

2

∑

ν

h̄ωνa
2
ν → λq2,

∑

ν

h̄ωνgνqν → −2λq (2.16)The average over the solvent on�gurations an then be written as:
I =

1

Z

∫

dqe−βE(q)I(q) Z =

∫

dqe−βE(q) (2.17)where the energy, as a funtion of the solvent oordinate q, is:
E(q) = λq2 +

∑

i

∫

ǫ〈c†i ci〉 (2.18)26



Thus E(q) is obtained by performing a partial trae over the fermioni part of thetotal Hamiltonian. The quantity 〈c†i ci〉, as viewed by Wingreen et al. [79℄, is the lesseromponent of the Keldysh Green's funtion, G<
ii . If ΓL and ΓR are the imaginary parts ofthe self-energy arising from the interation with the left and the right reservoirs (whihin the view of wide-band approximations is ∆), then for the present ase

G<
ii = if(ǫ+ e0V )[GrΓLG

a]ii + if(ǫ)[GrΓRG
a]ii (2.19)At this point, a few omments on the appearane for G< are needed. It is well knownthat in equilibrium the lesser Green's funtion takes the form of a produt of spetralfuntion times the oupation funtion. (G< = ia(ǫ)f(ǫ)). That is in ase of zero bias Vwhen both the reservoirs have the same potential, f(ǫ+ e0V ) = f(ǫ), then

G< = if(ǫ)[Gr(ΓL + ΓR)G
a] = if(ǫ)2∆[GrGa] (2.20)Now Gr(ǫ) − Ga(ǫ) = a(ǫ) where a(ǫ) is the spetral funtion, and the imaginarypart of self-energy an be written as (1/Ga − 1/Gr). In our notation, 2∆ = ∆L +∆R =

(1/Ga − 1/Gr). Also the diagonal part of Gr(ǫ)−Ga(ǫ) is proportional to the density ofstates, ρ(ǫ). In equilibrium, we reover the result
G< = if(ǫ)a(ǫ) = f(ǫ)(Gr −Ga). (2.21)Substituting the above result in the expression (2.18) for E(q), it is seen that atequilibrium E(q) = λq2 +
∫

ǫf(ǫ)ImTrG(ǫ)dǫ, wherein the seond term in the energyexpression is widely employed in a variety of ontexts in physis. Thus the expression for
E(q) for the non-equilibrium ase an be written ompatly as

E(q) = λq2 +

∫

ǫf(ǫ+ e0V )Tr[GrΓLG
a]dǫ+

∫

ǫf(ǫ)Tr[GrΓRG
a]dǫ (2.22)The trae in the above equation runs over the (2n + 1) sites numbered by the index

i. Now for better exposition of the omputation involved in alulating the E(q), weonsider a generi term whih has the form shown below:
Ei(q) = ∆

∫ 0

−∞
ǫGr

i,1G
a
1,idǫ+∆

∫ −eV

−∞
ǫGr

i,2n+1G
a
2n+1,idǫ (2.23)where we have replaed the Fermi-Dira distribution by step funtion, and taken the27



Fermi level as zero.We onsider the ase for the three possible loations of i, (i ≤ n, i ≥ n+2, i = n+1).As before the general idea behind the approah to get the matrix elements of G is toresort to a Dyson expansion. The losed form equation so obtained has to be solved toget the relevant terms. The hoie of V is same as used before.
G1,i = G0

1,i +G0
1,nῡn,n+1Gn+1,i (2.24)

Gn+1,i = G0
n+1,i +G0

n+1,n+1ῡn+1,n+2Gn+2,i +G0
n+1,n+1ῡn+1,nGn,i (2.25)

Gn+2,i = G0
n+2,i +G0

n+2,n+2ῡn+2,n+1Gn+1,i (2.26)
Gn,i = G0

n,i +G0
n,nῡn,n+1Gn+1,i (2.27)Case I: i ≤ n

G1,i = G0
1,i +

G0
1,nῡn,n+1G

0
n+1,n+1ῡn+1,nG

0
n,i

1− [G0
n+1,n+1ῡn+1,n+2G

0
n+2,n+2ῡn+2,n+1 +G0

n+1,n+1ῡn+1,nG0
n,nῡn,n+1](2.28)

G0
1,i =

(−υ)i−1dn−i

dn + i∆dn−1
(2.29)

G0
n,i =

(−υ)n−i(di−1 + idi−2∆)

dn + i∆dn−1
(2.30)Case II: i ≥ n+ 2

G1,i =
G0

1,nῡn,n+1G
0
n+1,n+1ῡn+1,n+2G

0
n+2,i

1− [G0
n+1,n+1ῡn+1,n+2G0

n+2,n+2ῡn+2,n+1 +G0
n+1,n+1ῡn+1,nG0

n,nῡn,n+1]
(2.31)It is ruial to note at this stage that beause of the form of perturbation seletedthe unperturbed G0 has a symmetri struture with respet to the �rst and third blokmatrix and hene G0

n+2,i in the above is same as G0
1,i in ase I.Case III: i = n+ 1

G1,n+1 =
G0

1,nῡn,n+1G
0
n+1,n+1

1− [G0
n+1,n+1ῡn+1,n+2G

0
n+2,n+2ῡn+2,n+1 +G0

n+1,n+1ῡn+1,nG0
n,nῡn,n+1](2.32)Even though ῡn,n+1 = ῡn+1,n+2 = ῡ, we have maintained the subsript indies forease of heking the �nal expressions. 28



