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Chapter 5

Electrochemistry, Spectroelectrochemistry and
Monolayer Formation of a Tetrathiafulvalene
derivative: 5,6 — dehydro-5,6-di(pyrid-4-yl)-

bis(ethylenedithio)tetrathiafulvalene

The electrochemical properties of an organic redotive molecule, dipyrBEDT-TTF
have been examined using cyclic voltammetry arierdiftial pulse voltammetry. Two
reversible anodic processes and two irreversiblidadic processes are observed for
this compound. The neutral molecule is initiallydised to a monocation radical with
a second oxidation resulting in a dication. Thebdtyy of the monocation redox
intermediate is dependent on the Gutmann donor eurolb the electrochemical
solvent; the stability of the monocation redox lintediate decreases as the Gutmann
donor number increases. The dication is stable m anaerobic environment;
however, the presence of oxygen causes a proceelamgical reaction leading to the
degradation of the dipyrBEDT-TTF compound. The naation is stable in both the
presence, and absence, of oxygen as verified \eats@lectrochemistry. Several
different conditions for the formation of a monaaypf the species on Pt and Au have
been explored. A monolayer formed at a Pt electrexi@bited increased stability
when the electrochemical measurements were caougdn the absence of oxygen.
The values obtained fatE and the FWHM suggest that repulsive lateral iatéions

may be present within the monolayer.
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5.1 Introduction

5.1.1 Molecular Rectifiers

As current advances in the information technologynisonductor industry draw
closer and closer to the ever more prominent linnéplacement of the ‘silicon chip’
becomes more and more pressing. Followinglib&om-up’ approach, first proposed
by Richard P. Feynmahin 1960, the potential for possible alternativeste current

electronic devices arose and with them the anticpaof a new era in the world of

information storage and processing.

The realization of molecular diodes (rectifiers) dentral to the development of
molecular electronic devices. Shortly after Watlhl. first reported the synthesis and
characterisation of the core tetrathiafulvalene poumd (TTF)? the possibility for

molecular rectification through this type of systems proposed. Aviram and Ratrer
postulated that molecular rectifying behaviour dobke achieved through a single
organic molecule based on a donor (D)-spacer-agcép) model yide infrg. The

organic sulphur heterocyclic TTF (2Ris(1,3-dithiolylidene)), is an electron rich
alkene and is oxidised in two steps; the first akimh produces a radical cation

followed by the formation of a dication as the setetep, Scheme 5.1°
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Scheme 5.1Electrochemical oxidation of the neutral TTF molecio the mono- and

dication specie§.

Single crystals of TTF were studied using X-raystajlography. The formation of
the molecules, where the central double bondsiaeel lup along the crystal's axes,
provoked the idea that conduction may be possiltl@mthis molecule if placed in an
electric field: semiconductor behaviour was obsératroom temperature providing
the molecule was kept in the dafk.
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There are several advantages of using the TTF asra building block for more
advanced materials: upon oxidation of the TTF raygtem, a thermodynamically
stable cation radical is formed and further oxwolatresults in the dication; both of
these processes are reversible and occur withiraaessible potential window
forming stable redox states. By adding electronatiog/withdrawing groups to the
TTF core, the oxidation potentials can be tuh@d.F derivatives are famous for their
n-electron donor capabilities. This is partly dueghte aromatization energy gain when
going from the neutral species to the dithioliunomaatic rings in the singly and

doubly oxidised states, Scheme 5.1.

In 1973 Coweret al.® discovered metallic conductivity in the novel doroacceptor

complex consisting of TTF as the donor and tetracyaquinodimethane as the
acceptor, Figure 5.1. At the time this complex ooly exhibited metallic properties
over a large temperature range but also possdssdadrgest electrical conductivity of

any known organic compound.
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Figure 5.1: Molecular structures of TTF and TCNQ.

Following on from the disclosure of this TTF/TCN{stem, Aviram and Ratner went
one step further and discussed the possibility odimailar system for potential
applications in molecular electronics; in particutaolecular rectifiers. Their idea
was based around the donorand acceptor-systems, Figure 5.1, with both units
connected via a-bonded non-conjugated bridge (T&FFCNQ, Figure 5.2): the
donor and acceptor properties of the subunits eandreased or decreased depending
on the electron donating/withdrawing properties aofditional substituents on the
aromatic units. The purpose of the spacer betwleemdnor and acceptor moieties is
to provide sufficient charge separation which iki@eed through the use etbonds
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whereas the delocalized orbitals on théonds allow for conductivity through the
spacer and hence the flow of a cur@niWhen spaced between two electrodes,
electron flow will occur in one direction only. Slstate rectifiers employ p-n
junctions: it was proposed that an organic syst@erating on the same principle,
containing electron poor (p-type) and electron rigchtype) components, would

exhibit properties of a molecular rectifier.

|
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|

Figure 5.2: Aviram and Ratner model of a molecular rectifiefFT-o- TCNQ?

When placed between two metal electrodes, and imgpéy potential, the asymmetry
of the donor and acceptor orbitals determines that flow of current is uni-
directional. Electrons can flow from the cathodetlie acceptor and consequently
electrons are transferred from the donor to thelafoRectifier behaviour is brought
about when, at an appropriate voltage, electrors lasles are released into the
molecule’s LUMO and HOMO levels, located on the T@Nand TTF units
respectively,'® from the Fermi levels of the enclosing electrodesulting in the
charge separated species TTH- TCNQ'. It is this charge separated species that
would allow electron tunnelling through tlespacer and hence current (electrons)

flowing in the acceptor — donor directidh.

D-6-A"

Energy

D-oA

Figure 5.3: Energy difference between thé-B-A and D-¢-A" states.
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The energy required for the formation of this-®A™ zwitterion is 3.5 eV. In this
model for current to flow in the reverse directitthre application of a much higher
potential (9.6 eV) is required in order to move edactron and create the-B-A*
zwitterionic staté® This is because of the larger gap between thedoergy local
HOMO orbital of the acceptor and the high energyald UMO orbital of the donor

functionality.

Although the proposed TT&-TCNQ compound has not yet been synthesised, devera
similar compounds based on this type of2- model have been reportéd!* *One

example was reported in 2005 by Heathal. 2

showing unimolecular rectifier
behaviour that incorporated a TTF group as the dand a fluorene as the acceptor
with a saturated bridge in between (see ChaptefHis compound exhibits a low
HOMO-LUMO energy gap of approximately 0.3 eV andngmuir-Blodgett

monolayers of this complex were formed which insezhthe rectifier behaviour.

The Aviram and Ratner B-A model presents a solution for the realizationaof
molecular rectifier. However, problems still ariggth these types of complexes:
synthetic challenges remain even today with thealamt linking of the TTF and
TCNQ compounds; only a few single crystal x-raystures of these types of systems
are reported and evidence for intervalence chaagsfer is lacking.

5.1.2 Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) Compounds

A wide variety of bis(ethylenedithio)tetrathiafuleae (BEDT-TTF) compounds have
been synthesised and reported in the literdfuiénese compounds are of particular
interest because of their broad range of electpcaperties and their application in
molecular conductors and superconductbrs’ The properties of the BEDT-TTF
compound have been tuned by creating derivativasy useveral types of organic
substituents including alkyl chains, aryl, halo aagbonyl groups, and in the case of
the compound discussed in this chapter pyridyl tionalised BEDT-TTF compounds
have also been reportéd: © " 9An attractive feature of these types of compotisds
their ability to transform into metals and in sornases superconductors when

converted to their radical cation salts.
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Figure 5.4: Molecular structure of BEDT-TTF and related pyridiyhctionalised TTF

derivatives. .
Compound Ew.[V] Reference
A +0.55, +0.95 Ouahatt al. ™
B +0.50, +0.89 Xeet al.*>
C +0.48, +0.89 Xiet al.**
D (dipyrBEDT-TTF) +0.73, +1.05 Wallis and Almeidet al. *>?
E +0.54, +0.90 Zhet al. ™
BEDT-TTF +0.52, +0.94 Ouahatt al.®
TTF +0.32, +0.76 Wudét al.®

Table 5.1: Half-wave potentials of TTF, BEDT-TTF and pyridirseibstituted
derivatives. The oxidation potentials have beenamed against the SCE reference
electrode. The electrochemistry of these compowads recorded in CkCl, apart
from TTF which was recorded in ACN.
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The redox potentials of TTF and BEDT-TTF, as wellderivatives of the latter with
one or more pyridine rings attached, are presemtéichble 5.1. The addition of the
ethylenedithio groups to the TTF central core umesults in an increase in the
oxidation potentials with positive shifts in thegien of 200 mV observed for BEDT-
TTF compared to TTF alone; electron density isquuhway from the redox sites of
the TTF core as a result of the electron withdrgwiproperties of the outer

ethylenedithio groups.

The effect of addition of a pyridine ring to the BE-TTF compound appears to give
conflicting results depending on the compound iegfion. Ouahalet al. report that
the bipyridine substituent has a negligible effectthe redox chemistry and that the
observed difference in potentials betwetnand BEDT-TTF lie in the region of
experimental errof® In contrast to this, Xet al, **®and Wallis and Almeidat al.**®
report an increase in redox potential upon addibibpyridine rings to the BEDT-TTF
compound with the positive shift being greaterhe tase of the latter. This can be
explained by the electron withdrawing propertieshe pyridine rings; in compound
D (dipyrBEDT-TTF) there are two pyridine rings bodd® the central unit and as a
result there is less electron density located atrdldox sites of the core TTF unit and
therefore a greater increase in oxidation potemiabserved. The nitrogen atom of
the pyridine ring oB is in the para- position whereas in compo@hd is located in
the ortho- position. From the oxidation potentiaddothB andC it is observed that
the substituent position does not significantlyeeffthe oxidation potentials of the

compounds.

