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Abstract

A range of compounds related to the diquaternised salts of 2,2'-dtpyridine ud 4,4'-

dipyridine ffiie studied in the present investigation. The effect of the change in the redox-

state of the compounds was determined by vibrational spectroscopic and molecular orbital

techniques.

The investigation of 2,7-dimethylthieno[2,3-c:5,4-c'] dipyridinium diiodide

monohydrate was undertaken by X-ray diffraction, vibrational spectroscopic and molecular-

orbital techniques. These investigations showed that the thiophenic portion of the dication

exhibited partial aromaticity. On formation of the radical monocation, a pattern of bond length

changes consistent with the formation of a quinoidal structure was predicted by molecular-

orbital calculations. This suggests that the elecfion delocalisation occurs over the entire

molecule. The resonance Raman spectrum of the cation monoradical exhibits bands which

may be assigned to the thiophenic portion, which suggests that this portion is associated with

the chromophore.

IR specfroscopic investigations into the electrogenerated radical of N,N'-dih eptyl 4,4' -

pyridinium, which has been investigated as the coloured component of electrochromic

displays, were performed. The reflectance IR spectra of the radical monocations were obtained

through bulk-sampling potential subtraction (PS) and surface-selective polarisation modulation

(PM) techniques. The comparison between PS and PM spectra of the radical generated as a

solid film in an aqueous medium, with the PS spectrum of the radical generated in acetonirile

revealed differences. These were inteqpreted in terrns of an equilibrium between monomeric

and aggregated forms of the radical. Similar results were obtained for the related compounds,

methyl viologen and its dicyano substituted salt.

The simplicity in the pattern of bands in the PS IR spectra of the monomeric radicals

of methyl- and dicyanomethyl viologens was investigated by calculating the IR specra of the

dications and cation radicals of these compounds by molecular orbital techniques. The intense

specEal features could be interpreted in terms of a charge-oscillation of the radical electron

across the pyridine rings. The dipole moment of such modes is large and leads to the

enhancement of these modes.
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The effect of various counterions associated with heptyl viologen was investigated by

Raman and IR techniques. The pattern of bands in the Raman spectrum exhibited little

variation with differing the counterions. The PS IR spectra exhibited disappearance features

associated with the counterion in contast to the PM spectra where no such bands were

observed. PS IR specta were also obtained by synchronising data acquisition with potential

sweeps. The intensity of disappearance features in the PS IR spectra attibutable to the CH

modes varied at a similar rats to bands assigned to the radical aggegate. This suggested that

a reorientation of the dipyridine ring and the quaternising alkyl chain probably occurs on

reduction to form the radical. The lack of reversibility associated with the degradation of

viologen films was investigated by PS IR techniques. The effect is probably associated with

changes in the composition of the solid rather than a change in the concentrations of the

monomeric and aggregated forms of the viologen radical.

Dialkyl bridged diquaternary compounds of 2,2'-dipyridine were investigated by IR

and theoretical techniques. The observation that the calculated dihedral angles for the

dications and cation radicals were similar allowed the trends in the electronic absorption

maxima (ulfa-violet) and electrode potentials to be interpreted. Selective enhancements of

bands in the PS IR spectra of the radicals suggest that a charge-oscillation mechanism may

also be operative in these compounds.

The utility of a combination of structural, theoretical and vibrational spectroscopic

studies is demonstrated in these studies.
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Glossary

The foltowing abbreviations have been used in this thesis

AQ*2 dipyrido[l,2-a:2'l'-cfpyrazinediium, and the associated radical AQ*'

DCB dicyanobenzene and the associated radical anion DCB-'

DCMV+2 N,N'-dimethyl2,2'-dicyano 4,4'-dipyridinium and the associatedradical

cation, DCMV+'

DEP+2 N,N'-diethyl2,2'-drpyridinium

DPP+2 N,N'-dipropyl2,2'-dipyridinium

DQ*2 6,7-dihydrodipyrido[1,2-ai2',!'-c]pyrazinediiumandtheassociated
radical cation DQ+'

DMP+2 N,N-dimethy| 2,2'-drp,yridinium

DTD+2 2,7-dimethylthieno[2,3-c:5,4-c']dipyridinium and the associated radical
cation DTD+'

ESR Electron spin resonance

FTIR Fourier tansform infra red

HOMO Highest occupied molecular orbital

HV+2 Heptyl viologen, N,N'-diheptyl 4,4'-dipyridiniurn and the associated

radical cation, HV+"

LUMO Lowest unoccupied molecular orbital

MNDO Modified neglect of differential overlap

MO Molecular orbital

M\rt'2 Methylviologen,N,N'-dimethyl4,4'-dipyridiniumandtheassociated
radical cation, MV+'

NMR Nuclear magnetic resonance
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NC.A, Normal coordinate analysis

PM Polarisation modulation

PS Potential subtraction

SCE Saturated calomel electrode

STO-3G Slater-type orbital approximated by three gaussian orbitals

TQ*2 7,8-dihydro-6H-dipyridofl,2-a:2',1'-cldiazepinediium and the associated

radical cation, TQ+'

TfQ*2 6,7,8,9-tetrahydrodipyrido!,2-a:2'1'-cldiazocenediium andthe
associated radieal cation, lTQ*'

n qrcar.ru.bl€F(C*1)

I wavelength (nm)

Units: The units employed in ttris thesis gelerally conform to the S.I. system
however, the units mdynes A-r and A are used for force-constants and

bondlenglhs. The conversion factors are:

I mdyne A-1 = 100 mN m-l

1A=10-1om
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Chapter L. Introduction

1.1 Overview

The compounds under investigation in this work are the N,N'-dialkyl derivatives of

2,2'-dipyridine (Fig. 1.1(a)) and 4,4'-dipyndine (Fig. 1.1(b)). These compounds are used in

agricultural, industrial and technological applications as herbicides, redox indicators, the

electrochromic component in electrochromic displays and as the electron relay component in

solar energy catalytic systems. These applications will be considered in more detail in later

sections. The dialkyl dipyridinium compounds arc dications (V*2) and may undergo two one-

electron reduction steps to form the cation radical (V*'),

V+2+e-+\d..

and the neutral fully reduced form (Vo).

V+'+ e- -l Vo

The electrode potentials change depending on the nature of the ring and alkyl substituents.

The first reduction step for diquatemisedZ,2'-dipyridinium and 4,4'-dipyridinium compounds

is generally elecrochemically reversible. However, this is not the case for the second

reduction step.l

1.2 Herbicides

The use of the dipyridinium compounds as herbicides has been extensively reviewed.2

The two most common compounds employed as herbicides are the derivatives of 2,2'-

dipyridine, diquat (Fig. l.l(c)), and the dimethyl derivative of 4,4'-dipyridine, paraquat (or
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Figure 1.1 Stnrctural fomrulae of (a) 2'2'-drpyidrne, O) 4,4'-dipyndine, (c) Diquat,

(d) methyl viologen, (e) heptyl viologcn and (f) 2J-dirnethylthieno[2,3-c:

5,4-c'ldiPYridinium.

(c)

(a)

(b)

\/
cH2-cHz

(d) H3C-M

(e) Hrscr N*-crHt-

(f)
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methyl viologen) (Fig.l.l(d)). These compounds are used as broad spectrum herbicides which

are marketed in New 7*aland under the name of "Preglone" by Monsanto. The relationship

between the chemical constitution and herbicidal activity has been extensively studied.2 The

effectiveness of the herbicides is dependant on many factors. Firstly, the electrode potential

of ths fust reduction step has to be reversible and lie within certain potential limits G0.35 to -

0.45 V (NI{E)). Secondly the quaternising and ring substituents are required to be compact,

and thirdly the compounds must be able to adopt a coplanar conformation where the angle

between the planes of the pyridine rings is close to zero. The dependence of the herbicidal

acrivity on the electrode potential suggests that the radical monocation plays a role in the

mode of herbicidal action. The observation that herbicidal activity is dependent on the ability

of the molecule to adopt a co-planar conformation indicates that a conformational change also

occurs as a consequence of the formation of the radical monocation. The acceleration of the

rate of herbicidal action in the presence of oxygen suggests that the bio-toxin was an

oxygen containing compound. fne rc*i^t"ogically active compounds formed by the presence of

the herbicides are now thought to involve hydroxide, peroxide and superoxide.2 The

reversibility of the first reduction step ensures that only relatively low concentrations of

herbicide are necessary for effective herbicidal activity. The popularity of these compounds

also stems from the property that the compounds are readily deactivated on contact with soils

by adsorption.