2.3 Results and disussionsThe priniple new feature of our work is the dynami interation of the redox system withthe adjoining speies, whih �utuates with the solvent oordinate q. The main e�etsan be demonstrated with a hain of three atoms, and we limit our numerial alulationto this ase.Even though we have restrited our treatment to the symmetri ase, in whih theoupling ∆ to the two leads and the interatomi ouplings v are the same on both sides,the system ontains a fair amount of parameters. In the following model alulations, wehave set∆ = 0.3 eV and the reorganization energy λ = 0.3 eV unless otherwise mentioned,and for the other parameters we have hosen values appropriate to demonstrate speiale�ets.The ase of a single intervening redox enter is well examined. The new feature ofthe three-atom hain is the interation between the levels ǫ1 of the two side atoms andthe redox enter. Before onsidering this in detail, it is instrutive to investigate thereferene ase in whih this e�et is weak; in this limit, we should obtain similar resultsto the ase of one atom.
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Figure 2.3: Potential energy surfaes in the ase of weak oupling and at theequilibrium potential for the redox system; system parameters: ǫ1 = 0.8 eV, v =
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potential for ǫr = λ. As expeted, in this ase the potential energy surfaes E(q) aresimilar to the one atom ase [150℄. At zero bias, they have the same form as for a normal,outer sphere redox reation- see Fig. 2.3. In the left well, the oupany 〈nr〉 is zero,in the right well unity. Appliation of a bias produes a region with 〈nr〉 ≈ 1/2, whihextends the barrier in the enter. For the three atom ase, the tunneling rate, as afuntion of the eletroni energy ǫ and the solvent oordinate q, is given by:
t(ǫ, q) =

∆2v̄4

(ǫ− ǫr + 2λq)2 [(ǫ− ǫr + 2λq)(ǫ− ǫ1 + i∆)− 2v̄2]2
(2.33)As long as ǫ1 lies so high that it plays no role, this rate has a maximum where ǫ−ǫr+2λq =

0. Tunneling ours only between the two Fermi levels, in the range −e0V < ǫ < 0.Inspetion shows, that the maximum of t(ǫ, q) is obtained in the region where 〈nr〉 ≈ 1/2,whih therefore gives the main ontribution to the urrent.
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Really new features our when the redox level interats notieably with the levels
ǫ1. In general, three interating atomi levels ombine to form three moleular orbitals.Sine the redox level hanges its energy with the solvent �utuations, so do the resultingmoleular orbitals. So, for some range of q the redox level will be far from ǫ1 and theinteration will be almost negligible, in another range it will lie lose in energy, so thatone observes the typial splitting of the levels.
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Figure 2.7: Current-potential urves for small oupling to the leads. System pa-rameters: ∆ = 0.1 eV, ǫr = 0.5 eV, v = 0.1 eV, ǫ1 = −0.2 eV (left urve) and
ǫ1 = 0.3 eV (right urve).
v and small energies of reorganisation. Otherwise the splitting indued by v is hiddenunder the peak for ǫ1.2.4 ConlusionsIn this work we have presented a model for the ondutivity of a moleular wire ontain-ing a redox system, and embedded in an eletrohemial environment. We onsideredthe interation of the redox system with a lassial solvent, whose state was representedby a solvent oordinate q in the spirit of the Marus theory. Using the wide-band ap-proximation, we were able to derive an exat expression for the quantum ondutane ofa hain of arbitrary length. The thermal average over the solvent on�gurations had tobe performed numerially.Expliit alulations have been performed for a hain of three atoms. When theeletroni levels of the neighboring atoms interat weakly with the redox ouple � beausetheir energies are very di�erent or the oupling is weak � the wire behaves muh like asingle intervening atoms. Interesting new features arise when the redox ouple interatsstrongly with the neighboring levels. Sine the redox level �utuates with the solvent,33
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Chapter 3Eletron Transfer rate between aeletrode and a bridged redox
3.1 IntrodutionEletron transfer at moleular levels and espeially, between hemially ative speieshas been an important and interesting �eld of ative researh for a ouple of deades[151, 84, 152, 153℄. A typial quantity of interest in hemistry is the rate of transferbetween two hemiative speies, that is, between donor and aeptor, whih in generalare solvated. Additionally, with the advent of nanotehnology and moleular eletronis,understanding eletron transfer rate in moleular hains beame a key theoretial interest.A general setup in moleular eletron transfer is to study, both in theory as well as inatual experiment, the urrent-voltage response obtained on passing urrent betweentwo moleular mesosopi juntions onneted by a single long moleule or a hain ofrepeated moleular or atomi units. The important quantity of interest in the abovesenario is the moleular ondution. The problem of obtaining the ondution of asuh a system is well studied one. Formal expressions and relationships like the landauerformula [154, 155, 156℄ and it's several variants are available to alulate the ondutaneof suh systems [157, 78, 147, 158℄. Sine ondutane is due to transfer of eletrons, thequestion of relationship between ondutane and eletron transfer rate was answeredby A. Nitzan and o-workers [159, 17℄. Nitzan derived a relationship between eletrontransfer rate (κ) and ondutane at ertain regime.
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The rate expression for eletron transfer has been derived by several methods, theearliest dating bak to the super-exhange method proposed initially by MConnell[59, 148, 160, 161, 162, 163, 164℄. Super-exhange treatment is a viable method when thetransfer mehanism is tunneling dominated. Another plausible mehanism for transferis sequential hopping. Typial ases of sequential hopping ours when there are asym-metries or irregularities in the bridge onneting the aeptor and the donor. Underthose onditions phase loss an lead to sequential hopping. The interplay between thesequential hopping and tunneling has been addressed by Medvedev and Stuhebrukhov[165℄. They obtained the expression for rate by forming a dynami orrelation funtionof the ouplings or the hopping parameter. Alternate methods to arrive at the rate ex-pression inlude, density matrix formulation of the problem and equation of motion forthe redued quantum system interating [166, 167, 168, 169, 170, 171℄.Our present work fouses on obtaining an expliit expression for transfer rate in asystem where the redox is solvated and is onneted by a moleular hain to a eletrode.More spei�ally our attention is onentrated towards obtaining the voltage dependenyof the eletron transfer rate. As with the previous authors who takled the problem withinthe time-dependent �utuation framework, we assume that at t=0 the eletron is in thedonor and express the rate of the eletron arrival at the �nal ontinuum states in theeletrode using t-matrix. In this way out treatment of the problem is di�erent fromthe previous treatments by other authors, wherein the rate expression was derived byexpressing the rate as a time dependent orrelation funtion and by partial traing of thedensity matrix. It should also be noted that all the earlier works for obtaining transferrate were mainly oriented towards a DBA system where both the donor and aeptorwere either solvated or were ontinuum of states, while in our system onsidered only thedonor is solvated while the aeptor is an eletrode.
3.2 Model and Calulation
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The following Hamiltonian is onsidered as a model for a system of n-sites (eahhaving a single energy level ǫi) onneting a reservoir or eletrode with energy levels
ǫk to a redox ouple with energy level ǫr. The eletrode and the redox is onneted tothe n-site hain through the 1st and nth site respetively. The Hamiltonian is a tightbinding model Hamiltonian with additional interations arising from the redox with thepolarization modes. This is ahieved by treating these polarization modes as lassialosillator modes. For ease of larity the Hamiltonian an be split into three parts Hel,
Hchain and Hph, where the Hel refers to the eletrode part of the Hamiltonian , Hchainrepresents the tight-binding Hamiltonian of the hain + redox ouple and the Hph is theused for modelling the lassial polarization modes.