5.1.3 D-a-A vs. Redox Controlled Conductance in Molecular

Electronics

The donor compound, TTF and its derivatives hawatufed extensively in the
literature concerning the notion of achieving reetibehaviour based on the ®A
systent The main concept in these types of systems ip#ssage or transport of
charge (electrons) from the acceptor, to the dondracross a non-conjugated bridge
in the form of intramolecular charge transfer. Whbkase molecules are positioned

between two enclosing electrodes a conducting speesults, the behaviour of which
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resembles that of a molecular rectifier in whiclnreat will only flow in one direction
as a result of the different HOMO and LUMO energydls of the donor and acceptor

units> 1012

Using electrochemical techniques, the charge tamsgross single molecules can be
controlled through switching from one redox statette next” ** Single molecules
can behave in different manners akin to those eftednic devices such as on-off
switching transistor properties and rectificati®uch characteristics are linked with
the redox levels in the molecule and their resoeanith the Fermi levels of the
enclosing electrodes. This is not observed in malox molecules where the HOMO
and LUMO levels are off-resonance with the Fermels of the electrode€® It has
been demonstrated recently that this single maéecohductance phenomenon has

not only been achieved in a vacuum but also in agsielectrolyté? ¢

Oxidation of TTF complexes and their derivativesutts in the formation of a cation
radical followed by a dication. Two stable redoxates also feature in organic
complexes containing a viologen moiety where a tioais reduced to the
monocation and subsequently the neutral spéliés® 22 Electrochemicalin situ
scanning tunnelling microscopy (STM) techniques,ingis a four-electrode
configuration, have been used to demonstrate hewelfctrochemical potential can
control the redox state of a viologen group, wilkaae thiol chains at each end. A
molecular wire consisting of gold at either endiffr the substrate and STM tip) is
presented and the viologen moiety acts as a “datethe charge transport across the
molecular bridge. The low lying redox states of ¥i@ogen core (-0.42 and -0.90 V
vs. SCE) provide a means for the mediation of electransport through the two step
reduction of the dication to the neutral specieth whanges in the electronic structure

of the moleculé®

This research carried out on the viologen compoand its derivatives has
successfully shown that electrochemical techniquas be used to control the
electrical behaviour of molecules which are potdhtiuseful as molecular electronic
devices. Experiments using STM, for example, caad léo characterisation of
electrical properties of redox processes in moklly examining the relationship

between the redox states and the observed condectathin the molecule. A similar
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compound, containing a TTF core (Figure 5.5) hantreported by Ulstrupt al.*
where electrochemicaln situ STM measurements have shown that as the
electrochemical gating potential sweeps throughdifferent redox modes, a sharp
“off-on-off” transition results. In contrast, théologen analogue, 6V& (Figure 5.5),
exhibits a broader “off-on” switching profile. Sdoth compounds only vary in the
central redox unit, the difference in conductivgyassumed to arise from this part of

the system.
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Figure 5.5: Molecular structure of 6PTTF6 and 682

The pyrrolo-tetrathiafulvalene (6PTTF6), an elestrach compound that is planar in
structure in both the neutral and monocation stagdsked between a gold substrate
and tip via an alkane thiol chain. The two revdesitixidation processes reported for
TTF compound$ are observed for 6PTTF6 and they fall within aeptigl range in
which the Au-S bonds are stable in aqueous elgttolhe viologen ring, which also
has two redox states (reducing the dication tontlb@ocation radical and the neutral
state), can twist about the central carbon-carbmmdbn the dication, depending on
the anion, suggesting that the switch from the glda the twisted structure is a low
energy proces%’ Increased inter-ring carbon-carbon twisting hasnbebserved for a
similar viologen salt in the monocation (Y state indicating large configurational
differences between the dication and singly redumethocatiorf> These structural
fluctuations may explain the differences in condace between the 6PTTF6 and 6V6
compounds in that the tunnelling factor dependshennuclear configuration of the
twisting mode of the viologen whereas the planadenobserved for the 6PTTF6
system allows for a different current/overpotentigation resulting in the “off-on-

off” switching mode.
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6PTTF6 is linked to the Au electrode and STM tig a&lkane thiol chains at either end
with the TTF unit in the centre. DipyrBEDT-TTH( Table 5.1), discussed in this
chapter, allows for a smaller distance betweernrédex sites of the TTF unit and the
electrode with binding occurring through two pynéilinkers. In 2004 Lindsagt al.

%% reported the self assembly of a TTF derivativet thiads directly to a Au(lll)
surface via a S-Au bond in which the monolayersdaserdered and pack in lateral
dimensions with alkyl chains flowing from the otheerd of the TTF core, Figure 5.6.
This compound is proposed as a suitable candidat ‘imolecular wire”.

Au SIS>:<S |

S S S

Figure 5.6: Molecular structure of a TTF derivative self ass&dbon a Au(lll)

surface?®

STM images of this compound show a high densitydefects in the monolayer
resulting from the disordered fashion in which tressemble. Terraces that are as
deep as a single gold atom are observed as weit-tike defects. The alkyl chains
have freedom to move (being referred to as fluid-land non-uniform) and the lack
of lateral interaction between them means the tiegumonolayer is not dense. The
resistance of this TTF derivative was measured eochpared with two other
“molecular wires”. The first of these was the cated carotenedithid’ that is
almost as long as the TTF molecule in Figure 5.6 Wi8 carbon atoms, and the
second comparison is made with the 2,5-di(phenyigthd’-thioacetyl)benzene
(TPE) ?® with measured resistances of 4.9 + 0.2 and 52 €®8respectively. The
resistance of the TTF molecule, measured as 29073#32 using a metal coated
conducting atomic force microscope (c-AFM), fallstween these two values despite
its length being similar to the carotenedithiol swmlle. This suggests that the
positioning of the TTF core so close to the surfatghe electrode and the non-

perpendicular packing of the monolayer relativéhe surface are important aspects in
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mediating a large conductance in the molecules jitastulated that the metal coated c-

AFM tip may be almost in direct contact with thdlbaf the redox active TTF unit.

5.1.4 Self-Assembled Monolayers of TTF Derivatives

The self-assembly of TTF derivatives on metal etet#s (Pt and Au) have been
reportec?® 3% 31 32|n 1994, Yip and Ward® presented the formation of monolayer
charge transfer complexes, containing a TTF basgldaule and TCNQ, immobilised

on a surface. The 16-mercaptohexadecyl tetrathviafethe carboxylate compound
binds to a Au electrode via the pendant thiol graather than through the TTF core,
Figure 5.7.

TCNQ
A HS%O OS S /
: =1

S S

n=16
charge transfer complex is TTF*-TCNQ -
Figure 5.7: lllustration of the monolayer charge transfer coepimmobilised on Au

as reported by Yip and Warg.

The electrochemical response from the monolayeerg similar to that of the free
complex in solution with two voltammetric waves chaeristic of the TTF core
observed. Oxidising both redox centres to form theation with repeated
electrochemical cycling of the TTF monolayer, résdl in diminishing current
intensities which suggests that the fully oxidisednolayer is not chemically stable
on Au. Introduction of the TCNQ molecule leads he immobilised charge transfer
complex, TTFTCNQ, in which the TCNQanion is oriented in a manner where it is

parallel to the surfac®.
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Figure 5.8: TTF derivatives reported to form monolayers on A &t via self-

assembly where the alkane-thiol chains act asittket groups>™ %2

Fujiharaet al.® reported the self-assembly and electropolymedsati alkane-thiol

functionalised TTF compounds on Au and glassy aadiectrodes respectively. The
resulting monolayer of the tetrathiol TTF-derivati(Figure 5.8 (top)), through
electrochemical cycling, has shown to be more stdbhbn the monothiol TTF-
derivative. The tetrathiol TTF compound also formsgable multilayers via
electropolymerisation.

Self-assembly of #,-crown annelated tetrathiafulvalene derivativesRinand Au
electrodes have been reported by Brgtal.** where binding to the electrode surface
occurs through a terminal alkane-thiol chain, Fegbt8 (bottom). The monolayers
exhibit an electrochemical response characterigstithe TTF core and a linear
relationship between the peak current and scanisatebserved. The monolayers
exhibit limited stability in aqueous electrolyte &h oxidising to the dication.
However, much greater stability is noted when otxatais restricted to the formation
of the monocation radical only. Adsorption of themolayer on Pt gives a more
reproducible electrochemical response than thamddron Au. The crown ether acts
as an ionophore in acetonitrile allowing metal cteration with cations such as'K
Na', Ba and Ag. The occurrence of metal complexation with theFTcbmpound
was determined through positive shifts of the firsidation potentiaf?
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This chapter contains the study of a pyridine stiied BEDT-TTF analogue, 5,6 —
dehydro-5,6-di(pyrid-4-yl)-bis(ethylenedithio)tetineafulvalene (compoundD in
Table 5.1), referred to as dipyrBEDT-TTF for shdhie synthesis of which was
carried out within the Prof. John D. Wallis reséamgroup in Nottingham Trent
University, UK?*? In the case of this compound, and as opposed @oDth-A
approach above, an alternative method is consideradvestigating its potential use
as a molecular component in electronic devices sh@e conductivity in the
molecule is measured as a function of the redotestaithin. The solution-phase
diffusion controlled electrochemistry and specteoglochemistry as well as
monolayer formation of dipyrBEDT-TTF are discusséthe effects of different
solvents on the diffusion controlled oxidation puials are examined. The
electrochemical properties of both the solutiongghand monolayer are characterised

using cyclic voltammetry in the presence and abs@hoxygen.
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5.2 Results and Discussion

5.2.1 Redox Properties

5.2.1.1 Solution Phase Diffusion Controlled Electrochemistry

The redox chemistry of TTF and its derivatives &lwlocumented in the literatufe®

8 In general for TTF and BEDT-TTF compounds, cyalitammetry reveals two

reversible anodic redox waves: the first of thesgesponds to the oxidation of the
neutral species forming the stable monocation eddiét higher potentials the

formation of the dication is observed upon the sdcoxidation of the TTF core.