1.3 Redox indicators

The solubility and electrochemical potential of the dipyridinium .o-pouodf!

influenced by the nature of both the quaternising and ring substituents. Many dipyridine
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compounds have been synthesised and the span of redox potentials now encompasses +0.09

to -0.7 V (SIIE).I'2 On formation of the radical, N,N'-dialkyl substituted 4,4'-dipyridinium

compounds generally exhibit a deep blue colour which has lead to the term "viologen" being

applied to these compounds.3 In the literature the term viologen is extensively used, therefore

N,N'-dimethyl 4,4'-dipyridinium (Fig. 1.1(d)) and N,N'-diheptyl 4,4'-drpyridinium (Fig.

1.1(e) are known as methyl and heptyl viologens, respectively. The electronic (ultra-violet

visible) spectrum of the viologen radical monocations varies with the concentration of the

radical monocation, temperature and the polarity of the solvent in which the viologen was

generated.4 This was interpreted in terms of the formation of a n-n complex as dipyridine

compounds are also known to form charge-transfer complexes (see below). The latter property

has letrd to the use of viologens to determine the relative hydrophobicities of the environments

in which the viologen radicals are generated. The state of aggregation of the viologen radicals

decreasesin more hydrophobic environments such as inclusion complexes (for example with

B-cyclodexttin)i'6 or micellar environments.T

1.4 Solar Energy Catalysts

The electrochemical reversibility of the reduction potentials has lead to the

investigation of viologen compounds as electron-relay components in water photolysis systems

that are powered by solar energy.8 Typical systems employ a sensitiser such as tris-(Z,Z-

dipyridine)ruthenium(Il) (tRu(bpy)rl+2). tRu(bpy)31*2 was selected as the photosensitiser as

the compound exhibits an elecuonic absorption maximum at 452 nm which is similar to the

wavelength of maximum solar intensity (500 nm), and because the Ru+3/Ru+2 redox couple

is dependant on the electronic state of the molecule. The reduction potential changes from
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1.27 V (tRu(bpy[]9tnuQpy)rl*2) in the ground state to -0.83 V on formation of the spin

triplet state 113T;1Ru(bpy):l+2;. this indicates that photo-oxidation of [Ru(bpy)3J+2 is favoured

when rurhenium lies in the triplet state, 13T;1Ru(bpy)31+2. The triplet-state is effectively

quenched by redox agents, for example methyl viologen, to produce the charge-separaFd

compounds such as the viologen radical monocation and [Ru(bpy)3]*2. The reversible nature

of the first reduction potential of viologens indicates that the viologen may act as the electron

mediator between the [Ru(bp i]+2 and the site of water reduction.9-I1 The efficiency of such

systems is compromised by the presence of back-reactions in which no charge separation

occurs. Improved quantum conversions of V+2 to V+' were found in the presence of micelles

in the photolysing medium. This is due to the relative hydrophobicities of V+'and \d'2, where

the former is preferentially solubilised by the hydrophobic environment of the micelle. This

physically prevents recombination reactions from occurring. Other methods to avoid back-

reactions have employed zeolites in which benzyl viologen has been incorporated.lz The

photosensitiser present in this system consisted of a rrrs(bpy)ruthenium(Il) complex linked to

a N,N'-dialkyl 4,4'-dipyridinium compound. In this system the viologen was incorporated

into the zeolite but the rLltltenium complex was excluded. The rapid reaction between the

append.ed viologen and the benzyl viologen decreased the recombination ,ate.rz

The need for sensitisers, such as ruthenium and porphyrin complexes, was overcome

by the use of modified viologen compounds that were both good sensitisers and electron

relays (2,7-d.imethylthieno[2,3-c:5,4-c']dipyridinium, Fig. 1.1(0).13 Semi-conducting colloids

were also studied as photon harvesters in photocatalytic sytt.-s.I4 Semi-conducting

compounds that have been studied in such applications are ruthenium dioxidela and titanium

d.ioxide.l5

The systems described above can result in the photo-decomposition of water, although
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no photo-cunents arc generated. To obtain photo-currents, viologens in the fomr of redox

polymers at electrode surfaces were investigated.8 The co-polymerization of ruthenium

sensitisers and viologens, and deposition of the polymer onto the electrode surface achieved

photocurrents on irrad.iation of the electrode.16 Th" viologen polymers active in solar-energy

applications may be attached to the electrode either by surface modification where the

compounds are chemically bonded to the electrode surface,lT or by physical techniques, such

as solvent evaporation of the polymers onto the electrode surface.l6 The photo-cunents

observed above as a result of irradiation of the polymer have also been observed in polymeric

systems in which currents are able to be mediated by a change in pg.18't9

The investigation of viologens in model systems for photosynthesis have also been

undertaken. The use of the dipyridinium moiety to determine rates of photoinduced charge

have been performed by linking the viologen to molecules such as porphyrin complexes20 and

to quinones.2l Oth"r compounds, using viologens covalently linked to a central porphyrin ring

have been investigated as reduction catalysts.22 Finally, the rate of reaction of \d" with

molecular oxygen is known to be rapid.23'21 lir suggests that the radical will only be stable

in environments where oxygen has been rigorously excluded.

1.5 Electrochromic displays

The observarion that V+'is intensely coloured in the visible region with respect to V+2

leed to the investigation of the viologen compounds as the electrochemichromic component

in electrochromic displays. The parent dication may be soluble in aqueous media depending

on the length of the carbon chain of the alkylating group. However, on reduction, the decrease

in the overall charge may cause V+' to be insoluble and hence deposited at the site of
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reduction. The production of a coloured film at the reduction site causes a contrast between

the radical film and the background (where no reduction occurs), and this is exploited in

display applications. Viologens containing an alkyl chain length of 4-8 carbon units are

optimum for electrochromic displays.fi n-heptyl viologen (Fig. 1.1(e)) was found to be

especially effective in forming radical films.26-28

The advantages of the viologen display devices derive from the fast response times

that are achievable, Iow operating voltages and the ability to maintain a display with no

further consumption of charge.29 Ho*eu"r, the display devices suffer from long-term stability

problems. The conditions for the formation of the radical film was found to be dependent on

the electrode, electrolyte, concentration of the viologen, quaternising substituents of the

viologen, solvent, temperature and potential at which the radical was generaL6.l'29-32

Allied to the use of viologens in electrochromic display applications is the use of

viologens in polymer modified electrodes. These are of use in light filtering and memory

applications. Viologens may be chemically bonded to electrode surfaces such as platinum,33'34

silicon,34'35 tungst.n34 and tin oxide.36 Othe. methods for anchoring the polymers onto the

electrode surface include the solvent evaporation of oligomeric viologens from a solvent in

which they are soluble onto electrodes,3T casting viologen polymers38 and electrochemical

deposition.3g Hydtophobicity in viologen polymers has been achieved by embedding the

viologen in polymer matrices such as methyl methacrylate derivatives,40 or elecrostatically

binding the viologen in poly(styrene-sulphonate;.4143 The co-polymerisation of conducting

polymers (such as polypyrrole) with viologens ha: also been the subject of previous

investigationu.4'05

The conduction through mixed-valent polymers has been investigated to study the

mechanism of charge transport.'|4 Bilayers composed of poly(xylyl-viologens) and
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polythiophene were investigated to determine the effect of the underlying conducting

polymers on the charge mediation to the viologen outer layer.6 Th" influence of the length

of the quatemising alkyl chain of viologens on the electrochemical properties of bilayer

membranes was also noted. The state of aggregation, diffusion coefficients and the elecrode

potential were observed to vary systematically with the alkyl chain length.aT

1.6 Other investigations

Long chain alkyl viologens are currently under investigation in Langmuir-Blodgett

assemblies.4S-52 The naturs of the quaternising group was found to be important in controlling

the molecular architecture close to tho electrode surface.53 Self assembly of viologens on gold

surfaces was also observed in the presence of thiol groupt.49 The presence of long-chain alkyl

groups was observed to mediate charge transfer between the solution and ttre electrode.S0'5l

The influence of phosphatidyl choline modified electrodes on the electrochemistry of

viologens has been investigated. Redox-active amphiphiles, such as viologens, were

observed to penetrate the lipid layer as a function of the redox state of the viologen.54