Hel = Σkǫknk +Σk[ῡk1c
†
kc1 + h.c] (3.1)

Hph = Σν
1

2
h̄ωνq

2
ν (3.2)

Hchain =
∑

i=1,N

ǫini +
∑

i

{υic†i ci+1 + h.c}+ (ǫr +
∑

ν

h̄ωνgνqν)nr + {ῡnrc†ncr + h.c} (3.3)
It is lear that the matrix form for the Hchain is a n+1 × n+1 tridiagonal matrixwith only non-zero entries along the main diagonal and sub-diagonals. For ompletenesswe also give below the matrix form of this Hamiltonian

Hchain =



















ǫ1 υ . . . 0 0

υ ǫ2 υ . . . 0

. . . . . . . . . υ 0

0 . . . υ ǫN ῡrn

0 . . . . . . ῡnr ǫr +
∑

ν h̄ωνgνqν



















(3.4)
H = Hel +Hchain +Hph (3.5)To get the urrent, the formalism of Ratner et al is employed. Thus the proedureis to get the rate for the transition from redox (r) to the eletrode (k) under the in�ueneof voltage W and then perform a thermal averaging of the transition rate. The transition37



rate is
rate =

2π

h̄
Σk[1− f(ǫ− eW )] | Tkr |2 δ(ǫr +Σνh̄gνqν − ǫk) (3.6)

Tkr = ῡk1G1nῡnr (3.7)
G0

1n =
(−v)n−1

detHchain
(3.8)The G0

1n is alulated based on the following ruial observation. Let dn denote thedeterminant of n x n matrix onsisting of ǫ in the diagonal elements and υ in the upperand lower sub-diagonal and the rest of the elements of the matrix being zero.
(

dn

dn−1

)

=

(

ǫ −υ2

1 0

)(

dn−1

dn−2

) (3.9)By repeated appliation of the above reursion relation, and noting that d0 = 1 and
d1 = ǫ one arrives at the following result

dn =
λn+1
1 − λn+1

2

λ1 − λ2
(3.10)

λ1,2 =
ǫ±

√
ǫ2 − 4υ2

2
(3.11)Employing this result in the present Hamiltonian, yields the below given result forthe determinant of Hchain

detHchain = dn + i∆dn−1 (3.12)Where in the above expression dn is the same as the one de�ned above . Care shouldbe taken to note that the ǫ used in the de�nition of λ1,2 is to be replaed with ǫ − ǫi.This is done sine the quantity of interest is the inverse of ǫI−Hchain 38



In the above expression the Green's funtion element obtained was of the isolatedhain Hamiltonian, but the Green's funtion element to be employed in the formalismshould orrespond to the total Hamiltonian. This an be obtained from the isolated hainHamiltonian's Green's funtion by resorting to a Dyson equation with the interation ofthe eletrode and redox treated as a perturbation. The resulting expression is as follows:
G1N =

G0
1N

[1−G0
NN ῡ

2
nrG

0
rr][1−G0

11ῡ
2
k1G

0
kk]

(3.13)Where in the above expression the isolated Green's funtion elements are given by
G0

11 =
dn−1

dn
(3.14)

G0
NN =

dn−1 + i∆dn−2

dn + i∆dn−1
(3.15)

G0
kk =

1

ǫ− ǫk ± iδ
(3.16)

G0
rr =

1

ǫ− ǫr − Σν h̄ωνgνqν ± iδ
(3.17)Alternatively one an arrive at the expression for the G1n element by onsidering onlythe Hamiltonian for the hain, Hchain and replaing the e�et of the reservoir and redoxby the orresponding self-energies.Working within the Wide-Band approximation wherethe self-energy of the eletrode is given by ( −i∆ ). Both the proedures leads to theexpression for G1n as

G1n =
(−υ)n−1

(dn + i∆dn−1)− [dn−1+i∆dn−2]ῡ2
nr

ǫ−ǫr−Σν h̄ωνgνqν

(3.18)Where in the above expression wide-band approximation has been employed for theself-energy of the reservoir and the self-energy of the redox is ῡ2