These processes occur within a readily accessdiknpal range forming stable redox

states.
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Figure 5.9: Transformation of the neutral dipyrBEDT-TTF to theation through the

stable monocation redox state.

The oxidation potentials of TTF are sensitive te #lectron donating/withdrawing
properties of substituents on the dithiole ringadEnce of this lies in the comparison
of TTF and BEDT-TTF redox potentials, Table 5.1.eTklectron withdrawing
ethylenedithio groups of the latter stabilise th@MO levels of the TTF core and an
increase in the oxidation potentials of the compmbus observed. This is further
supported by comparing the redox potentials of With those of the first-extended
dibenzo TTF derivative, reported in the literatimehe first half of the 20 century by
Hurtley et al. ** ° half a century before that of the unsubstitutedr Tifolecule. The
oxidation potentials of the latter are 260 and BW) more positive for the first and
second oxidation potentials respectively as a teduhe extended-conjugating from
the benzene rings. The solution phase diffusiorirotad electrochemistry of
dipyrBEDT-TTF was measured using cyclic voltamméy) and differential pulse
voltammetry (DPV). Two redox waves typical of thelTH unit are observed
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representing the oxidation to the monocation rddioa subsequent dication species,
Figure 5.10.

Wallis and Almeidaet al. **®
dipyrBEDT-TTF as +0.75 and +1.07 Wd, Ag/AgCl), for the first and second

oxidations respectively. In this chapter the hadfve potentialsH.,) were recorded at

reported the diffusion-controlled redox potentials

+0.64 and +0.97 V (on a platinum working electrofibe)the corresponding processes
in dichloromethane with 0.1 M tetrabutylammoniumx&fuorophosphate as the
supporting electrolyte, Figure 5.10.
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Figure 5.10: Cyclic voltammogram of the anodic processes of r8BIRIPT-TTF [C:
1mM], at a platinum working electrode (real surfaeeea = 0.0818 cr), vs.
Ag/AgCl, in dichloromethane with 0.1 M TBAF4S the supporting electrolyte. Scan
rate: 100 mV/s.

Scanning toward negative potentials, in solutiorageh diffusion-controlled cyclic
voltammetry of dipyrBEDT-TTF, to a potential of 82V reveals two cathodic waves
(Epc = -1.43 and -1.82 Ws. Ag/AgCI) representing two irreversible processESF

compounds exhibit strong-donor properties. As such there are few reportthén
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literature of the reduction potentials of the TTBmponent of these types of
complexes. This is most likely due to large negatieduction potentials for the TTF
core given its electron rich character. Reductioteptials have been reported by Shen
et al.** for perylene substituted TTF derivatives and bytieand Seoanat al. * for
benzoquinone substituted TTF dyads. In both casdsction of the complex is
assigned as being located on the perylene and Qemmzme moieties and not the TTF
core itself. The cathodic processes observed fpyrBEDT-TTF (Figure 5.11),
therefore may be assigned as the reduction of pgatiine ring, and not the central

TTF unit, forming anion radicals on each ritig.
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Figure 5.11: Cyclic voltammogram of the cathodic processes pyr@8EDT-TTF [C:
1mM], at a platinum working electrode (real surfaeeea = 0.0818 cr), vs.
Ag/AgCl, in dichloromethane with 0.1 M TBAR4S the supporting electrolyte. Scan
rate: 100 mV/s.

In order to be classed as a reversible redox psotes cyclic voltammetric waves
must possess certain characteristic features. Enesiequation (Chapter 2) is used to
relate the measured potential to the concentratidghe redox active species involved
in the electrode process. Systems that obey thigateo are said to be
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electrochemically reversibfé: 3 The separation between the anodic and cathodic
peaks of a redox procesAE,, can be calculated by subtracting the cathodik pea
potential from the anodic peak potential (Equatibh5, Chapter 2). Formally this
value should equal 59 mV for a one-electron proe¢2%° Celsius, as found from the
Nernst equatiofl’ Under experimental conditions values of betweer 800 mV are
generally accepted for a reversible redox procasstlae values foAE, obtained for
dipyrBEDT-TTF are within the range of 60 — 100 mWable 5.2. For a reversible
process, the ratio of the anodic and cathodic peafents should be equal to unity.
The values calculated for dipyrBEDT-TTF, althougbt exactly equal to one, are

within close range.

Electrode Ey[V], 1%  Ex[V], 2" AE[MV]  ipaiipe & ipa:ipe 2°

Oxidation Oxidation Oxidation  Oxidation
(Epa' Epc, (Epa' Epa,
mV) mV)
Platinum  +0.64 (70) +0.97 (100) 330 1.01 1.19

Table 5.2: Diffusion-controlled data for the reversible anodigrocesses of
dipyrBEDT-TTF at a Pt working electrode, vs. Ag/Ag€ dichloromethane with 0.1
M TBAPFR as the supporting electrolyte. Scan rate: 0.1 V/s.

For fully reversible systems, a plot of the peateptal, E, versus the scan ratewill
show that two parameters are independent of edgsér.ofable 5.3 outlines the
observed changes K, as a function of scan rate. Minor fluctuations @bserved for
scan rates ranging from +0.1 to +1.0 V/s, FigutE25AE, also exhibits changes of
only 10 mV when the scan rate is varied. Howeviep@ng beyond the range of 1.0
v/s and scanning at rates as high as 7.5 V/s seisuthe observation of positive shifts
of up to 60 mV and 70 mV for the first and secoedax waves respectively. This can
suggest that kinetic limitations exist for the élen transfer and each process may be
deemed asjuasireversiblé” *° This observation is in contrast to the resultdioed

in Table 5.2 where the differences in anodic antiadic peak potentials, as well as
the ratio of the anodic and cathodic peak currargswithin the range of those values
outlined for a reversible system. However, at higdtan rates the increase in current
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results in an increase in thie drop between the working and reference electrodes

which can result in shifts in the peak potentidlthe redox process.

1% Redox Process 2" Redox Process
v(VIs)  Epa(V) Epe (V) Epa (V) Eec (V) AE,(MV)
0.5 +0.67 +0.58 +1.02 +0.88 350
0.75 +0.68 +0.58 +1.02 +0.88 340
1.0 +0.68 +0.57 +1.03 +0.87 350
5.0 +0.72 +0.53 +1.07 +0.86 350
7.5 +0.73 +0.52 +1.09 +0.85 360

Table 5.3:Cyclic voltammetric data for the relationship beemehe scan rate;, and
the anodic peak potential o of the first and second redox waves in dipyrBEOF
The data was obtained using a Pt working electriodéichloromethane vs. Ag/AgCI

reference electrode.
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Figure 5.12: Scan rate dependence of the diffusion controllegreBEDT-TTF at a
Pt working electrode, vs. Ag/AgCl, in dichlorometbausing 0.1 M TBARFas the
supporting electrolyte.
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Another method for ascertaining the reversibilifyaoredox process is evaluating the
relationship between the scan rate and the meaf@akl current. In the case of a
diffusion controlled processes a linear relatiopséxists between the square root of

the scan rate and the current for a reversiblegssc

-4 -
=

e -2 .
b

o

—

~ . 2

< Anodic 1 R” = 0.9988

= 04 Anodic 2 R® = 0.9964

= Cathodic 2 R* = 0.9965

S Cathodic 1 R? = 0.9993

=

jun }

O 24

=

@

(]

o B

4
T T T T T T T T T 1
0.5 1.0 15 2.0 25 3.0

Square Root Scan Rate, v / (V/s)"

Figure 5.13: Graph of the relationship between the square rdahe scan rate and
the peak currents for the diffusion controlled aysloltammetry of dipyrBEDT-TTF
in dichloromethane at a Pt working electrode. Arotliand cathodic 1 represent the
two waves of the less positive redox process witbdi@ 2 and cathodic 2

representing the™ redox process.

Figure 5.13 presents a linear relationship betwherpeak current and’?. This plot
along with the values calculated faE, and the ratio of the peak currents suggests
that both of these anodic redox processes on the ¢cbfe of dipyrBEDT-TTF are
reversible in nature. It also suggests that thaatiews in the oxidation potentials
observed during the scan rate dependence experarisatas a result of an increase in
the uncompensated resistance between the refessttevorking electrodes and a

consequent increase in the associated iR drop.
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5.2.1.2 Solvent Dependence Study

Within electrochemical cells a medium must always dresent through which an
electrochemical reaction can take place. The anamuscations from the electrolyte
provide a means of conductivity to and from theceetales through the solvent. For
electrochemical experiments there is no one soltreitis suited to all. The choice of
solvent for the electrolyte can heavily depend um electroactive species’ solubility

properties.