Polyions may also be used to prepare Langmuir-Blodgett films of viologens.5s

Viologens are also known to form charge-transfer complexes where the viologen acts

as the electron acceptor. The presence of charge-transfer interactions is evidenced by the

asymmetric distribution of the halide ions with respect to the pyridine ring, in the X-ray

srructures of methyl viologen.56 A series of charge-transfer salts in which the diquaternised

dipyridinium salts were used as the counterions for 7,7,8,8-tetracyanoquinidiodimethanesT and

naphthalenetetracarboxylatessS were also investigated. Other studies59 have determined that

td" is present when strong donor ions such as tetrachloroferrate(Itr) were used as the counter
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ion for f'2. Distortions in the molecular structure of methyl viologen were also observed

when [CuClZ]o* is the counter-ion.fl The stabilisation of the radical cation of methyl

viologen by the fomration of a charge-transfer complex with tetrakisf3,S-

brs(trifluoromethyl)phenyllborate was noted.6l More recent investigations have used the

electron accepting properties of viologens as receptor sites for the inclusion of electron-rich

moieties.62'63 This has lead to the use of viologens as substrate in molecular recognition

compounds in which the electron-rich moieties may be selectively trapped.&

The inclusion of viologens into solid matrices has also been investigated in research

into clay and zeolite modified electrodes to study the effect of the zeolite on the pre-

concentration of analytes in quantitative analysir.65'66 The photochemistry of methyl viologen

in layered niobiates,6T MPS, layered ,ttuctoter68 and montrnorillonite has also been

investigated.69 The presence of both electron acceptors and donors in zeolites involving the

in-situ assembly of charge-transfer complexes of diquaternised dipyridinium compounds with

donors such as durene, anthracene and dimethyl naphthalene inside zeolite cages were also

studied.T0'7l The effect of the zeolite environment on charge-transfer properties of the

assembled complexes was also the subject of a previous report.7z

1.7 Aims of the present investigation

The work in this thesis embodies as a common theme, the investigation of changes in

the molecular properties which occur as a result of changes in the redox state of the

diquaternised dipyridinium compounds. The materials under investigation in this thesis include

viologens that have found application in solar onergy catalysis (Ch. 3) and electrochromic

displays (Ch. 4 - Ch. 6). A series of compounds related to diquat, which are potent herbicides,

l_
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worc also investigated (Ch.7). The methods used

structural (X-ray diffraction), theoretical (4b

spectroscopic (infra-red and Raman) techniques.

into the changes that occur on reduction may be

10

to characterise the cornipounds encompass

initio, semi-empirical) and vibrational

By these methods a greater understanding

obtained.a

r Thc renrltr prcrcnrcd in thic ftesis for hepryl viologen wcre bascd cr e prclimimry tFctntdr of thc ndical film cbt incd in r ldrrerr
projecr Extcnrionr to rhis wort include rtre design of ncw clcctrochcnical cclb. rhe developrent of cmditianr o purge tbc rylcnr of onygcn

rnd use of polarircd IR radiarion o acguire specrnr, Resulrs presanrcd in Chapter 7 wcrc brsed on theoreticd cdculetionr catploying dmplc
llllckel paramcaricd cdcularions. Extcnsions in this work include rho calculatist of molecular $tucnrrrs by ab iaitio rnd rcmi.crnpirical

mcthodr.
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Chapter 2. Background to experimental techniques

2.1 Raman Spectroscopy

The Raman effect is associated with inelastic scattering of incident radiation by maner.

This results in the frequency of the scattered and incident rad.iation being displaced relative

to each other, with the difference corresponding to a vibrational ransition. The scattering

phenomenon occlus via the interaction of an incident photon, of frequency vo, with the

molecule causing the molecule to be promoted to an intermediate unstable virtual state.

Simultaneously, the scattered photon, of frequency v, is emined on de-excitation of the

molecule to the ground elecnonic state. The elastic scattering of radiation (v = vo ) is known

as Rayleigh scattering. Raman scattering may be classified into Stokes and anti-Stokes

transitions, corresponding to vo ) V and vo < v, respectively. The Stokes transitions result

from the molecule in the ground vibrational state, whereas the anti-Stokes transitions occur

from the first excited state of the vibration. Transitions arising from the ground vibrational

state are therefore expected to be more probable than those arising from the first excited

vibrational state due to a greater population of molecules in the ground state. This suggests

that the bands associated with the Stokes transitions will be more intense relative to the anti-

Stokes. The Raman experiments described in this thesis deal exclusively with the Stokes

transitions for this reason.

The Raman effect has been the subject of many reviews.l4 The presentation below

is necessarily brief, and it is suggested that the interested reader consult a more detailed text

for a more comprehensive exposition.la

The observation of a Raman-active vibration is associated with a change in the induced
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dipole moment P of the molecule. This occurs as a result of the change in polari$bility of

the molecule, cr, during the course of the vibration. P is directly proponional to cr, and the

resultant intensity of the transition is proportional to f . n fuller description of the intensity

of the Raman transition may also be given in temrs of the frequency of the kfr molecular

vibration, the ground electronic state g, the excited electronic state r, and vibrational quantum

numbers in the ground state k and j, and in the excited state, v, respectively.3

2.1

2.2(Pe)sr,si=i7,W.ffi,

The variables p and o are the x, y, and z components in the space-fixed coordinate system.

Terms of the form (M/u,o describe the electronic transition moment from the state a o b

along the direction p. The frequency terms in the denominator vrv,Bk $4. 2.2) describe the

transition energies between electronic states r, with associated vibrational quantum number

v, and electronic state g, with associated vibrational quantum number k. lr" is related to the

linewidth of a given excited state.

Two cases may be distinguished, the first in which vo is well removed from the first

transition energy between the ground and the excited states, and the second where these

energies are comparable. For the first situation, the variation in the potari$Uility is small with

, **: # I 
"E 

l(P 
o ) s*slP(v o* v )a

where the polaristbility | (Ppo)gr,si | , is given by

respect to the frequency of the exciting line, vo. In this case the intensity of the scattered
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Raman radiation is governed by the intensity of the incident rad.iation Io and the (vo t u*)o

term. The second case occurs as vo approaches vrv,Sk.This causes the polarisltitity to become

large as the denominator of the frst term in Eq. 2.2 tends towards zero. The presence of a

large polarislUitity term in Eq. 2.1 will cause a large increase in the intensity of the Raman

scattered radiation. This gives rise to the resonance Raman effect.

The frequency dependence of the resonance Raman effect has been interpreted in lerms

of contributions arising from both the totally symmetric and non-totally symmetric vibrations

to the polarisfuitity tensor. The enhancement of vibrational modes may be described

mathematically as a product of terms involving the electronic (g and s) and vibrational (v, k

and j) states.3 The presence of non-orthogonal wavefunctions of totally symmetric vibrations

in the ground and excited state allows selective enhancement of these modes. The vibrational

wavefunctions associated with non-totally symmetric vibrations are more likely to be

orthogonal in the ground and excited states, and hence do not contribute to the polari$bitty.

These modes are not enhanced by the resonance Raman effect. Non-totally symmetric

vibrations may be enhanced by a mechanism in which the normal mode is able to effectively

couple two excited electronic states.3 The enhancement arising from this mechanism is

however, typicalty smaller than that arising from the totally symmetic vibrations.3'4

Resonance Raman spectroscopy is a useful probe in the study of coloured organic

radicals, such as viologen radicals, as the technique is sensitive to low chromophore

concentrations.S The interpretation of resonance Raman spectra allows the electronic state and

vibrational structure of the compound under investigation to be determined.

18
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2.2 Fourier Transform Infrared (FTIR)

The infrared spectroelectrochemical techniques used in this thesis employ an FTIR

spectrometer. The basis of FIIR specuoscopy is the Michelson interferotn"t"t.6 Tht

interferometer comprises two perpendicularly mounted reflectors. One reflector is fixed,

whereas the second is free to move at constant velocity. Interferometry is achieved by placing

a beamsplitter between the two reflectors. An ideal beamspliner ransmits 50 Vo of the

incident radiation to the fixed reflector and reflects the remainder to the moving reflector. The

radiation is reflected at both mirrors (moving and fixed) and recombined at the beamsplitter.

The resulting radiation is then deflected, frst to 6e sample compartrnent and finally to a

detection system. The detector measures the incident radiation as a function of the moving

mirror displacement to procluce an interferogram. The interferogram is then subjected to a

cosine Fourier-transform to produce a single-beam spectrum, f, in which the detector response

is plotted against wavenumber. The single beam spectra obtained in the absence

and presence of a sample, Io and I' respectively, may be ratioed to obtain transmittance

(VIu) or absorbance (log(Io/Is)) spectra.

The development of the FTIR spectrometer has yielded advantages over dispersive

instrumentation. Among these is the ability to accurately determine the frequency of vibration

(Conne's advantage). This is due to the use of a laser standing-wave to determine precisely

the distance between the moving and fixed reflectors. The intensity of incident radiation at

the sample is greater for the FT insnument relative to the dispersive instrument as no slits are

required to monochromate the radiation (throughput advantage). The multiplex advantage of

FIIR interferometry describes the higher signal-to-noise that is obtainable for a given

scanning-time in an FT instrument relative to a dispersive instrument. This fearure allows for

t9
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the rapid acquisition of high quality spectra. The requirement that computers must be

interfaced to the specrrometer to perform the Fourier-transforms also means that data

manipulations, such as subtractions, are possible.