ǫ−ǫr−Σν h̄ωνgνqν 39



The above expression for G1n is to be substituted in the rate expression. The deltafuntion an also be split and hene the rate expression takes the form as shown below
κ(ǫ, qν) =

2π

h̄

∫

dǫ̀Σk[1− f(ǫ− eW )] | ῡk1 |2 δ(ǫ̀− ǫk) | ῡnr |2| G1r |2 δ(ǫr +Σν h̄gνqν − ǫ̀)(3.19)De�ning π | ῡk1 |2 Σkδ(ǫ − ǫk) = ∆ the above expression redues to the form below
κ(ǫ, qν) =

2

h̄
∆[1− f(ǫ− eW )] | G1n |2| ῡnr |2 (3.20)The ǫ in the above expression refers to the energy at whih the eletron transfer takesplae and hene to get the net urrent �ow it is required to sum all the ontributions fromdi�erent energy windows. This summing of di�erent ontributions an be performed byintegrating with respet to ǫ. That is a sum over ǫ is replaed with ∫ dǫρ(ǫf ) where ρ(ǫf )is the density of states at the Fermi-surfae of the eletrode .

κ(qν) =
2

h̄
∆

∫

dǫρ(ǫf )[1− f(ǫ− eW )] | G1n |2| ῡnr |2 (3.21)
κ(qν) =

2

h̄
∆ρ(ǫf )

∫

dǫ[1− f(ǫ− eW )] | G1n |2| ῡnr |2 (3.22)It is now required to do thermal averaging whih is to integrate the above expressionfor urrent over all the polarization modes ,qν , with a weighing fator of exp−βE . Alter-natively the same proess an be viewed as summing over all possible initial states of theredox with respet to polarization modes with a suitable weighing fator depending onthe energy of the polarization modes.The above expression an be evaluated by employing the single reation o-ordinated40



Q for the polarization modes qν . Resorting to single reation o-ordinate [149℄ , whihin e�et an be represented as a hange of o-ordinates, the ruial observation is thatthe introdution of single reation o-ordinate amounts to replaing Σν h̄ωνgνqν by 2λqand the quadrati term in the exponential for the thermal average is to be replaed by
λq2 + 2λq. Thus the expression for net urrent takes the form as shown below

κ =
1

Z

2

h̄
∆ρ(ǫf )ῡnr |2

∫

dǫ[1− f(ǫ− eW )]

∫

dqe−β(λq2+2λq) | G1n(q) |2| (3.23)
G1n(q) =

(−υ)n−1

(dn + i∆dn−1)− [dn−1+i∆dn−2]ῡ2
nr

ǫ−ǫr+2λq

(3.24)
Z =

∫

dqe−β(λq2+2λq) (3.25)While the partition funtion Z is an elementary gaussian integral. The innermost
dq integral an be evaluated by using partial frations. For brevity de�ning Dn = dn +

i∆dn−1, the G1n takes a form as below.
G1n =

(−υ)n−1(ǫ− ǫr + 2λq)

Dn(ǫ− ǫr + 2λq)− ῡ2Dn−1
(3.26)The innermost integral over dq an be expliitly evaluated

∫

dqe−β(λq2+2λq) | G1n |2 =
(υ)2n−2

2λ
[Ae−β(Q0+2λ2)/4λ(ǫ− ǫr +Q0)

2

+Be−β(Q̄0+2λ2)/4λ(ǫ− ǫr + Q̄0)
2] (3.27)

where A = Dn

ῡ2
nr(Dn−1D̄n−D̄n−1Dn)

and B = −D̄n

ῡ2
nr(Dn−1D̄n−D̄n−1Dn)

and Q̄0 are omplexonjugates of eah other. Physially this orresponds to the pole in G1n(q).
Q0 = ῡ2nr

Dn−1

Dn
− (ǫ− ǫr) (3.28)41



A =
Dn

2i∆(dn−2dn − dn−1dn−1)
(3.29)

B =
−D̄n

2i∆(dn−2dn − dn−1dn−1)
(3.30)

κ = K1

∫

dǫ
1− f(ǫ− eW )

2i∆(dn−2dn − dn−1dn−1)
[Dne

−β(Q̄0+2λ)2/4λ(ῡ2nr
Dn−1

Dn
)2 − c.c] (3.31)

K1 =
2

h̄

√
β√
πλ

∆ | ῡnr |2
(υ)2n−2

2
e−βλ (3.32)The above expression for urrent an be written in a simpli�ed form by resorting toa step funtion approximation to 1− f(ǫ− eW ) .

κ = K1

∫ +∞

ǫf−W

[Dne
−β(Q̄0+2λ)2/4λ(ῡ2nr

Dn−1

Dn
)2 − c.c]

2i∆(dn−2dn − dn−1dn−1)
dǫ (3.33)

3.3 Results and DisussionOur main fous of attention in this work is oriented towards explaining the dynamiinteration of the redox with the solvent modes and it's subsequent e�et on the transferrate. The hief reason being the redox energy levels varies with the q and hene eventhough maxima in the transfer rate is expeted when the energy level of the redox is sameas the energy level of the bridge, but due to the oupling of the redox with the solventmodes, the value of q oupled with the resonant energy level may not be a thermallyfavoured one. Thus it's the ompetition between the energy di�erene between the redoxand the bridge and the probability distribution of the initial state of the redox that bringsout ertain interesting results whih we fous on this part.
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Figure 3.1: Rate Vs. applied Voltage. The energy units are in terms of eV. with thevalue of the parameters used indiated beneath the graph