The solvating ability is another property that ignsidered with electrochemical
solvents. It is often required that the solvenvatads the reactant and/or products in an
electrochemical reaction. Knowing the potentialgarof the electrolyte solvent is
critical as electrodes are often scanned to, and &t particularly high potentials
which may be in the range of the oxidising or redg@otential of the solvent. Other
factors such as polarity, dielectric constant acidigy/basicity of a solvent can also
influence the electrochemistry of the electroactsecies. In this section the
electrochemistry of dipyrBEDT-TTF in four differesolvents is examined. These
include the polar aprotic solvents dichlorometh&del,Cl,), tetrahydrofuran (THF),

acetone and dimethylformamide (DMF).

The different properties of solvents, as well asrhature of the electrolyte, have been
shown to influence the redox properties of molezuie an electrochemical
environment including the reversibility and ratef reaction’® The effect of the
solvent on the potentials of the first and secaabk processes, and the stability of
the monocation intermediatal), has been investigated. The redox potentialief t
dipyrBEDT-TTF in each solvent are given in Tablé Below. Solvent properties such
as polarity, dielectric constant and Lewis basiaitidity (Gutmann donor/acceptor

numbersy* have been considered.

In order to define polarity in the context of chealisystems the degree of separation
of electronic charge within a molecule must be aered. This separation of charge
results in the formation of an electric dipole, tlee existence of separate positive and
negative charges. In molecules where the electaingy of one atom is greater than
another a situation results where the electronitjeissshared unequally between the

two sites. The molecule may be termed ‘polar wibO being the simplest of
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examples. In the alternative case where the eledensity is equally shared, a ‘non-

polar’ molecule results, e.g. methane,CH

Solvent Ey, (V) 13 Redox  Es, (V) 2" Redox AE (mV)
Wave [AE, (mV)] Wave [AE, (mV)]
Dichloromethane +0.64 [70] +0.97 [100] 330
Tetrahydrofuran +0.76 [90] +0.86 [65] 100
Acetone +0.66 [70] +0.82 [75] 160
Dimethylformamide +0.72 [60] +0.81 [50] 90

Table 5.4:Electrochemical data for the diffusion controllesbpesses of dipyrBEDT-
TTF in different solvents under anaerobic condsiorecorded at a Pt macro working
electrode. All potentials have been corrected asgfaiine Ag/AgCI reference electrode.

The change in redox potential, with increasing plaf the electrochemical solvent,
for the first and second anodic processes of diIRIZYB-TTF, as well as the effect on
the peak to peak separatiaxH) between these two waves, has been examined.

It is safe to conclude that there is no relatiopdietween the first oxidation potential
and the polarity of the solvent, Table 5.5. Thélata trend betweenE and polarity

is also noted. There is however, a slight inverspartionality observed between the
redox potential of the second wave with that of plodarity: as the polarity of the
solvent increases the redox potential of this sécamre positive wave decreases -

although a lack of linearity in this relationshgnoted.
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Figure 5.14:Cyclic voltammograms (solid line) and differentpailse (dashed line) of
dipyrBEDT-TTF [1mM], on a platinum working electeadvs. Hg/HgS® in acetone

(top) and THF (bottom) with 0.1 M TBA P&s the supporting electrolyte. Scan rate:
100 mV/s.

The dielectric constant of a solvent is a meast@itbeextent at which a material can

conduct electricity when placed in an electricdieThis property also indicates the
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solvents ability to reduce the strength of an eledield surrounding a charged
particle in the solvent. The dielectric constanaaolvent is related to its polarity to a
certain extent. Solvents with dielectric constalotser than 25 can be considered
‘non-polar’ whereas those that have values highen tthis are polar solvents.

Solvents with high dielectric constants allow foeater dissociation of ionic solutes
leading to lower solution resistance. This is amamant factor in electrochemical
experiments. The observed changes in the redoxistrgrof dipyrBEDT-TTF were

compared with changes in the dielectric constahtthe® electrochemical solvents.

However, no trends between these two propertiesapp

Solvent AE Polarity Dielectric Gutmann Gutmann

(mV) Index* Constant Acceptor Number Donor Number

(&) * (AN) (DN)

CH.Cl, 330 3.1 8.9 20.4 0
Acetone 160 51 21.0 12.5 17

THF 100 4.0 7.5 8 20
DMF 90 6.4 38.3 16 26.6

Table 5.5: Relationship between the peak to peak separatigheofirst and second
redox wavesAE) and the different properties of the solventd.eXperiments were
carried out under the same conditions at a Pt maamrking electrode: 0.1 M
TBAPFK as the supporting electrolyte using argon to achiean anaerobic
atmosphere.

This random behaviour was also observed for thatiosiship between the
electrochemical properties of the molecule andGémann acceptor numb&rThe
acceptor number is a measure of the Lewis acidity solvent. That is, its ability to
accept a pair of electrons from the analyte whetleasionor number is a measure of
the Lewis basicity (the ability to donate a pairetdéctrons). The donor and acceptor
numbers of solvents were proposed by Viktor Gutmanh976. They are measured
using nuclear magnetic resonance spectroscopy (NM&using on the

triethylphosphine oxide chemical shift where Shi€lused as the internal stand&td.
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The solvent dependence of the redox propertiespffBEDT-TTF are outlined in
Table 5.5. With respect to the solvent donor number evident that the first redox
potential is predominantly solvent independent.sTiehaviour is also observed for
other properties associated with the solvent lik@ &cceptor number, polarity and
dielectric constant where no clear trend was oleskrtAowever, it is noted that the
distanceAE, (mV) between the first and second redox wavesnsisive to changes in
the solvent-electrolyte medium. A trend has beeseoled between the donor number
of the solvent andE;. As the donor number of the solvent increasesséparation
between the two waves decreases i.e. they aresglyeproportional to one another
(R? value of 0.98), Figure 5.15.

The donor number describes the solvent’s abilityldmate a pair of electrons to a
species in solution so therefore the higher thar@an donor number, the stronger the
donating power of the solvent. This ability to dna&lectron pairs leads to these
solvents being classified as having decent nucldoptharacter. Radical cations,
such as the monocation intermediate of dipyrBEDFT(Figure 5.9), generated by
electrochemical oxidation are susceptible to attagkucleophiles and are therefore
generally unstable in highly basic mediums. As tlomor strength of the solvent
increases, the stability of the intermediate desgegdiminishingAE as the Lewis
basicity increases). The increased donor strengthsolvents such as acetone and
DMF make it thermodynamically easier to remove @rd electron and oxidise the
monocation radical to the dication state. The &tgluf radical cation intermediates is
generally achieved in strongly accepting solventshsas dichloromethane as they
exhibit electrophilic characté?.
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Figure 5.15: Graphs to illustrate the relationship between tlodapity of the solvent
and second oxidation potential of dipyrBEDT-TTFpjtcand the solvent donor
number with the peak to peak separatiat, (bottom). All oxidation potentials
referenced again the Ag/AgCl reference.
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Without the presence of electrolyte salts in orgaalvents the high resistance of the
solution prevents a current flowing. Electrochertycaert electrolytes are added to
the solvent to induce the flow of the current. Télectrolyte will also influence
migration of the electroactive species as welhaspositive and negative limits of the
potential range with participation in ion-pairingtivthe redox species occurring. The
extent to which the solvent-electrolyte system atas the species in solution depends

on the nature of the salt as well as that of tfeseh electrochemical solvetit.

The influence of ion-pairing between the anionsécet of the electrolyte and the
monocation radical in solution was also investigatgystems where the electrolyte
affects the redox species in solution through iaitipg have been reported for other
organic and inorganic systeffisSTBAPF; was the electrolyte chosen for the solvent
dependence study. The influence of the anion on rddox chemistry of the
dipyrBEDT-TTF molecule was examined through the wudea different anion

(perchlorate) using TBA CIQn the electrolyte-solvent medium, Table 5.6.

Electrolyte Ey, (V) 1 Redox  Ey, (V) 2™ Redox AE (mV)
Wave Wave
TBAPFKs in CH,Cl, +0.64 +0.97 330
TBACIO,4 in CH.Cl» +0.72 +0.96 240
TBAPFKs in Acetone +0.66 +0.82 160
KPFs in Acetone +0.62 +0.78 160

Table 5.6: Electrochemical data for dipyrBEDT-TTF detailingetichanges observed
with different electrolytes.

From theAE values recorded for both electrolytes in{CH it is clear that the degree
of separation between the first and second redak | heavily dependent on the
nature of the anion component of the electrolytee Tise of the Cl© anion reduces
the value ofAE to 240 mV compared with 330 mV recorded for the RRion. This
would suggest that the more compact £l@nion decreases the stability of the
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monocation radical intermediate and hence a smadlak to peak separation between

the two redox waves is observ&d.