2.3 IR Reflection Spectroscopy

The behaviour of light at reflective and conductive surfaces has been determined by

Greenler,T and has leed to the formulation of the swface selection rule (SSR). The

implications of using polarised IR radiation at reflective metal surfaces and the interpretation

of the spectra using the SSR in IR spectroelecrochemistry have been reviewed.8'I7 The

selectivity of the technique for species close to an electrode may be considered in terms of

the behaviour of electrornagnetic radiation incident at the metal surface. If the plane of

incidence is defined as the plane formed by the incoming and reflected radiation, the intensity

of the light at a reflecror changes as a function of both the state of polarisation and the angle

of incidence normal to the electrode. For radiation polarised perpendicular to the plane of

incidence (s-polarised), the phase shift on reflection is close to 1800 for all angles of

incidence. This means that an intensity node is present at the metal surface, This behaviour

contrasts with radiation polarised parallel to the plane of incidence (p-polarised), in which the

phase shift is dependent on the angle of incidence. At high angles of incidence the phase shift

is close to -90o, resulting in an increased field strength at the metal surface.6 The electric f,reld

strength forp-polarised radiation reaches a maximum at an angle of incidence of close to 80o.

The absorption of IR radiation requires a coupling of the molecular vibration with the elecric

field. The observation that the electric field strength of p-polarised radiation is non-vanishing

at ths electrode surface suggests that only modes of vibration with a component parallel to



Clupter 2: Bukgrourd 2L

the plane of incidence are able to absorb energy, and therefore be detected. The modes of

vibration of molecules with components perpendicular to the plane of incidence will not be

detected. This forms the basis of the SSR.

Experiments designed to determine the orientation of molecules at rcflecting surfaces

by the SSR may be performed using static or modulated polarisors. The technique of

polarisation modulation (PM), which has been used in this thesis, has been reviewed.l8-I9

Polarisation modulation employs a photoelastic modulator which is able to convert a linearly

polarised IR beam into one in which the polarisation alters between s and p states at a

frequency f*. The polarised radiation is detected by demodulating the signal at fn, with a

tock-in amplifier. The denrodulated interferogram undergoes a Fourier-transform to yield an

AC single-beam spectnrm. The lock-in amplifier may also be by-passed to obtain a signal in

which average states of polarisation are measured. The resultant interferogram, after Fourier-

transformation yields a DC spectrum. The PM spectrum is presented as a ratio of the AC and

DC single-beam specrra (AC/DC) in which the intensity is proportional to absorbance.l2

The IR spectra of the radicals in this thesis are presented as difference spectra. Tho

PM specna were obtained at two potentials, one in which the potential was sufficiently

cathodic (Ez) to reduce the radical, and the second sufficiently anodic (81) to reoxidise the

radical. The difference spectra were obtained by subtracting the PM obtained at E2 from that

obtained at El. Difference specffa were also obtained in experiments in which no polarisation

of light was used. In these experiments, a single-beam spectrum was obtained of the radical

at E2 and this was ratioed against the single-beam spectrum of a reflector to yield an

absorbance spectrum (A2). An absorbance spectrum (A1) was obtained in a similar manner

at the potential Er. The difference spectra, calculated by subtraction (A2 - A1), are expected

to exhibit bands due to the electroactivo components of the system. Electroinactive species,
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such as the solvenr are expected to be ratioed out in the difference spectra. The PS spectra

obtained in this rnanner may also be related to the differential reflectance (AR/R) by the

f,c
following relatioq-log((ARiR) + 1).12

2.4 Theoretical techniques

The application of molecular orbital (MO) methods to calculate molecular propenies

has been extensively reviewed,2a-% andthe reader is referred to these texts for more detailed

treatments. The MO calculations of molecular properties presented in this thesis use aD inirto

and semi-empirical methods. The calculations were performed using the algorithms

implemented in the programmes Gaussian8S 25 and MOPAC,26 respectively. The ab initio

methods offer rigorous solutions at the expense of large amounts of computer time, whereas

the semi-empirical methocls suffer from a lack of rigour but require less computational effort.

The theoretical methods are based on MO theory. Functions, known as molecular

orbitals, (ry) which may be dependent on variables in space, spin and time, are used to

construct a many-electron wavefunction, Y. The ab initio theory employs a linear combination

of one-electron functions, Q, known as basis functions, to calculate the molecular orbital tyt.

{,:E crriOr,

The coefficients, cpi ,ore determined by use of the variational theorem, in which the crri are

allowed to vary so as to minimise the total energy of the systsm. The energy of the system

obtained by this method is known as the Harree-Fock energy. The Harree-Fock limit is the

value of the energy of a system obtained by using a restricted number of basis functions, Q

2.3
Iv

p-l
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(Eq. 2.3) in the orbital expansion as well as a single assignment of electrons to molecular

orbitals. Further improvement of results require the use of multi-determinantal wavefunctions,

and are known as post-Hartree-Fock procedures. Due to the computational expense of post-

Hartree-Fock calculations, these methods were not used in the present investigation.

The basis-sets employed in this thesis employ either Slater-type orbitals (STO),

which arise from the solution of the Schrtidinger equation for the hydrogen atom, or

Gaussian-type orbitals. The latter are preferable for computation as exact solutions may be

analytically determined. Gaussian functions may also be used to approximate STO's in basis-

sets of the form STO-NG. These basis functions employ N Gaussian functions (known as

primitive functions) to approximate each STO. Split-valence basis-sets may also be employed.

Two split-valence functions used in this work arc the 3-2lG and 6-3lG basis-sets. The latter

basis set employs six Gaussian functions to describe each inner shell atomic orbital. Extra

flexibility is introduced by the presence of three contracted and one diffuse Gaussian function.

The split-valence orbitals generally give a bener description of the molecular proPerties.

However, the time required for the computation of the molecular orbitals increases non-

linearly with N, where N is the total number of primitive functions. This suggests that a

compromise must be reached between attaining the Hartree-Fock limit and the computational

time available.

The semi-empirical method MNDO (Modified Neglect of Differential Overlap) differs

from the ab inirto merhod by employing a highly resricted basis set.27 The treatment also

modifies the exact evaluntion of differential overlap. The differential overlap arises from the

overlap of two atomic orbitals centred on different atoms. The errors in the energies of the

orbitals introduced by this approximation are taken into account in the evaluation of integrals,

by optimising the values to fit molecular properties. The restricted basis set allows more
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Chapter 3.

Crystallographic, theoretical and vibrational

studies of the 2,7-dimethylthieno[2,3-c:5 r4-c']

dipyridinium monohydrate salt and its

radical monocation

3.1 Introduction

The general electrochemical reversibility of the frst reduction step of the N,N'

dimethyl viologen dicationl has lead to the investigation of this compound as the electron

relay component in solar photolytic systems.2 This prompted the investigation of the 2J-

dimethylthieno [2,3-c:5,4-c'f dipyridinium dication (DTD*2) in a similar role. DTD*2 was

found to be effective as both the electron-relay and photosensitiser component in photo-

catalytic systems as the quantum fluorescence yield (@f = 0.2T3 was determined to be

at least three orders of magnitude4 greater than that of the methyl viologen dication

(@r > 104). This observation suggests that it may be possible to eliminate the addition of an

exfta photosensitiser (e.g. [Ru(2,2-dipyridine)r]*2) in solar photolytic systems.

The aim of the present investigation is to determine the molecular structure of the

DTD radical monocation (DTD*) by vibrational spectroscopy. A similar sEategy to that

employed in earlier studies of d.iquaternary salts of dipyridine species5'6 *as used. Vibrational

spectra of the parent dications were assigned on the basis of their crystal structures. The
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intensely coloured radical monocations were investigated by resonance Raman specfoscopy

which provides information regarding the group components of the chromophore. This

information was supplemented by semi-empirical molecular orbital calculations to determine

the elecfonic structure of the compound.

Experimental

The DTD dication was prepared by the method of Attalla and Summrrr.T Ru-*

spectra were obtained using an Anaspec-Cary 81 specrometer with Coherent Radiation

Krypton ion laser excitation (647.L nm). The Raman spectrum of DTD+2 in solution was

obscured by the intense fluorescence reported previously.3 Ho*ever, good spectra of the

dication in the solid state were obtained using static sampling techniques and typically < 20

,nl+J of incident laser power was used. The sample was monitored during spectral acquisition

to ensure no sample decomposition had occurred. The radical monocations were generated in

absolute ethanol, glycerol and aqueous media by zinc reduction of the parent dication. The

spectrum of the radical (after subracdon of the solvent spectrum) obtained in the above media

were very similar. Each of the solvents had been degassed by several freeze-thaw cycles. The

specra of the radicals were obtained from static samples in fine bore capillaries and excited

using < 50 mW incident laser flux.