Figure 3.2: Rate Vs. Applied Voltage pro�le for the ase when the relation ǫ1 − ǫr = 2λis satis�ed. The value of parameters used are shown beneath the graph
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Sine there exist a number of parameters as input, unless stated spei�ally, we setthe Fermi surfae to zero ,ǫf = 0, ∆ = 0.2 and ῡnr = υi, for all through the rest ofthe disussion. Fig 3.1. shows the variation of the rate with the applied voltage whihould be understood easily from a naive argument as follows: As the applied voltage isinreased, the energy levels available in the eletrode for the eletrons originating fromthe redox dereases. Thus leading to a rate approahing zero as the voltage is inreased.The above is a normally expeted behaviour while the interplay between the polarisationmodes and the resonane between the redox and the bridge energy levels is learly visiblein Fig 3.2. q = −1 orresponds to equilibrium value of the polarization modes when theeletron is in the redox and ǫr − 2λq = ǫi is the ondition for energy mathing betweenthe redox and the bridge. When ǫi − ǫr = 2λ, the ombined e�et of thermal averagingand resonant eletron transfer is borne out in Fig 3.2.
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Fig 3.3 is plotted to show the temperature variation of the rate at zero bias. Asexpeted, the graph shows a linear behaviour when plotted as a funtion of (1/T). Takinglogarithm of the rate equation reveals only three terms dependent on β, apart fromuninteresting onstant terms. One of the terms is -0.5 log β while the other two termshave linear dependeny on β. The ontribution from log β beome dominant only inthe β → 0 limit. Sine this orresponds to the high temperature limit , for all pratialpurposes the log variation of rate has a linear dependeny on (1/T), a fat borne by Fig44



3.3 In order to further investigate the properties of transfer rate at resonane ondition,we plot in Fig 3.4. the response of the rate-Voltage for various values of υ1. It is observedfrom the plots that for small values of the oupling o-e�ients , implying a weak bondingbetween the bridge atoms and between the bridge atoms and the redox, drasti variationfrom the normal behaviour is not seen. But as the value of υ1 is varied, the observedpattern near the resonane point hanges. The hanges inlude a onstant transfer ratearound a small range of voltage near the voltage value orresponding to the resonaneenergy, to the rate dropping to zero in some intermediate voltage regime.
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In Fig 3.5. we plot the variation of the rate as a funtion of the di�erene in energybetween the bridge and the unsolvated redox energy. In partiular we wish to highlightthe behaviour in the regime where the bridge is situated at a higher energy level thanthe Fermi level. we �rst study the variation for a �xed value of λ. The ruial fatto observe is that as long as the bridge is loated energetially higher than the Fermisurfae, the loation of the maximas varies with the atual loation of energy level of thebridge and not just only upon the energy di�erene between the redox and the bridgeas one would normally expet. On examining the plots show that the maxima oursfor a �xed value of ǫr orresponding to a partiular value of λ. Thus in e�et while theminima is dependent on the di�erene between the energy levels, the maxima shows a45



-2 0 2 4
( ε 

 r 
 -  ε  1  ) / eV

0

1e-12

2e-12

3e-12

4e-12

R
at

e 
/a

rb
. u

ni
ts

 ε  1  = 0.0
 ε  1  = 1.0
 ε  1  = 2.0

 λ = 1.0, ∆ = 0.2, υ  1  = 0.2,  bias = 0.0Figure 3.5: Rate Vs. Energy di�erene between the redox and bridge energiesstrong dependeny on the solvated energy level of the redox. The e�et of λ on the ratepro�le is shown in Fig 3.6.
-2 0 2 4

0

2e-08

4e-08

6e-08

-2 0 2 4
0

1e-12

2e-12

3e-12

4e-12

-3 -2 -1 0 1 2 3 4 5

( ε 
 r 

 -  ε  1 ) /  eV

0

2e-21

4e-21

6e-21

ra
te

 /a
rb

.u
ni

ts

(a)

(b)

(c)

 ε  1  = 0.0, ∆ = 0.2, υ  1  = 0.2,  bias = 0.0(a)  λ = 0.75,  (b)  λ = 1.0,  (c)  λ = 1.5;  Figure 3.6: Comparison of Rate Vs. Energy di�erene between the redox and bridge forvarious value value of re-organisation energy
3.4 onlusion
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In this hapter, we have onsidered a model for eletron transfer rate from redox toan eletrode via a bridge of N- atoms. The redox onsidered is allowed to interat withan eletrohemial system whose e�et in terms of polarization modes are modelled as abath of lassial osillators with solvent o-ordinates q. We obtained the eletron transferrate from redox to the eletrode and have performed an averaging over all possible initialstates of the redox. A �nal voltage dependent expression for the rate is obtained as anintegral over all possible energy values available for the inoming eletron. This integralhas been performed numerially.We have shown some of the interesting pattern whih are otherwise not expeted ina heuristi analysis. These pattern in the voltage dependeny have been attributed tothe ompeting proess namely,resonane tunneling between the redox and the bridge andthe solvation of the redox. Additionally we have also shown that by suitable altering thevoltage range and the oupling o-e�ients it's possible to blok the eletron transfer insome intermediate voltage ranges. Moreover, the pro�le of the transfer rate with respetto the energy di�erene between the bridge and the redox exposes a radially di�erentresponse due to the e�et of intervening solvent modes.
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Chapter 4Eletron Transfer Reation Throughan Adsorbed Layer
4.1 IntrodutionA proper understanding of eletron transfer reation through an adsorbate interme-diate onstitutes the �rst step towards modelling the harge transfer aross a hemiallymodi�ed eletrode [172, 173, 174℄, through a moleular wire [175, 176℄, or the phenomenonof the moleular eletronis [177, 175, 178, 179, 180, 181℄. In fat the indiret heteroge-neous eletron transfer is a reurring feature in all these proesses.In this hapter, the kinetis of an adsorbate mediated eletron transfer reation isonsidered. The adsorbate is taken to be a metal ion. The reatant is supposed to ouplewith the adsorbate orbital alone; the diret oupling between the reatant and Blohstates in the metal eletrode is negleted. The adsorbate overage fator θ is allowedto take any arbitrary value in the range (0, 1). Thus starting from a single adsorbatease, orresponding to θ −→ 0 limit, the formalism remains valid all the way up toa monolayer regime (θ = 1). An important harateristis of metalli adsorbates isthat at low overage, the adsorbate orbital is spatially loalized. But in the monolayerregime, one obtains extended eletron states in the adlayer. These states form a two-dimensional band [182, 183℄. The loalized adsorbate state interat strongly with thesolvent polarization modes. On the other hand, the interation of extended eletronstates with the polarization modes are muh weaker, and as a �rst approximation, it an48