Through investigation of the influence of the cailocomponent of the electrolyte it
appears that the observed effect of the electraptehe peak to peak separation is
confined to the anionic unit of the salt. By usjmatassium hexafluorophosphate” (K
PFR) as the electrochemical electrolyte instead, thierac component is unchanged
and the effect of the Kcation compared to the TBAation can be investigated. The
peak to peak separation remains constant with ddfgrent electrolyte (160 mV)
thereby indicating that the stability of the monoma radical intermediate of the

dipyrBEDT-TTF molecule is controlled by the aniocmmponent of the electrolyte.

5.2.1.3 Aerobic vs. Anaerobic Effects on Stability of the Redox | ntermediate
Electrochemical oxidation of dipyrBEDT-TTF in GEl, reveals two anodic
processes involving formation of a cation radicatl & dication, Figure 5.10. The
stability of the dication species in an aerobic @phere was investigated. Through
oxidation of the compound over a period of timevds observed that the Faradaic
current gradually decreases. This effect was olbsemwith continuous cycling
between 0 and +1.20 W¢g. Ag/AgCI reference) for approximately three hours.
However, after 90 minutes the current observed thar first and second redox

processes had completely disappeared, Figure & aph).

The decrease of the Faradaic current was initialgerved for the second redox
process and, after the current was reduced by zippately 50%, this was followed
by a decrease in the observed current of the fadbx process. Interestingly, the
monocation radical has shown much greater stahiityCH,Cl,. By continuously
cycling between +0.2 and +0.9 Vs. Ag/AgCl, it is noted that the oxidation of the
neutral compound to the redox intermediate does$eaotto a decrease in the Faradaic
current as was observed for the dication speciggré 5.16 (bottom). There are
several possible reasons for this. The first ofolvhmay be the effect of adsorption of
the compound of the surface of the Pt electrodechviunly occurs following the
electrochemical formation of the dicationic species
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Figure 5.16: Cyclic voltammogram of dipyrBEDT-TTF at a Pt elecke in CHCI, in

aerobic conditions with continuous cycling reveglia gradual degradation of the

Faradaic current. The top graph shows the dicatwith the redox intermediate

monocation radical presented in the bottom graptset: solid and dashed lines

represent the start and end (after 90 minutes oygglrespectively.

220



Chapter 5: Electrochemistry, Spectroelectrochemiatrd Monolayer Formation of a
Tetrathiafulvalene derivative: 5,6 — dehydro-5,@pgrid-4-yl)-bis(ethylenedithio)tetrathiafulvalene

Figure 5.17 presents the effects of adsorptiorhefdicationic form of dipyrBEDT-
TTF on a Pt electrode. The working electrode wdd ae+1.2 V ¢s. Ag/AgCl) for a
series of quiet times (which is the amount of time cell is held at the initial potential
prior to cycling) ranging from 2 to 240 secondsteAfl5 seconds, following oxidation
to the dication (indicated by the red line in Fig.17) a sharp peak, resembling a
desorption “spike” is observed on the return wavaciv would suggest that the
dication species had adsorbed on the electrodacguriThe current intensity of the
cathodic waves of both processes is greater forfitee sweep segment with this

returning to that observed when the quiet time vasconds (black line).

Extension of the quiet time to 60 seconds results isignificant decrease in the
current with the absence of a desorption peak atiig the formation of a non-
conducting layer on the electrode. This trend cws with further decreases
observed as the quiet time is increased suggettaighe adsorption of the dicationic

species is irreversible at quiet times of 60 sesamt greater.
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Figure 5.17:Adsorption of the dicationic form of dipyrBEDT-T&Fa Pt electrode in

dichloromethane under an aerobic atmosphere. Satn 00 mV/s.
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Adsorption of the dication of dipyrBEDT-TTF on thelectrode surface was
considered as a potential reason for the obsenagtadation of current with
continuous cycling over time, Figure 5.16. Howevender anaerobic conditions,
achieved by degassing using argon, increased isgadiiithe dication was revealed,
Figure 5.18. In contrast to the results obtainednraerobic atmosphere, no reduction
of current was observed indicating that the dicatigpecies does not degrade in the
absence of oxygen. The increase in current obsesvebst likely due to evaporation
of the solvent as the cell is kept under a blamifedrgon throughout. Adsorption of
the dication species on the surface of the eleetredherefore ruled out as a primary

reason for the observed decrease in current.
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Figure 5.18: Solution-phase stability check of dipyrBEDT-TTFaaPt electrode in
CH.CI, in an anaerobic atmosphere with continuous cycliog approximately 80
minutes. Inset: solid and dashed lines represeatstiart and end respectively. Scan
rate: 100 mV/s.

Considering the stability of the monocation radi@f@gure 5.16) the degradation of
this complex in the presence of oxygen is assuroeattise as a result of a chemical
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reaction involving the dication. This reaction msalily dependent on the presence of
molecular oxygen. Molecular oxygen is in the tripdéate when in the ground state.
Therefore it has two unpaired electrons in its maligr orbitals. Oxidation of the TTF
core to the dication results in two positive charga the molecule. These positive
charges are likely to be localised on the sulphetedfpatoms as these are the most
electron rich of the TTF core in dipyrBEDT-TTFand as such are likely to draw the

positive charge toward them.

The dication dipyrBEDT-TTFE is stable in an anaerobic environment, i.e. when a
the dissolved oxygen has been removed. As sudh pitoposed that the proceeding
chemical process involves the reactants dipyrBED'FT and molecular oxygen.
Resulting species of this type are well known ame@ctions between sulphur
heterocycles and oxygen have been repdft@the possibility of the reaction between
dipyrBEDT-TTF* and molecular oxygen leading to a compound wighulfoxide or
sulfone functionality is considered however thea¢xsature of this species is, as of

yet, unknown.

5.2.2 Oxidative Spectroelectrochemistry

The stability of the singly oxidised monocation icadl of dipyrBEDT-TTF was also

investigated using spectroelectrochemistry where thonocation species was
generated electrochemically with the induced changenitored using absorbance
spectroscopy. The absorbance bands of the neatrdimonocation radical, form of
dipyrBEDT-TTF are presented here and these valuescampared with those
reported for the neutral, and monocation radicahfof BEDT-TTF, Table 5.7

Compound Wavelength / nm + 1 (Wavenumbers / ci

BEDT-TTF | 324 (30860), 349 (28650), 466 (2146D)

BEDT-TTF'! 458 (21830), 486 (20575), 599 (16690), 992 (10680)
dipyrBEDT-TTF 228 (43860), 252 (39680), 316 (316546 (28900)

dipyrBEDT-TTE" 424 (23585), 457 (21880), 479 (20875), 561 (178254, (10820)

Table 5.7: Absorbance data for the neutral and monocation ecabiforms of
dipyrBEDT-TTF (in dichloromethane) and the refencompound BEDT-TTF.

Wavenumbers are presented in parentheses. T Retiordel,2-trichloroethané®

223



Chapter 5: Electrochemistry, Spectroelectrochemiatrd Monolayer Formation of a
Tetrathiafulvalene derivative: 5,6 — dehydro-5,@pgrid-4-yl)-bis(ethylenedithio)tetrathiafulvalene

Four absorbance bands are observed in the speofrtme neutral dipyrBEDT-TTF

prior to oxidation. Comparing this data to that aepd for a similar compound
BEDT-TTF, it is noted that there are two commontdess in the spectra. The
absorbance bands at 31650 and 28900' ¢816 and 346 nm respectively) for
dipyrBEDT-TTF are also observed in the absorbampeztsum of BEDT-TTF (324

and 349 nm). Ordunet al.*®proposed that the lower energy bands (349 nm) septe
a transition from the HOMOmxj to the LUMO ¢*) with the higher energy wave
corresponding to a HOMO to LUMO+t& — x* transition. Considering that the
absorbance bands at 316 and 346 nm in the speofrdipyrBEDT-TTF are close in
energy to these bands it may be proposed thatrépegsent similar transitions within
the compound. A further two absorbance bands @@ ethibited at higher energy
than the aforementioned signals in the spectrundipgrBEDT-TTF, observed at
43860 and 39680 cMm(228 and 252 nm respectively).These bands do pma in

the baseline spectrum and upon oxidation to theatetion radical \(ide infrg a

decrease in the intensity of these bands is obdeRrgure 5.19.

1.54¢

1.0 1

Absorbance

0.5+

0.0+
T y T y T y T y T y T y T y
45000 40000 35000 30000 25000 20000 15000

Wavenumbers / cm™

Figure 5.19: Spectral variations of the neutral dipyrBEDT-TTHal¢k line) under
controlled electrochemical oxidation (E = +0.7 \5.\Ag wire) with the conversion to
the monocation radical. The spectra were recordeddichloromethane (0.1 M

TBAPF) using a Pt gauze working electrode.
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Figure 5.19 reveals the oxidation of dipyrBEDT-T Bulk electrolysis at +0.7 We.

Ag wire), a potential approximately half way betwethe potentials of the first and
second redox species, allows for conversion tantbhaeocation radical without further
oxidation to the dication species. This procesgsesented in the absorbance spectra
by a decrease in the bands at 43860, 31650 and)288b (228, 316 and 346 nm
respectively) with the appearance and concomitarease in new absorbance bands
at 23585, 21880, 20875, 17825 and 10820 ¢424, 457, 479, 561 and 924 nm). The
high intensity, lowest energy transition is onlyselved when the wavelength is
extended into the Near-IR region, Figure 5.20. €hare similarities between the
energies of these new transitions and those ofmthieocation radical of BEDT-TTF,
Table 5.7. The lowest energy absorbance band dxbeior the BEDT-TTF is
reported to represent the transition of charge ftoemn HOMO of the monocation

radical to the SOMO which is created upon oxidatibthe neutral specié.