F[-IR spectra of the parent dications were obtained from KBr discs using a Digilab

FIS-60 spectrometer employing a DTGS detector (D*=5x109 cmlHzl? W-l).

Crystal structures were solved by G.R. Clark and C.E.F. Rickard, at the University of

Auckland employing a Nonius CAD-4 d.iffractometer.8

Modified Neglect of Differential Overlap (MNDO) calculations, using the MNDO
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Hamiltonian from the programme MOPAC5,9 w.re performed on a Silicon Graphics

mainframe computer. The starting geomebry for DTD+2 was obtained from the crysul

structure of the dication. The optimisation was facilitated by defining the bond-lengths and

angles of the ring atoms with respect to dummy atoms (two for each ring: one located at the

ring centroid and the other, perpendicular to the fust). The initial geometry of the radical was

obtained from parameters taken from the geometry optimisation of the dication.

3.3 Results and Discussion

3.3.1 Structure determinations

Physical and crystallographic data for DTD+2.2T.H2O are presented in Table 3.1.

Bond lengths and angles obtained from the crystallographic structure determination are given

in Table 3.2, using the atomic labelling scheme in Fig. 3.1. The molecular structure of

DTD+2, determined crystallographically, is given Fig 3.1.

The atomic labelling scheme for DTD, employed for the remainder of the discussion

is displayed in Fig 3.2(a). Bond lengths, obtained from crystallographic (DTD+2, methyl

viologen diiodide (MV*2), electron diffraction studies (thiophene, TP) and MNDO

calculations @TD+2, DTD+', MV+2, MV*'), using this labelling scheme, are given in Table

3.3.
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Table 3.1. Clystallographic and Physical paramete$ for DTD+2.2-.II2O.

31

Molecular formula

Molflllar weffit rnotq,r av\arr

Melting point

Colour/habit

Crystal system

Space group

Unit cell dimensions (T=(292*0.5) K)

Volume

z

Density(observed)

Density(calculated)

Absorption coeffrcient (p)

F(000)

Final R

Final R{r

Reflections

Radiation

tc r2Hr 2N2sl 
+2 .zt- .tbo

488.12 g mol'l

> 3000 (dec)

fine red needles

monoclinic

V)1lc

a = rr235(2) A

b = 12.586@) A

c = 11.6?6(1) A

F = 104.82(l)"

1s96.09 A3

4

1.99 g cm'3 (dibnomoethane/Ccl,

2.031 g cm-3

4LM cm'l

912

0.0398

0.u42

2z,6 A > 3(o(D)l

Mo Ka (1, = 0.71@9 A)
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Table 3J Bond distances (A) and bond angles e) of DTD+2.2I'.H'O as determined crystallographically,

Fig.3.1 for the atomic numbering scheme)

Distance Angle

32

(see

c(8A)-s(9)

c(eA)-s(e)

c(l)- N(2)

c(3)-N(2)

c(N2)-N(2)

c(6)-N(7)

c(8)-N(7)

c(N7)-N(7)

c(eA)-c(l)

c(4)-c(3)

c(4A)-c(4)

c(48)-C(4A)

c(eA)-c(4A)

c(5)-c(48)

c(8A)-C(48)

c(6)-c(5)

c(8A)-C(8)

rJ38Q)

1.7s0(7)

r.347(e)

1.361(9)

1.481(10)

1.338(e)

r.343(9)

1.493(10)

r.372(10)

1.380(r0)

1.401(10)

r.429(10')

1.391(e)

r.417(e)

1.406(e)

1.378(l 1)

1.385(10)

c(eA)-s(e)-c(8A)

c(3)-N(2)-C(l)

c(N2)-N(2)-c(l)

c(N2)-N(2)-c(3)

c(8)-N(7)-c(6)

c(N7)-N(7)-C(6)

c(N7)-N(7)-c(8)

c(eA)-c(l)-N(2)

c(4)-c(3)-N(2)

c(4A)-c(4)-c(3)

c(4B)-C(4A)-C(4)

c(eA)-c(4A)-c(4)

c(eA)-c(4A)-c(4B)

c(5)-c(48)-C(4A)

c(8A)-C(4B)-C(4A)

c(8A)-C(48)-C(s)

c(6)-c(5)-c(48)

c(s)-c(6)-N(7)

c(8A)-C(8)-N(7)

c(4B)-C(8A)-s(e)

c(8)-c(8A)-s(e)

c(8)-c(8A)-C(48)

c(r)-c(eA)-s(e)

c(4A)-C(eA)-s(e)

c(4A)-C(eA)-C(l)

8e.6(3)

r22.3(6)

118.9(6)

118.8(6)

123.2(6)

117.3(6)

u9.4(6)

1r8.s(6)

120.4(6)

118.8(6)

r29.9(6)

1r8.4(6)

111.7(6)

130.6(6)

111.5(6)

117.9(6)

l19.0(6)

120.s(6)

118.7(6)

113.6(s)

r2s.8(5)

120.6(6)

r24.6(s)

l13.7(5)

r2r.6(6)
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Clupcr 3: DTD

Figure 3J

34

(a) Molecutar stru{ure and atom labelling scheme for DTD. HOMO
calculated determined by MNDO for (b) DTD+'(2p" coefficients for
heavy atorns, ls for hydrogen) and (c) thiophene anion ndrcal (2p,

coefficients for heavy atonui).

(a)

H
z.

-"c
/

H

(b)

0.029

H
++s

.-' o.oo3

\
H

0.031

-0.029

H

0.240 0.240

I
N+-

0-226

H'o'oer

(c)

'0.226

'z
0.061 H <. '0.3u

0'003 rL-tt(
H0'

'0.031
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Table 33 The average bond lengths (A) of DTD and related compounds (see Fig. 3.2(a) for the atomic

labelling scheme)

p1g+2 (a) MVl2 (b) TP(4 p1p+2 (d) DTD+'(d) tr4y+2 (d) MV+'(d)

N.
C(methyl)

N-c(2)

N-c(6)

c(2)-c(3)

c(s)-c(6)

c(3)-c(4)

c(4)-c(s)

c(4)-c(4')

c(5)-s

c(3)-H(3)

c(2)-H(2)

c(6)-H(6)

C(methyl)

H(methyl)

r.487(t4)

r.3s0(13)

1.34s(13)

r.379(15)

r.379(r4)

1.409(13)

r.399(13)

1.42e(10)

L'144(10)

1.4s0(15)

r.347(r9)

r.382(22)

r.398Q2)

1.476(13)

r4232

1.3696

1.7t40

t.5rr7

r.3883

1.3791

1.4065

t.4073

r.4086

r.4361

1.4689

1.6864

1.4926

1.0983

r.0982

1.r110

1.4871

t.4029

r.3937

1.3887

t.3842

r.4302

1.4566

t.42t6

r.6901

r.0906

1.0952

1,09s0

1.1112

1.5099

r.3826

1.48s0

t.3952

1.4151

1.4911

l.l 105 t.lr24

(a) Ref. 8o) Ref. lo(c) Ref. 1r(d) present work, values obtained by MNDO calculations



C ha p t e r i : 2,7 -dine thylthie no [2 3 -c : 5,4 - c' ] dipy r idi ni um

3.3.2 Description of the crystal structure

The DTD+z.2I-.HrO complex consists of discrete divalent cations, two iodide ions and

a water molecule which appears to have primarily a space-filling role. However, the infrared

spectrum of the material (see later) suggests that weak hydrogen-bonding interactions exist

in the lattice. The cation is approximately planar. The central heterocyclic ring adopts a slight

envelope shape with the S atom raised from the plane defined by C(8a), C(4b), C(4a) and

C(9a) (Frg 3.1) by 0.03 A. There are slight concomitant folds downwards about the lines

C(aa) - C(9a) and C(4b) - C(8a) which cause the angle between the two outer rings to be

4.2o. Allbonds and angles have normal values (see Table 3.3 for comparison with MV+2),

with good internal consistency between chemicalty equivalent bonds. There arc no significant

intermolecular contacts.