be negleted [184℄ .A progressive desolvation of adspeies, when the overage is varied from zero to one,hanges adsorbate orbital energy by a few eletron volts and hene must leave verysigni�ant e�ets on the eletrode kinetis. In addition, in the monolayer regime, themetalli adlayer itself ats as the eletrode surfae. As a onsequene, the adsorbatemediated eletron transfer ought to exhibit the harateristis of a diret heterogeneousreation.Therefore, a study of how the metallization of an adlayer, and the subsequent des-olvation of the adsorbate bridge in�uenes the indiret heterogeneous eletron transferposes a hallenging problem in the area of eletrode kinetis. In the ited referenes,the overage dependent potential energy pro�le for a bridge mediated eletron transferreations is generated [184℄. In the present hapter, the urrent-potential relation forsuh proesses is provided and analysed.The adsorbates exhibit di�erent strutural 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 eah 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�etive-medium' desription is used for the adlayer. This proedureaptures the essential features of the adlayer in an average sense [184, 189℄.
4.2 Model HamiltonianAn adsorbate has strong eletroni oupling with the substrate band states as wellas it has eletroni overlap with neighbouring adspeies. 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 linearoupling with the adsorbate and reatant lead to solvation and solvent reorganizationenergies. Here the reatant-adsorbate eletroni 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 physial system is haraterized by ertain key features to be disussedas follows. Chemisorbed speies are distributed randomly on the various adsorption siteson the eletrode substrate . Thes sites are onsidered to form a two-dimensional lattieand are ommensurate with underlying substrate. The energy levels assoiated with thevaant sites are taken to be in�nity to ensure that no eletron transfer takes plae througha vaant site. The random distribution of the adsorbates leads to a randomness in thesite energies , that is in a sense, they aquire a random harateristis depending on theoupany or the vaany of the site. No randomness is assoiated with the underly-ing substrate. Thus the neessary Hamiltonian needed to desribe the eletron transferproess 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 speies labelled r is oupled to adsorbate loated at site i=a in the ad-layer. The sites in the adlayer are spei�ed by i, while the eletrode states are labelledby k. n , c†,  represents the number, reation and annihilation operators for eletronswhile b† and b represents the reation and annihilation operators for bosons whih modelthe polarization osillator modes. ν runs from 1 to 4 labelling the polarization modesorresponding to orientational, vibrational, eletroni solvent polarization and surfaeplasmons respetively and ων represents the assoiated frequenies. υ is used to denotethe oupling strength between the eletroni states and λ signi�es the strength of adsor-bate and redox oupling with the boson modes. The subsripts o and  refers to reatantand 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 oupied. As mentioned before, inase where no adsorbate oupies the site i, the following relation ensures that no harge50



transfer takes plae through unoupied sites.
〈ǫ̂iσ〉 −→ ∞ (4.4)While evaluating the shift in adsorbate orbital energy due to it's oupling to boson,the boson mediated interation between di�erent sites are negleted. Sine only a singlespeies adsorption is onsidered, a replaement of λiν by λaν and λicν by λcν is followed.Coherent potential approximation is employed to handle the randomness assoiated withthe site energy [189℄.4.3 Calulation of urrentAn examination of the model Hamiltonian shows that, the only possible mehanismfor 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 mirosopi urrent assoiated with theeletron transfer reation depends on the average value of the rate of hange of eletronioupany 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 seond one gives the athodi urrent. The expetation value in the above equationorresponds 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 eletroni degrees of freedom, keeping the bosonivariables as �xed parameters and 〈· · · 〉B denotes the thermal average over boson modes51



whih are treated in lassial approximation. The time orrelation funtion involving
caσ , c

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

〈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 restrited on�guration av-erage denoted by 〈· · · 〉c,i=a. This implies that while obtaining the on�guration average,the site a, whih is oupied by an adsorbate and through whih the eletron transfertakes plae, is exluded from the averaging. The oupany status of the remaining sitesare still unspei�ed. Hene for obtaining the deterministi expression for urrent, oher-ent potential approximation is employed. From a physial point of view, this formalismimplies that the random adsorbate layer has been replaed by an e�etive medium andthe net e�et is one in whih a redox is oupled to an adsorbate oupying the site a,and this partiular adsorbate is embedded in a two dimensional e�etive medium.4.3.1 Estimation of Coherent PotentialAs mentioned earlier the randomness inherent in the adsorbate oupany is handledusing oherent potential approximation . Aordingly, the inherent random energy op-erator ǫ̂iσniσ in (4.3) is to be replaed 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 lattie. 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 dependeny 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 assoiated with the vaant 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)whih in the limit of ǫv −→ ∞ beomes