14
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0.8
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0.0
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Figure 5.20: Spectral variations of the neutral dipyrBEDT-TTHa@k line) under
controlled electrochemical oxidation in dichloromane (0.1 M TBAP§ using a Pt
gauze working electrode. Black line: neutral speci@reen and blue lines: Oxidation

to monocation radical, E = +0.7 V.
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An isosbestic point is observed in the absorbapeetsa at 376 nm, Figure 5.19 to
Figure 5.21. At this wavelength in the spectrum mhelar absorptivity of both the
neutral dipyrBEDT-TTF and the monocation radicahydBEDT-TTF" are equal.

Conversion from the neutral species to the monocatdical is a direct reaction with
no intermediates or side products and the ratehahge of oxidation of the neutral

compound to the monocation radical is linear.

2.0

1.84

Neutral dipyrBEDT-TTF
Monocation Radical
Re-reduced dipyrBEDT-TTF

1.6 1

1.4+
1.2 1
1.0 1
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Figure 5.21:Spectral variations of dipyrBEDT-TTF under conteallelectrochemical
oxidation using a Pt gauze working electrode inhthcomethane (0.1 M TBARJ:
Black line: neutral species. Red line: dipyrBEDTFTT E = +0.7 V. Green line: re-

reduced species, E =+0.2 V.

Electrochemical results indicate that the oxidatioh dipyrBEDT-TTF to the
monocation radical, dipyrBEDT-TTFis a reversible process and that this redox
intermediate is stable in both aerobic and anaercbnditions, Figure 5.16. The
neutral species is oxidised, via bulk electrolygis potential of +0.7 WE. Ag wire)

to the dipyrBEDT-TTF and spectral variations corresponding to the faoionaof this
radical species are observed, Figure 5.19. Chartgsgotential to +0.2 V allows for
reduction of this monocation radical back to thetred species. The observed changes
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in the absorbance spectrum that arise as a reslittate that this oxidation is in fact
reversible and the monocation radical speciesaBletas the final spectrum has the
same features as those observed in the originatrspe, Figure 5.21.

5.2.3 Comproportionation Constant, K.

In the design of a molecular system for use as lacutar diode in electronic devices,
one must consider the redox chemistry of the comga@s well as the communication
between the redox centres - an advantage in thisatan of rectifying behaviour
within molecules. Spectroelectrochemistry is a ahla technique in the investigation
of electronic interaction between redox centres molecule. This technique was used
in Chapter four to examine the intramolecular iatgon between the metal centres
across the bridging ligand: identified by the preseof intervalence charge transfer
bands in the spectrum of the mixed valence staiehmiere no longer visible when
the complexes were fully oxidised. UnfortunatelypydBEDT-TTF exhibits poor
stability when oxidised to the dication in an aécokenvironment. As the
spectroelectrochemical experiments discussed m ttiesis were performed in the
presence of oxygen it was not possible to determihether the absorbance bands
visible in the spectrum of the monocation radicalevthose of intervalence bands or

simply intramolecular charge transfer bands.

However, electrochemical results obtained fromicyabltammetry can be used as an
indicator of the stability of the monocation radicedox intermediate and the possible
presence of electronic coupling between the redemtres in the molecule. The
simultaneous oxidation of two redox centres witl@nmolecule, and hence the
presence of only one anodic wave in the cyclicamlhogram, usually indicates the
absence of electronic coupling between the cenires. observation of two distinct
redox waves in a CV denotes that a mixed valeneeisp may have formed following
oxidation of the first redox centf@ The comproportionation constalit, as defined
in Chapter 4, is a measure of the stability of thdox intermediate intervalence
compound. This is defined in equation 4.8 of Chagtéor dinuclear transition metal

complexes and for the organic dipyrBEDT-TTF mayiten as follows:
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Ke
Equation 5.1 R¢R+ R'R" =

2R'R°

where R represents a redox centre of dipyrBEDT-BRE the monocation radical
intermediate is defined as'®.>° K. has been calculated for dipyrBEDT-TTF from
the solution-phase diffusion controlled electrocisty for each of the different

solvents, the values of which are given in Tab& 5.

Solvent AE (mV) K
Dichloromethane 330 3.75x710
Tetrahydrofuran 100 50

Acetone 160 505

Dimethylformamide 90 33

Table 5.8: Separation between the first and second redox paten(4E) of

dipyrBEDT-TTF and the comproportionation constatjn different solvents.

The largest values df. were calculated for the compound in dichloromethand
acetone with that of the former being three orddrsnagnitude greater. The lower
values ofK. stem from the electrochemistry of the dipyrBEDTHTIiR tetrahydrofuran
(50) and dimethylformamide (33) whend is 100 and 90 mV respectively. These
results give an indication of the extent of intéen&e interaction between the redox
centres within the molecules and suggest that suehnaction is most prevalent in
dichloromethane. However, relying on electrocheinieaults alone to determine the
extent of interaction is not advised (Chapter 4)d atherefore additional

spectroelectrochemical measurements in an anae¥obionment are required.
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5.2.4 Electrochemical Properties of dipyrBEDT-TTF on a Surface

In addition to the Ds-A approach®, rectifier behaviour within molecules has been
investigated by measuring the conductivity as action of the redox states within,
where switching between the redox states can beatiea electrochemicall§® % In
order to investigate potential rectifier behaviaumolecules with two stable redox
states, a monolayer of the compound must first d®rabled on the surface of an
electrode. In this section the formation of monelay of dipyrBEDT-TTF are
discussed. Both Pt and Au substrates were usebeirattempted formation of the
monolayer including macro, micro and Au bead etet#s. A series of deposition
solvents were used over a range of different canagons of the compound. Several
electrochemical solvents and electrolytes werestigated during the optimisation of
the dipyrBEDT-TTF monolayer, Table 5.9.

From the electrochemical results obtained for eagieriment outlined in Table 5.9, it
is observed that monolayer formation of dipyrBEDTFTis sensitive to the nature of
the substrate, deposition solvent and electrochensmlvent. Several attempts have
been made to assemble the compound on a Au electtedmacro, micro and bead
electrodes were used, however, the electrochemgsgonse from the monolayer on

Au is poor and significantly less than that obsdriae Pt, Figure 5.22.

Both anodic redox processes, representing the oxdt the monocation radical and
dication are observed in the first CV obtained atan rate of 10 V/s (shown in black
in Figure 5.22). However, the height of the peakent of the second anodic wave is
significantly greater than the peak current obsgrig the corresponding cathodic
wave, as well as the peak currents observed fofirdte less positive, redox process.
The intensity of this second anodic wave at apmnexely +0.9 V ¥s. Ag/AgCl)

decreases with each successive sweep segment.
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Deposition Concentration of  Electrode Electrolyte Electrochemical
Solvent dipyrBEDT-TTF Solvent
CH,Cl, 50 pM Au 0.1 M LiCIQ H,O
CH,Cl, 50 pM Au 0.1 M TBACIQ ACN

CH,CI,/ACN (9:1) 50 uM Au 0.1 M TBACIQ ACN
EtOH 50 uM Pt 0.1 M TBACIQ ACN
EtOH 50 uM Pt 0.1 M TBAPF ACN
EtOH 100 uM Pt 0.1 M TBAPF ACN
EtOH 100 uM Pt 0.1 M TBABF ACN
EtOH 500 pM Pt 0.1 M TBAPF ACN
EtOH/ CHCI, (9:1) 500 pM Pt 0.1 M TBABF ACN
EtOH/ CHCI, (7:3) 500 pM Pt 0.1 M TBABF ACN
EtOH/ CHCI, (7:3) 1mM Pt 0.1 M TBABF ACN
EtOH/ CHCI, (7:3) 1mM Pt 0.1 M TBAP§ ACN
EtOH/ CHCl, (7:3) 1 mM Pt 0.1 M LiCIQ H,O
DMF/H,0 (85:15) 500 uM Pt 0.1 M TBABF ACN
DMF/H,0 (9:1) 500 pM Pt 0.1 M TBACI® ACN
DMF/H,0 (9:1) 1mM Pt 0.1 M TBABF ACN
DMF/H,0 (9:1) 500 pM Au Bead 0.1 M TBABF ACN
DMF/H,0 (9:1) 500 pM Au 0.1 M TBAPF ACN
DMF 500 uM Au Micro 0.1 M TBABE ACN
DMF 500 uM Pt Micro 0.1 M TBABF ACN
DMF/H,0 (95:5) 500 uM Au Micro 0.1 M TBABF ACN
DMF/H,0 (95:5) 500 uM PtMicro 0.1 M TBABF ACN
CH.Cl, 500 puM Pt 0.1 M TBACIQ ACN
CH.Cl, 500 puM Au Bead 0.1 M TBACI® ACN
CH,Cl, 500 uM Pt 0.1 M LiCIQ H,O
CH.CI, 500 uM Au 0.1 M TBACIQ ACN
CH.Cl, 500 uM Pt 0.1 MTBACIQ  ACN/H,O (90:10)
CH,Cl, 500 pM Pt 0.1 M TBACIQ pcC’
CH,Cl, 500 UM Pt 0.1 MTBACIQ  PC/ACN (80:20)
CH.Cl, 500 puM Pt 0.1 M TBACIQ PC/ACN (70:30)

Table 5.9: Deposition conditions with associated electrochamisolvents and
electrolytes for the monolayer formation of dipyfBETTF. T PC is propylene
carbonate.
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Figure 5.22: Cyclic voltammetry of a monolayer of dipyrBEDT-T3# a Au macro
electrode (real surface area = 0.1041 9rfollowing immersion in a 500M solution
of the compound in Ci€l,, vs. Ag/AgCI, using 0.1 M TBAC|® acetonitrile.