The effect of the S heteroatom on the molecular structure may be determined by

comparison of the sEuctue of DTD+2 with the previously determined structures of

thiophenell and 1u1y+2.10 The average N-C(merhyl) bond length present in DTD+2 (1.487 A)

is slightly elongated with respect to M\r+'2 (1.450 A). fnis may be due to the presence of I-

as the N-C(methyl) bond is sensitive to the charge-ransfer properties of the counterion.l0 The

bond-lengths associated with the pyridine portion of DTD+2 (e.g. C(2)-C(3) 1.379 A ; N-C(2)

1.350 A; are similar to those of M\r+'2 (C(2)-C(3) 1.382 & N-C(2) t.347 A1, suggesting that

the S-heteroatom does not perturb the pyridine ring significantly. This is confirmed by

comparing the lengths of symmetry related bonds of DTD+2 about the mirror plane defined

by the line C(methyl)-N-C( )-C(4') and perpendicular to the molecular plane. For example,

the similarity in the syrnmetry related bond-lengths of N-C(2) and N-C(6), C(2)-C(3) and

C(5)-C(6), C(3)-C(4) and C(a)-C(5) indicates the effect of the S-heteroatom is small (see

36
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Table 3.3).

Comparison of the C-S bond in DTD+z (1.744(10)A) with that of related compounds

(thiophenell l.7l4O(14) A;, dibenzothiophenerz (t.l+0 ,&;, thio*anthenel3 (1.?70(9)A),

d.imethyt sulphidela (1.800(2)A) and terahydrothioph"n"ls (1.839(2)A)) suggests that the five-

membered ring incoqporating sulphur exhibits partial aromaticity. This is confirmed by

comparing the inter-ring carbon-carbon (C(4)-C(4')) bond length of DTD+2 (1.429(10) A)

with M\tr2 G.476(r3) A;10, dibenzothiophenel2 1t.4t1 A) and thiophenell 1t.lo9o A). rr,e

results ind.icate an increase in the inter-pyrid.ine-ring electron delocalisation in DTD+2 relative

to MV+2, but the aromatic character is less than that of thiophene. The C(4)-C(5) bond-length

in DTD+2 (1.399 A) is simitar ro thar of M\r+2 (C(3)-C(4), 1.398 A),to but shorter than ttre

associated bond in dibenzothiophene (1.409 A)12 ana thiophene (1,.4232 A).11 tne similarity

in the bond-lengths of the thiophenic portion of DTD+2 to that of aromatic sulphur-containing

heterocycles suggests that the ring defined by the atoms S-C(5)-C(4)-C(4')-C(5') DTD+2

should exhibit molecular properties similar to that of thiophene. This may be examined by

using molecular orbital techniques.

3.3.3 Molecular Orbital calculations

Table 3.3 presents geometric parameters for the MNDO calculation. Schematic

representations of the highest occupied molecular orbital (HOMO) of DTD+' (2p, coefficients)

and thiophene anion radical (2p" coefficients) are given in Fig. 3.2(b) and Fig. 3.2(c),

respectively.
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3.3.3.1 Parent dication.

The overall agreement between the geometric parameters obtained by X-ray analysis

and those calculated by the MNDO method is good, given that the MNDO method generally

overestimates bond lengths (see Section 5.3.2.L). The only notable exception is the calculated

C(5)-S bond (1.6864 A), which is significantly contracted relative to the experimental bond-

length (I.744A). fne N-C(methyl) bond obtained by the MNDO method (1.5117 A; is longer

than the experimental value (1,.487 A), and this may be due to counterion effects (see Section

5.3.2.1). Comparison of the calculated bond-lengths show a contraction of the C(3)-C(4) and

C(4)-C(4') bondJengths in DTD+211.4086, 1.4689 A, respecrively) relative to MV+2 (1.4151,

1. glt A, respecrively). The contraction of the C(4)-C(4') bond-length in DTD+z relative to

M\d'2 was also noted previously in the comparison of the crystal sEuctures of these cations

(Sect. 3,3.3). The results probably reflect the effect of greater inter-ring delocalisation in

DTD+2.

3.3.3.2 Radical monocatton.

The N-C(methyl), C(2)-C(3), C(5)-C(6) and C(4)-C(4') bonds in DTD+2 contract on

formation of the radical, whereas the N-C(2), N-C(6), C(3)-C(4) and C(5)-S bonds are

elongated (see Table 3.3). The presence of alternating shorter and longer bonds in DTD+'

relative to DTD+z is consistent with the formation of a qui{8iaat structure. This may be

understood by consideration of the 2p, coefficients of the HOMO of DTD+' (Fig. 3.2(b)), in

which the bonding (between atoms C(2)-C(3), C(5)-C(6), C(4)-C(4')) and anti-bonding

(between atoms N-C(z), N-C(6), C(4)-C(5), C(4)-C(3)) interactions are noted. The prcsence

38



Chapter 3: 2,7-dimcthykhieno[23-c:5,4-c']dipyridiniutn 39

of regions of alternating stronger and weaker bonds leads to bond contractions and bond

expansions respectively, consistent with a quinoidal structue. Similar patterns of changes in

the bond lengths on formation of the radical were also observed in the calculated bond-lengths

of MV+2 and MV+' (Sect. 5.3.2.1and 5.3.3.1).

The similarity observed in the bond-lengths of thiophene and dibenzothiophene (Sect.

3.3.2) suggeststhat the ring defined by the atoms S-C(5)-C(4)-C(4')-C(5') in DTD should

exhibit an electronic structure close to that of thiophene. The HOMO of the radical anion of

thiophene (2p, coefftcients, Fig. 3.2(c)) and the HOMO of DTD+' (2p, coefficients, Fig

3.2(c)) exhibits strongly bonding interactions in the C(4)-C(4') region and antibonding

interactions in the C(4)-C(5) and C(5)-S regions for both systems. Further confirmation of the

similarity of the electronic structue of thiophene with that of the thiophenic portion of DTD+2

may be demonstated by comparison of the HOMO of the cation radicals of thiophene and

that corresponding to the oxidation product of DTD+2, i.e. the rad.ical DTD+3: The ESR

specrra of thiophenic cation radicals have been interpreted and found to be consistent with the

presence of a node at the S-heteroatom.l6'17 The molecular orbital of DTD+' corresponding

to the DTD+3' rad,ical also coniains a node at the heteroatom, consistent with the cation

radical of thiophene.

3.3.4 Vibrational Spectra

The Raman and infrared spectra of the DTD+2 and the resonance Raman spectrum of

the associated radical monocation @TD+) are shown in Figure 3.3 and band positions

summarised in Table 3.4.
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Figure 3.3
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Raman spectra of (a) the QTD radigal monocation in glycerol (IG+ 647 nm,

20 mW; bandpass,5.0 c5n-l), (b) DTD diiodide monohydrate (Kr+ 647 nm,30

*W; Uunapttt, 45 cm-l), and (c) the infrared spectn'rm of the DTD dication

dispersed in KBr.

:>
n
or
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Table 3.4 Vibrationalr.raocn.,-.arr(cm-1; for DTD+2 and DTD+'

IR(KBr disc) Raman Raman IR [KBr disc) Raman

Dication

4t

3557 vw

3503 m

3434 mw

3092 w

3032 m

2992 vs

2898 w

2777 vw

1942 w

1638 w

1620 m

1599 w

1558 m

1504 w

t497 w

1481 vw

1451 s

1439 msh

1308 vs

3020 w

1798 w

1638 ms

1556 m

1496 m

1340 vs

1320 w

1298 w

1255 w

1224 vw

1206 vs

l18l msh

1171 m

1116 w

1030 vw

974 vw

917 vw

907 vw

876 vw

858 vw

843 ms

750 ww

7&l wsh

694 ms

551 w

525 ms

417 ms

1254 w

1204 vs

1104 w

972 vw

914 m

746 mw

702 w

520 w

440 w

352 w

320 w

230 w

178 w

Raman

Radical

1246 vw

1076 w

892 w

1644 s

1496 ms

1398 s

1368 s
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3.3.4.1 Parent dication

The infra-red spectrum of the DTD dication (Table 3.4) exhibits a feature at 3503 and

3434 cml, assigned to water of crystallisation. The comparison of OH stretching frequencies

of H2O in various molecular environments given in Table 3.5 suggests that, in terms of its

intermolecular interactions, the water in the DTD lattice is intermediate in nature between the

hydrogen-bonded tiquid and the matrix-isolated monomer and dimer. The decrease in

frequency relative to the frequencies of the gas-phase molecule (37 56 and 3657cm-1;18 atgo.t

in favour of weak hydrogen-bonding and against a purely hydrophobic environment for the

water molecule ( which may have been indicated by the crystal structure. See earlier).

The irreducible representations of normal modes for the DTD dication assuming non-

coplanar (point group Cr) and coplanar (Qu) geometries of the two pyridine rings are as

follows:

fvib[qJ = 29 A' (IR,R) + 28 A" (IR,R)

fu6[C2ul =20 Ar (R,R) +9 A, (R) + 9 81 GR,R) + 19 B2 GR,R)

The observation of non-coincidences (e.g. 1340 cm-l, Raman) between the infrared and

Raman spectra indicates that from a potential-energy point of view, the marginal non-

coplanarity of the dication revealed in the crystal structure is insufficient to reduce the

effective point-group symmebry from C2u. Correlation of factor group analysis with point

group symmetry was not undertaken as the structural units present (i.e. the dications, anions

or water molecules) do not occupy identifiable space-group symmetry sites in the crystal.