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 exat 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 diretion parallel and perpendiular tothe surfae. (ii) The substrate density of states in the diretion perpendiular to thesurfae is taken to be Lorentzian, whereas the same is assumed to be retangular alongthe surfae. (iii) The adsorbate oupies the 'on-top' position on the eletrode and ispredominantly oupled to the underlying substrate atom. Consequently (4.16) beomes

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 surfae. It should be noted that when the overage tends to zero theon�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 θapproahed 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 funtion. The restrited 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 osillators 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 funtion 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 anodiurrent. A similar expression an be obtained for athodi urrent following the samepresription as above. The ruial di�erene to notie between the anodi and athodiurrent is that for athodi urrent the 1 − f(ǫ) is to be replaed with f(ǫ) and λ̄ν forathodi 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 eletrohemial potential of the system. ρana (ǫ) and and ρanr (ǫ)are the adsorbate and the reatant 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 reatant, adsorbate, and the ross reorganizationenergy, respetively.
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 reduedstates. ǫR − ǫO = ǫor, λRν = λrν − λoν . Thus FR − FO gives the overpotential η forthe eletron transfer reation. Similarly, the fration of overpotential drop between theeletrode and adsorbate is related to the hange in the adsorbate free energy during thereation

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)Proeeding 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 osillator modes are saled bya fator √(1− θ2) to take into aount the disolvation e�et as adlayer itself exhibitsmetalli properties in the higher overage regime. Consequently, the solvation and re-organization energy for the adsorbate get saled by a fator (1 − θ2), and the solventindued ross energy terms are saled as √(1− θ2) . No suh saling is present for sol-vation and reorganization energies of the redox-ouple. Thus the saling 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 Numerial Results and DisussionsThe basi onern of this hapter is towards urrent-overpotential harateristis with57



spei� emphasis on the variation with the overage fator (θ) and the fration of overpo-tential drop (αη) aross 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 vaant energy level at the eletrode (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) enfores a numerial 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 analytially obtained in the limits
θ → 0 and 1. Additionally, ǫ′aσ involved in performing the self-onsistent evaluation of theoherent 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 fator (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 desribe the urrent vs overpotential pro�le for di�erent sets ofparameters. The adsorbate-eletrode interation 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 onsequene 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 reaptured in the present analysis sine energy dependene of
∆(ǫ) is expliitly treated in the present approah 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 aquires a �at pro�le, irrespetive of the strength of the eletrode-adsorbateoupling (Fig 4.1, 4.2) . The table I summarizes the values of parameters used in thealulations.
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Figure 4.2: Comparison of density of states of adsorbates for strong oupling regimeat low and high overage fator. 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 alulation 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-peted to be equal in magnitude. This implies that the pro�le of the produt ρanr (ǫ)∗ρana (ǫ)for anodi urrent is idential to the produt pro�le ρcatr (ǫ) ∗ ρcata (ǫ) for the athodi ur-rent. This is a onsequene of the equal separation between the peak positions of adsor-bate and reatant density of states for anodi and athodi proesses during equilibrium.[Fig. 4.3, 4.4℄. The orresponding plots for strongly oupled regime is also shown in Fig.4.5, 4.6
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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 eletrohemial potential ǫf has been set as the zero of energysale for the diret eletron transfer reation. The presene of additional harge partilesfor the bridge assisted eletron transfer reation, namely the adsorbates, hanges φ,the equilibrium potential of the eletrode. This is turn gets re�eted as a θ dependentvariation ∆φ(θ) in ǫf (≡ 0). The fat that the anodi and athodi urrents at equilibriumpotential are idential 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 respetto θ is shown in Fig.4.7 in the limit of weak and strong adsorbate-eletrode interation,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 inreases as the oupling beomes stronger.61
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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 loalized on the adsorption site.
|∆φ(θ)| starts diminishing sharply for θ > 0.6 and it tends to 0 as θ → 1. This behaviouris expeted. As θ → 1, the adsorbate layer beomes metalli and gets inorporated inthe eletrode. The eletron transfer aquires the harateristis of a diret heterogeneousreation, and onsequently as noted earlier, the eletrohemial potential µ again lies atthe zero of the energy sale.

0 0.5 1 1.5 2 2.5 3
 η

0

5e-10

1e-09

1.5e-09

2e-09

I 
/a

rb
.u

ni
ts

 θ = 0.1
 θ = 0.3
 θ = 0.7
 θ = 0.9

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 respetively, and thenby investigating the e�et 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 inreases with θ in the small θrange (θ = 0.1 and 0.3). This feature arises due to a better overlap between the reatantand adsorbate density of states, whose peak positions are approximately separated by adistane Er

r + Er
a(θ) − Er

ar(θ). An inrease in θ redues Er
a and Er

ar (f eq. 4.44), andhene the peak separation diminishes and the overlap gets enhaned. The presene ofanodi urrent peak at ηp signi�es negative di�erential resistane 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�et. This is a onsequene of the fat that the maximum in the adsorbatedensity of states ρana is now suppressed. ρana now aquires a plateau pro�le (Fig 4.1). Theplateau height, and therefore the overlap between the reatant and adsorbate densityof states dereases with the inreasing overage. Therefore a derease in the saturationurrent 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
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a = 0.4 and v = 0.5eV.The e�et of the α variation on the anodi urrent is highlighted in Fig. 4.9, 4.10and 4.11. This e�et is more pronouned in the low overage regime due to the preseneof adsorbate density of states peak. The reatant and adsorbate density of states peakseparation inreases with the inreasing α. Consequently, the maximum overlap betweenthe two ours at larger η. This explains the ourrene of the anodi urrent peak athigher η values as α inreases . On the other hand, the near onstant adsorbate densityof states for large θ ensures a minimal e�et 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.