The Faradaic response from the monolayer decreagkseach scan rate applied
thereafter indicating a decrease in the surfacereme through loss of the compound
into the electrolyte solution. This suggests thgtydBEDT-TTF exhibits a weak
affinity for binding to a Au substrate. It must beted also that the Au surface can be
oxidised in the presence of chlorine at potentldse to the oxidation potential of the
second redox wave of dipyrBEDT-TTF. Considering g/4gCl reference electrode
(3M KCI) was used, the monolayer may have been ke off the surface as a result

of complexation between the Au atoms on the surdaceCl ions in the solutior®

The electrochemical results obtained using bothaft Au substrates show that
dipyrBEDT-TTF exhibits a greater affinity for the Burface. Figure 5.23 reveals the
electrochemical response observed for a monolalydreocompound on a Pt macro

electrode. The electrode, following manual polighiwith alumina slurry and
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electrochemical cleaning in,B0O,, was immersed overnight in a 500 uM solution of

the compound using DMFA® (9:1) as the deposition solvent.

An electrochemical characteristic of a surface wmaf process is a linear relationship
between the peak current and the scan rate. Fg@®& (bottom graph) reveals this
relationship for the monolayer of dipyrBEDT-TTF &t under aerobic conditions
where the peak current is proportional to the sata

The absence of lateral interactions between adslvdthin a monolayer is indicated
by a FWHM of 90.6/n mV and AE, of 0 mV for a one-electron transférThe AE,
values observed for the monolayer of dipyrBEDT-T(Higure 5.23) are greater than
zero with the anodic and cathodic current maxinpasged by a minimum of 40 mV
(v =7 VI/s) and a maximum of 90 mWw & 30 V/s). The FWHM calculated for the
redox waves in the CV ranges from 120 — 160 mVtifesscan rate increasest,
also increases. A possible reason for this mayhaesiow charge transfer kinetics is
associated with the observed respofise.

-6.0x10°

5.0 VIs

7.0 VIs

-4.0x10° — —1oo0vis Qe .

— =15.0Vis , . ..

= = = 20.0V/s . o~ O
- = 30.0Vis IR 2

-2.0x10°

0.0 4

Current, |/ A

2.0x10°

4.0x10°

6.0x10° T T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

Potential, E / V vs. Ag/Ag”

232



Chapter 5: Electrochemistry, Spectroelectrochemiatrd Monolayer Formation of a
Tetrathiafulvalene derivative: 5,6 — dehydro-5,@pgrid-4-yl)-bis(ethylenedithio)tetrathiafulvalene

-10
ER
~ ®  Anodic 1 R” = 0.9890
= oA ® Cathodic 1 R* = 0.9904
S = Anodic 2 R” = 0.9912
= = Cathodic 2 R* = 0.9915
S 54
o
x
<
& 104
15 +
20 T T T T T T T T T T T
5 10 15 20 25 30

Scan rate, v [V/s]

== 2

o ®m  Anodic 1 R* =0.996, m = -0.686
S . ® Cathodic 1 R = 0.996, m = 0.716
e = Anodic 2 R* = 0.998, m = -0.724
8 04 ® Cathodic 2 R®=0.997, m = 0.718
X 4

]

o)

o -2

(@]

o ]

-

T
0.6 0.8 1.0 1.2 1.4 1.6
Log Scan Rate, v

Figure 5.23: Cyclic voltammetry of a monolayer of dipyrBEDT-T{ibp) on a Pt
electrode (real surface area = 0.1392 9rfollowing immersion in a 500M solution
of the compound in DMFA® (9:1), vs. Ag/AG using 0.1 M TBABFin acetonitrile.
Middle graph: illustration of the relationship beten the peak current, iversus the
scan ratey with log |, vs. logv illustrated in the bottom graph.
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Figure 5.24:Graph to illustrate the relationship between thalpeurrent, j, and the
square root of the scan rate’? for a monolayer of dipyrBEDT-TTF on a Pt
electrode (real surface area = 0.1392 dnfollowing immersion in a 500M solution
of the compound in DMFA® (9:1), vs. Ag/AG in 0.1 M TBABEin acetonitrile.

The influence of diffusion on the electrochemicaéponse from a surface confined
species is usually considered to be negligible thedefore it would be assumed that
diffusion of the electroactive species to and frtme surface of the electrode is
excluded as a possible reason for the increasqebpionality between the scan rate
and AE,. However, the linearity of the Randles-Sevcik plaim (equation 2.14,

Chapter 2), Figure 5.24, produced from the elebeodcal response of the
dipyrBEDT-TTF monolayer suggests that diffusiontlod species from the surface of
the electrode must be considered. The ploi, afs. v does not equal unity and the
presence of the slight curve may indicate thafpiteeess may be diffusion controlled
to a certain extent. This may explain why an alnmshediate decay in the Faradaic

current is observed with the monolayer.

However, it is important to note that partial lasghe species from the surface of the

electrode, indicated by the decay in the Faradaicent, after the first cyclic
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voltammogram will result in attenuation of the Fda& current observed at the next,
higher scan rate. This may lead to a perturbatiorthie plot ofi, vs. v. The
electrochemical response therefore may appear thffioasion controlled when in fact
it may be adsorption controlled. This observed gacahe Faradaic current is shown
in Figure 5.25.
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Figure 5.25:Demonstration of the lack of stability of the dipDT-TTF monolayer
formed as per conditions outlined in Figure 5.2BeTelectrochemical response was
obtained in an aerobic atmosphere. Solid line:iaiscan at 5 V/s. Dashed line: scan
at 5 V/s following cycling from 5 to 50 V/s.

In order to obtain some understanding of the parkiensity of dipyrBEDT-TTF on

the Pt surface, the surface coverages of the mpsolander aerobic and anaerobic
conditions have been calculated, Table 5.10. Thiasa coverage was calculated as
per Equations 2.19 and 2.23 of Chapter 2. For selemnolayer, surface coverages
in the range of 18 mol cm® are expected!: The value calculated for the dipyrBEDT-
TTF monolayer in the presence of oxygen is two @¢ magnitude smaller than the
optimum value which suggests that a dense monolayenot formed for this

compound on Pt. Comparing the surface coveragelegéc for the compound, using
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the initial and final scans, it is evident that thensity of the monolayer on the surface
decreases by approximately 40 % after the poteistiapplied over the range of scan
rates, Figure 5.25.

Scan Rate (V/s) AE, (MV) AE, (MmV) Surface Coveragel'
1% Redox Process 2™ Redox Process (mol Cm-z)

Aerobic Conditions

5 (Initial Scan) 40 45 4.86 +0.002 x Y0

5 (Final Scan) 35 45 2.88 +0.002 x'f0
Anaerobic Conditions

10 (Initial Scan) 60 80 1.01 + 0.001 x{0

10 (Final Scan) 60 80 9.66 + 0.01 x'f0

Table 5.10:4E, and surface coverage of the dipyrBEDT-TTF monalaye a Pt
electrode under aerobic and anaerobic conditionsa@etonitrile (0.1 M TBACIG).
The final scan was recorded after cycling with scates up to 50 V/s (approximately

5 minutes).

The area of the molecule is approximately #60> and the projected surface area
(calculated using equation 3.4 in Chapter 3) of ¢cbmpound within monolayer is
3410 A2 This value is a lot greater than the approxinata of the molecule. A
FWHM not equal to 90.6/n mV and a larger than predi projected area of
occupation per molecule suggests that there mayateeal interactions between
adsorbates on the surface. However, the surfacerage of the monolayer is in the
range of 1% mol cm? suggesting that a sparse layer is created onuttiecs of the
molecule. The larger value of the FWHM may be aséed with non uniform
electron transfer rates within the monolayer. As dhientation of the molecule on the
surface is yet unknown this possibility of a randdisorientated monolayer must be

considered.
In order to adequately characterise monolayerssunface using different techniques,

stable systems where the compound remains tigluiydb to the substrate, offer a

significant advantage. The decay in the Faradaicent observed for the monolayer
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when the electrochemistry was carried out in aimat ideal in the pursuit of

developing molecular components.

A lack of stability was observed for all monolayefsdipyrBEDT-TTF assembled on
Pt and Au electrodes in an aerobic atmosphere. rumfately, upon applying a
potential and oxidising the compound on the surtacthe monocation radical, and
subsequently to the dication, decay in the Faradaient was observed. This decay
current was observed for all experimental condgiontlined in Table 5.9 when the
electrochemistry was carried out in the presencexyfjen. However, akin to the
results obtained for the cyclic voltammetry of dipgDT-TTF in the solution-phase
diffusion controlled experiments, it was expectéattby obtaining an anaerobic
atmosphere prior to applying a potential, this Bara current decay would not be

observed.