42



Gtuwr S : 2 l&txWhictaIz J * S*ci Ld,ipyrili@n

TaDlq3'5, V,ir, iqfon of the v(O-S (R) tu- dffedrg.enviirnnmonts

Envihorunent, lYav,erun:ber tsm-5

43

:Gas

It{hftix:monor.usr

!{a!tri*.tiiner

DryD"2

Uqttid

Icq I

18'

19

2n'

l8

l8

3?56,13657

g1$i{,36fr

n\0,816s43t75l,

3503i 3-434

34901 3280

3084 32()



C ha pt er 3 : 2.7 -dinc thy hhie no [2 3 -c : 5,4 - c' ] d i p y ridin ium

3 .3.4.2 Vibrational assignment

44

The Raman spectrum is similar to that of the MV|2, however it is of interest to isolate

the spectral features associated with the sulphur bridge. This may be performed by

consideration of features present in the Raman specEa of dialkyt-sulphides and sulphur

heterocycles. However it should be remembered that the assignment of individual bands to

localised molecular displacements in complicated molecules is rarely possible.2l'30

Dialkyl-sulphides exhibit features in the region of 585-740 cnr-l which have been

assigned to C-S stetching modes in the Raman spectra.22 For example,

methylphenylsulphide23 and diphenylsulphide% exhibit such modes at 690 cm-l and 696 cm-l,

respectively. In the same region, a band assigned to the nng breathing mode of

terahydrothiophene22 occurs in the Raman spectrum at 688 cm-l. Si*ilarly, spectral features

present in the Raman specfa of undoped2s and doped26 polythiophene exhibit bands at7O3

cm-l and 700 cm'l, respectively. The latter is assigned to a combined ring breathing and

bend,ing vibration of the thiophene in the polymer. A correspond.ing feature at702 cm-l in the

spectrum of DTD+2 is therefore qualitatively assigned to the thiophene portion on the basis

of the above correlations. The structural and electronic similarity of the thiophenic portion of

DTD+2 may be compared to the vibrations of fused-ring thiophenic derivatives. Normal

coordinate analyses that have been performed for thiophene suggest that significant

displacements of the C-S bond are present for the vibrations occurring at 608 (A1) crn,l, and

751 Gts) c*-1 in the Raman spect urn.2T This may be compared to the results obtained from

the normal coordinate analysis of dithienol3,2-b:2',3'-d]thiophene in which the normal mode

description for a band calculated at 951 cm-l is assigned to a mode associated with a

significant displacement of the C-S bond.28 A band present in the Raman spectrum of
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dibenzothiophene at similar frequency to the feature at 954 cm-l in the spectrum of

d.ithieno[3,2-b:2,3'-d]thiophene occurs at 938 cm-l.29 These Raman shifts may be compared

to a band present in the Raman spectrum of DTD+z at gl4 cm-l which may be assigned to

a mode involving the thiophene ring. This assignment is strengthened by observing that the

Raman spectrum of MV+2 does not exhibit any distinct spectral features in the region 900-

1100 cm-I.

Normal coordinate analyses of MV+2 have been reported.3o'3l A band present in the

specrrum of M\r+'2 at 1193.*-1, is assigned to a mode associated with ring-stretching (34Vo)

and aromatic C-H ring-bending Q3Vo) vibrations. A similar assignment is proposed for the

band present at L204 rrn-l in the Raman spectrum of DTD+2. The inter-ring vibration (30?o

pure)3l in the MV dication is assigned to the 1301 cm-l spectal feature. A similar assignment

is proposed for the band in the spectrum of DTD+z at 1340 c--1. The feature at 1654 cm-l

in the Raman spectrum of MV+2 also has contributions (15 Vo) from the inter-ring mode but

is predominantly that of the internal ring (C-C) stretch (48 7o).3r The correspond.ing band in

the spectrum of DTD*2 occurs at 1638 cm-I. The lower frequency of the ring-stretching

vibrations, together with the higher inter-ring mode for DTD+2, ffiaY reflect a greater

delocalisation of pyridine n-electron density relative to MV+2 as determined previously in the

X-ray analyses (Sect. 3.3.2) and molecular orbital analyses (Sect. 3.3.3.1).

3.3.4.3 Radical monocatiott

To a first approximation, the positions of the bands in the Raman spectrum of DTD+'

radical monocation appear to follow that of the parent dication. The inability to obtain

solution-phase Raman spectra of DTD+2 imposes a severe restriction in assigning the A,
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modes of the parent molecule to features present in the spectrum of DTD+'. Bands in the

spectrum of DTD+2 at 1638, 1556, t496, 1254 and 914 cm-l may be conelated to related

features in the spectrum of DTD+' observed at 1644, 1542, 1496, L246 and.892 cm'r, given

the uncertainty in the assignment of bands in the region 1200 - 1300 cm-l. The similarity

between the spectra, subject to the above analysis, suggests that there is little change in

conformation between parent and radical. This was anticipated as the structure of the parent

dication is conformationally constrained by the sulphur bridge and therefore would be unable

to accornmodate a significant torsional angle change, and that the MO calculations show that

the DTD+2 atomic framework is retained in DTD+'.

The most notable feature of the resonance Raman spectrum of DTD+' is the absence

of specral features in the C-S snetching region around 700 cm-l. This suggests that the

sulphur bridge, acting as a dialkyl-sulphide, is not involved in the electron delocalisation

associated with the visible chromophore of the radical monocation. However, a band is

present in the spectrum of DTD+' at 8gZ cm-l which may be assigned to the thiophenic

portion of the DTD molecule. This band is in a similar position to that observed previously

in the spectrum of DTD+2 (917 cm-l) and indicates a reduction in the force constants

associated with the thiophene ring. The incorporation of a band assigned to a mode with

contributions from the thiophene ring in the resonance Raman spectrum is consistent with the

MNDO predictions. This is because the S-heteroatom contributes to the electron

delocalisation, and is therefore associated with the chromophoric unit.

An exception to this similarity of patterns in the bands present in the spectra of DTD+2

and DTD+' appears to be the band at 1398 cml in the spectrum of the DTD+'. This band is

displaced to a higher frequency relative to a similar feature at L340 c--1 in the spectrum of

DTD+2. Related bands have been observed at 1356 crn-l fo, MV+' and at 1301 cm-l for
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M\.t".30 The latter mode contains a30 7o contribution from the inter-ring vibration3l and its

displacement has been considered to reflect an increase in the electon delocalisation in the

inter-ring bond. A similar assignment and explanation is proposed for the 1398 cnr l band in

the spectrum of DTD*'. This result is consistent with the MNDO results as the C(4)-C(4')

bond is strengthened on formation of the radical (Fig. 3.2(c)).

3.4 Conclusions

Geomehical parameters dthe DTD+2 ion have been determined crystallographically

and by molecular-orbital methods. On formation of the radical, a pattern of bond changes

consistent with a quinoidal structure occurs. This suggests that electron delocalisation occurs

over the entire molecule. The S-heteroatom appears to be part of the chromophoric unit, as

a band assigned to the thiophene ring (914 crn 1 in DTD*2) is present in the resonance Raman

spectrum of the radical (892 cm-l). The strengthening of the bond betweon atoms C(4) and

C(4') predicted on the basis of the MNDO calculations, is reflected in the shift in the position

of the band at 1340 crn-l in the Raman spectrum of DTD+2 to 1398 cm-l in the spectrum of

DTD+..

Future work in this area would include a complete vibrational analysis using the

results from a normal coordinate analysis. This requires the synthesis of aromatic- and methyl-

deuterated and labelled S derivatives. Resonance Raman spectroscopic studies may also be

extended to include different wavelengths to determine the extent to which other normal

vibrations involving the thiophene ring are involved with the chromophoric unit.
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Chopter 4: AIIEI viologen monomet and aggregates

Chapter 4. Spectroelectrochemical evidence for the presence of alkyl

viologen radical monomers and aggregates in solvent systems

4.1 lntroduction

Fourier-transform infrared reflectance absoqption spectroscopy is a versatile technique

for the investigation of molecular processes in the vicinity of working elecffode surfaces.l'2

N,N'-diheptyl 4,4'-dipyridinium (heptyl viologen, HV) has been extensively investigated as

a source of coloured radical films in elecfrochromic displays. Previous investigations on this

system have involved vibrational,3-6 electronicT'8 and photoacoustic sp""t or.opy,g

voltammetry,l0-l7 *16 quartz microbalance studies.lS In previous infrared vibrational studies

of the viologen radical monocations, the observed specral features were assigned to a dimeric

species in aqueous media3'19 and to dimers and monomers in the solid ,tut..20'21 The term

dimer has been used in the literature, however this does not exclude the possibility of higher

order aggregates forming.