0 1 2 3 4 5
 η

0

5e-11

1e-10

1.5e-10

2e-10

2.5e-10

3e-10

I 
/a

rb
.u

ni
ts

 α = 0.1
 α = 0.3
 α = 0.5

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 presene 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 ours at a muh larger η in omparisonto the weak oupling limit, and may not be aessible 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 derease in the height of ρana . In fat 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 respet 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 inrease in v in this veryweak oupling limit will lead to an inrease in the urrent.The high overage regime of θ → 1 orresponding to a formation of monolayer of aderease in the urrent for higher η when the overage is low virtually mimis the Marusinverted region for a homogeneous eletron transfer reation. On the other hand, theurrent getting saturated at higher η when the overage is large is also true for a diret68
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Expliit attention was paid to the low overage and high overage regime, even thoughthe formalism is valid for all regime, sine at these two regions the theory ould beompared with pre-existing literature. Plots were also provided for intermediate regimesand additionally, the e�et of the adsorbed atoms on the Fermi level of the eletrodewere inorporated 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 fration of overpotential drop aross the eletrode-adsorbate is inorporated andthe olletive plots are analysed. We have proved that this fration of overpotential dropplays a signi�ant role in determining the response behaviour of urrent, typially theloation and extent of the maximas in ase of lower overage situations. while in aseof high overage regime, the e�et is not profound and the eletron transfer follows thetraditional diret eletron transfer as expeted from heuristi arguments.The dependene of anodi urrent in the weak and strong eletrode-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 fat an be used to distinguish a weakly hemisorbed bridge froma strongly hemisorbed one. These distinguishing features our only when the overageis low. At high overage, Ia ∼ η plots have idential pro�le for weak and strong ouplingasesAt low overage, it is possible to reover the Marus inverted region, whih is absentwhen the overage is large. The loalized nature of the adsorbate orbital when overageis low, and its getting deloalised for high overages leads to this behaviour.
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Chapter 5ConlusionThe entral aim of the thesis is to develop a formal method for understanding eletrontransport along moleular hains with arbitrary number of units ontaining embeddedredox enters. Thus the whole problem an be studied by onentrating on several sub-ategories, eah of whih are interesting problem in themselves. As mentioned in the intro-dution, a typial experiment set-up onsist of eletrodes, hemisorbed speies, bridgingmoleules, redox enters embedded in the bridging units and eletrolytes or solvents in-terating with the redox. Hene, the problems onstituting the sub-ategories, in keepingwith the various omponents mentioned above, an be viewed as follows: Obtaining thee�et of the redox enter on the ondutane of the bridging wire and understanding thee�et of the adsorbate speies on the eletron transfer. Chapters 2 and 3, address the �rstquestion wherein the ondutane of a simple bridging moleular units with a single redoxenter is alulated along with the I-V pro�les. In hapter 2, the results obtained from theanalysis of a simple system of two eletrodes onneted by a moleular wire with redoxenter was presented. By varying re-organisation energies and oupling strengths, it wasshown that interesting features like urrent reti�ation, extended plateaus in I-V pro�leand negative di�erential resistane an be observed. Additionally, the possibility of suha system to model eletroni spetrosopy at onstant bias is also mentioned. In hapter3, the spei� ase of eletron transfer from redox to a single eletrode was addressed. Anexplit expression for the rate of eletron transfer, whih is voltage dependent, is derivedand the e�et of altering various energies and oupling strengths is analysed. The resultspresented shows the e�et of ompetition between resonane dominated tunneling andthe solvation of the redox.
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The spei� question of the e�et of the hemisorbed speies on the eletron transferis analysed in hapter 4 wherein metalli adsorbates are allowed to settle on the surfaeof a eletrode with di�erent overages and the formalism derived remains valid from asingle adsorbate to a mono-layer regime. The results were ompared with the standardresults obtained from pre-existing formalism for single adsorbate mediated eletron trans-fer as a limiting ase hek. As expeted heuristially, the low overage results from thealulations exhibited behaviour as predited by earlier formalisms developed for han-dling lone adsorbates. The high overage results were ommensurate with results fromdiret eletron transfer due to a metallization of adlayer. Hene, the derived formalismbridges both the earlier existing formalisms, and is valid for full intermediate regions.The e�et of frational drop in overpotential aross the eletrode-adsorbate interfae isalso presented. The signi�ane of this drop in determining the overall nature of theurrent-voltage pro�le is also highlighted.In all the alulations presented so far, the polarisation modes are onsidered aslassial osillators. An extension of these alulations to quantum modes, is expeted togive additional strutures in the urrent-voltage pro�le. One of the possible interationswhih has not been onsidered is the interation of moleular eletroni juntion withradiation �eld. The radiation �eld interation is a plausible and less-expolored andidatefor ontrolling the operation. Optial swithing and laser ontrol of suh devies areexperimentally realised and, even though, the e�et of these on ondution propertieswere experimentally studied, a full theory is yet to be formalised.E�ets of eletron-eletron interation and polarization mode anharmoniity remainto be analysed in future works. The presene of stereohemial hanges, and its e�eton urrent through moleular juntions, is a potential andidate for further works. Thisquestion annot be dealt at present, beause the experimental information available onstereohemial hanges brought about by applied bias is substantially limited. Withonstant advanes in experimental apabilities, the above mentioned question will reeivethe required attention in near future. On a �nal note, some of the newest experimentalareas, like utilizing urrent in moleular juntion to e�et hemial transformation, bondbreaking and juntion heating with assoiated thermal transport have their theoretialformalism still at a nasent level. These are some of the suitable andidates that requirefurther investigation. 72
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