A deposition solvent mix of DMF and,B (9:1) was used in the formation of the
dipyrBEDT-TTF monolayer shown in Figure 5.23. A mtayer of this compound,
formed by immersing a Pt electrode in an altermaswelvent (CHCIl,) is shown in
Figure 5.26. Cyclic voltammetry of this monolayeasvrecorded under anaerobic
conditions: the cell was initially purged with arg@nd a blanket of the gas was
maintained throughout the experiment. As was olesefor the monolayer in the
presence of oxygen, theE, values observed are greater than zero and thecazod
cathodic current maxima are separated by a minimmtu60 mV ¢ = 10 V/s) and 80
mV (v =50 V/s).
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Figure 5.26: Cyclic voltammetry of a monolayer of dipyrBEDT-T{ibp) on a Pt
electrode (real surface area = 0.116 Ynfollowing immersion in a 50@M solution

of the compound in Ci€l,, vs. Ag/AgCI, using 0.1 M TBACJ@ acetonitrile. CVs
were recorded under argon. Bottom graph: illustoati of the linear relationship

between the peak curreng, versus the scan rate,
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Figure 5.27:Graph to illustrate the relationship between thalpeurrent, j, and the
square root of the scan rate’? for a monolayer of dipyrBEDT-TTF on a Pt
electrode (real surface area = 0.116 Ynfollowing immersion in a 508M solution
of the compound in Ci€l,, vs. Ag/AgCI, using 0.1 M TBAC|@ acetonitrile.

The FWHM calculated for the redox waves in the Gviges from 110 — 140 mV.
Figure 5.26 (bottom) reveals the relationship betwthe peak current and the scan
rate for the monolayer of dipyrBEDT-TTF in the abse of oxygen; a linear
relationship is observed. Increasing the scanfrate 10 — 50 V/s results in minimal
changes in the peak potenti&,). This absence of proportionality between the scan
rate andAE, was not observed for the monolayer under aerainditions whereAE,
increased with increasing scan rate. A possiblearedor this response may be that
the electron transfer kinetics for the monolayeram aerobic environment is more

sluggish than that of the monolayer in the abseficaxygen>?
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Figure 5.28: Cyclic voltammogram of the dipyrBEDT-TTF monolafemed as per
conditions outlined in Figure 5.26. The electrochehresponse was obtained in the
absence of oxygen. Dashed black line: initial safd0 V/s, solid grey line: scan at
10 V/s following scanning from 10 to 50 V/s.

Under solution-phase diffusion controlled condiidhe dipyrBEDT-TTF dication is
unstable in the presence of oxygen. The lack obilgta of dipyrBEDT-TTF
monolayer, under aerobic conditions, is also ole®nA possible reason for this
phenomenon includes a proceeding chemical reabetmeen molecular oxygen and
the electrochemically generated dication dipyrBEDIF?"; vide supra'’
Considering the significant improvement in the 8igbof the monolayer in an
oxygen free environment (Figure 5.28) it is possitilat similar chemical reactions
occur for the oxidised monolayer which hinder toenpounds ability to remain on the

surface.

The surface coverages for the monolayer, shownguar€& 5.26, have been calculated
for the initial and final cycles, each at a scate raf 10 V/s, Table 5.10. A value of
1.01 + 0.001 x 1&" mol cm? represents the surface coverage for the initiah st 10

V/s with a projected area per molecule of 16840 The monolayer was then cycled at
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scan rates up to 50 V/s before final scanning a¥/s0 The surface coverage for this
final scan is 9.66 + 0.01 x ¥®mol cm®. Considering that a loss of up to 40% of the
monolayer was observed in the presence of oxygemay be concluded that an

oxygen free environment significantly improves digh

The calculated surface coverage for the monolayéne oxygen free environment is
significantly greater than that of the monolayetha presence of oxygen, Table 5.10.
Two different solvent systems were used in the &rom of each monolayer. The
latter was formed using DMFA® (90:10) with the former immersed in a &b
solution of the compound. The dipyrBEDT-TTF compdus insoluble in HO which

Is expected as it is a neutral organic compoundHalis a highly polar solvent. The
presence of kD in the immersion solution resulted in limited dality whereas the
molecule is more soluble in GAI,. The increased solubility in the latter may explai

the greater surface coverage for the monolayer shiowigure 5.26.
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5.3 Conclusions

This chapter has focused on the electrochemicatactexisation and monolayer
formation of a TTF derivative, dipyrBEDT-TTF as ig potentially useful as a
conducting molecular component for electronic desicTwo anodic redox processes
have been observed in the solution-phase diffusimmtrolled electrochemistry of
dipyrBEDT-TTF, both of which are reversible and @&weristic of TTF type
compounds. The first (least positive) of these attidk processes represents the
oxidation of the neutral compound to the monocataatical followed by the removal
of a second electron forming a dication, Figure. 5I%o irreversible cathodic
processes are also observed in the CV at negattentmls both of which are
proposed to be centred on the pyridine rings; reolugotentials for the TTF core

§4’ 35, 54

generally reported to occur outside the experinigmbéential range used

which may be due to its electron rich character.

The diffusion controlled electrochemical responsdipyrBEDT-TTF was examined
in the presence of different electrolyte solvenksch include CHCI,, DMF, THF and
acetone. The effect of each solvent on the potentiithe first and second redox
processes, and the stability of the monocation rnrméeiate AE), has been
investigated. No correlation was observed in them@ration of the effect of polarity,
dielectric constant and Gutmann acceptor numbehefiirst redox potential antlE.
However, it was observed that as the Gutmann dommber of the solvent increased,
the stability of the redox intermediate decreasealling to an inversely proportional
relationship between the donor number atf] Table 5.5 and Figure 5.15. This is
because the increased donor strength of solveots a1 acetone and DMF make it
thermodynamically easier to remove a second elecired oxidise the monocation

radical to the dication state.

By examining the redox processes in dichloromethboth in aerobic and anaerobic
environments, it was observed that the stabilitghef dication is highly sensitive to
the presence of oxygen in the electrochemical déle stability of the monocation
radical was found to be independent of oxygen andugh it was proposed that the

observed degradation of the compound (Figure 5idf)) originates from an
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interaction of the dication (most likely at the@ulir heteroatom of the TTF core) with

molecular oxygen.

The stability of the monocation radical was congdrthrough spectroelectrochemical
experiments. Several bands are observed in thelsbs® spectra of dipyrBEDT-
TTF. The lower energy bands at 31650 and 28906 @16 and 346 nm respectively)
are a common feature in the spectra of this typmofpound. Two absorbance bands,
of similar wavelength, are also observed in theodiznce spectra of the reference
compound BEDT-TTF® (324 and 349 nm) and are reported to represeminaition
from the HOMO f) to the LUMO ¢*) (349 nm) with the higher energy wave
corresponding to a HOMO to LUMO+id— =* transition.

Electrochemical oxidation of dipyrBEDT-TTF to the onocation radical is
accompanied by a decrease in the absorbance banti860, 39680, 31650 and
28900 cm (Figure 5.19) with the appearance and concomitactease in new
absorbance bands at 23585, 21880, 20875, 1782508a0 crit (424, 457, 479, 561
and 924 nm), Figure 5.20. The nature of the absadhand at 924 nm is unclear and
in order to assign this band as that of an intena transition further
spectroelectrochemical measurements in an anaemirconment are required.
Reduction of the monocation to the neutral dipyrBEDIF leads to the observation
that this first oxidation is fully reversible (Figr5.21) and the monocation is stable as

indicated by the electrochemical results.

The electrochemical response and stability of @BD®T-TTF on the surface of metal
electrodes was examined by forming monolayers ef dbmpound on Pt and Au
substrates. The use of a Au electrode resultshiglady unstable monolayer. When a
potential is applied and the compound is oxidigethe dication the Faradaic current
quickly decays indicating that the compound is feaiemoved from the surface. A
significantly improved electrochemical responsebtained using a Pt electrode as the
substrate for monolayer formation. The resulting nolayer exhibits a linear
relationship between the peak curreptand the scan rate,characteristic of surface
confined process. The monolayer of dipyrBEDT-TTF Bnhreveals a FWHM of
greater than 90.6 mV and a non-zero value is catiedlfor the separation between the

anodic and cathodic current maxinik,. In the presence of oxygen the stability of
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the monolayer is poor with decay in the Faradaicerut observed upon successive
cycling at different scan rates. Exploring this pbmenon in an anaerobic
environment resulted in a significant increasehe stability of the monolayer. The
molecule exhibits a surface coverage of 1.01 +DxXA0™ mol cm? on a Pt surface

indicating that an incomplete monolayer has beemédal.

Upon initial evaluation of dipyrBEDT-TTF, it wasgposed that this molecule would
be potentially useful as a molecular diode for tetetc devices. There are two main
reasons for this, the first of which is the existrof two readily accessible redox
states within the molecule. Secondly, there aresrsé\sites for the binding to an
electrode surface — a necessity for measuring ml@econductivity between an
adsorbate-substrate interface. The molecule malgoarto the surface in an upright
position through the pyridine rings, on its sideotigh sulphur (although steric
hindrance would likely impede this) or lying fldrough interaction between the eight

sulphur atoms and the electrode surface.

The characterisation of the molecule’s orientattonthe surface, the mechanism of
electron transfer to and from the electrode andniwmdecular conductivity can be
determined usingn situ electrochemical STM. Unfortunately, these measurgsne
could not be carried out in the conditions wher tftonolayer demonstrates stability

on the surface. Time limitations have preventethmrefforts with this experiment.
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