The dimeric species has been implicated in the lack of complete erasrue of the

viologen radical films. This effect is determined to be affected. by the molecular structure22

and concentration of the viologen,23 the nature of the solvent,24 the nature of the electrode

surface,ll the reducing potential applied to form the rad.ical fikn,lo the nature of the

supporting electrolytel6'25 -6 the time that the reducing potential is applied.T

In the present study the infrared spectrum of a solution species assigned to the radical

monocation monomer is investigated. This study, which is based on FT-IR specularreflection-

absorption techniques, depends on a comparison between surface-region selective polarisation-

50
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modulation (PM)26 and bulk-sampling potential subtraction (PS) spectra. The latter technique

involves the subtraction of spectra recorded at two different electrode potentials.

4.2 Experimental

The electrochemical cell is similar to that reported previouslfT and employs a

modified FI30 accessory by Spectratech as the specular reflection optic. An angle of

incidence of ca. 30o was selected for the optics to provide a compromise between optimum

surface selectivityl and maximum optical throughput. The radical species were generated by

electrochemical reduction at -0.6 V ( vs saturated calomel electrode, SCE) of 0.01 mol dm-3

solutions of HV dibromide in either 0.1 mol dm-3 aqueous KBr or saturated KBr in AR grade

acetonitrile, methoxyethane, ethanol and ethanediol. Elecrochemical reduction of 0.01 mol

dm-3 aqueous dibromide salts of 2,Z'-dicyano N,N-dimethyl4,4'-dipyridinium (DCMV) (-0.2

V (SCE)) and N,N'-dimethyl 4,4'-dipyridinium (MV) (-0.7 V (SCE)) was performed in 0.1

mol dm-3 aqueous KBr.

The insolubility of the DCMV and MV bromide salts in acetonitrils, was overcome

by exchanging the bromide counterion for the perchlorate anion. Perchlorate salts of the

viologens (0.01 mot dm'3) were used in acetonitrile with 0.1 mol dm-3 teta-n-butylammonium

perchlorate as the supporting electrolyte. Comparison of the PS-FTIR spectra of the radicals

generated from HVBI2 and that of HV(CIO/2 gave minimal changes in the spectral features

attributed to the electroactive species.

Radical species were also generated in aqueous media containing 0.01 mol dm-3 of

either cetyltrimethylammonium bromide (CTAB) (BDH laboratory reagent grade) or Triton-

X100 (BDH laboratory reagent grade). The critical micelle concentration for CTAB is 8.2 x
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10-a mol dm-3 1in the presence of 3 x 10-3 mol dm-3 aqueous KBr) and 3.52 x 10-3 mol dm-3

for Triton-Xl00 in an aqueous medium.57 Solutions were degassed by several freeze-thaw

cycles prior to use, transferred into the spectoelecEochemical cell under nitrogen by vacuum

back-filling and purged with oxygen-free ninogen during spectral acquisition.

The radical film was generated at -0.6 V (SCE) with the working platinum electrode

withdrawn away (ca. 5 mm) from the calcium fluoride infrared window into the bulk

electrolyte. Silicon windows were substituted for calcium fluoride in experiments requiring

a spectral range < 1000 c--1. The working electrode surface supporting the radical film was

then moved under potential control into thin-film contact with the infrared window in order

to reduce the pathlength through the absorbing solvent medium. Spectra were obtained in

absorbance mode both at -0.6 V (SCE) (Fig. a.1(b)) and 0.0 V (Fig. 4.1(a)) (without further

movement of the elecrode) and PS (Fig. a.l(c)) techniques were employed to subtract the

spectrum of the bulk electrolyte.

Spectra were acquired at 4 cm-l resolution using a Digilab FTS-60 spectrometer

incorporating two optical benches. The main interferometer bench is equipped with a cooled

MCT detector (Digilab gg7-0037, D* maximum, ca. 5x108 m HzrP W-l). The second

(external) bench includes a ZnSe polariser and a ZnSe photoelastic modulator (Hinds

International, model 0203) operating at 37 kllz with a lock-in amplifier (Princeton Applied

Research, Model 5101) operating at74kIIz. This polarisation modulation system, employed

a modified MCT detector and was used in the experiments where surface-selectivity was

required-28 The electrochemical equipment consisted of a Hi-Tek Instruments PPR1 waveform

generator and a Hi-Tek DT2101 potentiostat. Ultra-violet visible spectra were recorded using

a Shimadzu UV-2100 spectrometer incorporating a 50 specular reflectance attachment (lvlodel:
Ttac d"tef,anre sS ld^c. r-afrkinl etc,c,:[o"[c- {o^n *{"c- CoFa winoLor^r

206-14046).v.tq'a toprn Lw.res,ytrd- b3"ir.{er{eic^ce{rin5es;t" orlspe,c*r6)
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4.3 Results and discussion

The FTIR spectra of radicals derived from HV are presented in Figs. 4.1 - 4.9,

whereas Fig. 4.10 and Fig. 4.11 show the spectra of MV and DCMV radicals, respectively.

The position of the spectral bands from spectra Figs. 4.2, 4.3, 4.10 and 4.11 are tabulated in

Table 4.1.

4.3.1 The Heptyl Viologen (HY) Radical

The IR spectrum of tlf'2 is compared to that of the PS spectrum of H\tr" in Fig. 4.2.

Ir is evidenr rhat rhe pattern of bands present in the PS spectrum of H\1" (Fig a.2(b)) and the

spectrum of H\r+'2 (Fig. a.2(a)) in the region > 2500 c-'l is similar. Bands in the IR spectrum

of H\d" at2953 and 2870 cm-l are assigned to the asymmeric (vo(CHf) and the symmetric

(vr(CH3)) methyl stretching vibrations respectively while bands centred at 2926 and 2852

crn-l ar" associated with the asymmetric (vu(CH2)) and symmetric (vr(CH2)) methylene

stretching vibrations.2g-37 1"r, intense bands occurring at3062 and 3037 c--1 ar" assigned

to the aromatic CH stretching vibrations of the radical by comparison with corresponding

fearures (at 3100 and 3086 cm-l) in the spectrum of HV+2. The decrease in the frequency of

the aromatic ring CH sretching modes (i.e. 38 and 49 cm-1, respectively) reflects a reduction

in the CH bond force constants on radical formation. This is consistent with the normal-

coordinate analysis of MV which indicates an increase in the delocalisation of aromatic bond

character when the dication is reduced to the cation radical.38

The electrochemical reversibility of the one-electron reduction step o1 gy+2 41

suggests that the molecular structure remains intact in the course of a cycle involving the

reduction of Hld'2 (to form HV*) and oxidation of HV+' (to form H\r+'2). This suggests that
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Figure 4.1 Infrared spectra of HV (a) after reoxidation of thc radical film at 0.0 V, (b) in
the presence of the radical film at -0.6 V (SCE), and (c) the potential

subtraction (PS) spectmm of the radical monocation obtained frgm O) - (a).

The spectra were obtained from aqueous mediurn (0.01 mol dm-r HVBr2, 0.1

mol drn-r KBr).

2000
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Figure 4.2 Infrared spectra of (a) HV2+ dispcned in a KBr matrix, and (b) the potential

subtraction @S) spectrum of H\rf' genemted in an aqueous medium of 0.01

mol d.m-3 HVz+ and 0.1 mol dm-r trCBr at -0.6 V (SCE).
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Figure 4.3 Infrared spectra of HV radicals generated from 0.01 mol dm'3 HVBr, solutions
ar -0.6 V (SCE). Potential subrraction (PS) spectra obtained from (a) aqueous

medium, (b) acctonitrile, and (c) polarisation modulation (PM) spectnrm from
aqueous medium.
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Figure 4.4 potential subtraction (PS) infrared spectra of H\d" generated in acetoninile at

-0.6 V (SCE) after application of an oxidising potential of +0.6 V. Spectra

obtained after application of the pulse: (a) O-la s' (b) 14-28 s, (c) 28'42 s, and

(d) 42-56 s. The band intensities are norrralised with reqpect to the bands in

rp..tro- (a). (Resolution, 16.0 cm-l; scans, 8; time, tO.3 s)
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Figure 45 Potential subtraction (PS) infrared specua of H\tr" generated at -0.6 V (SCE)

in (a) mcthoxyethane, (b) ethanediol, (c) ethanol, and (d) acetonitrile.
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Figure 4.6 The effect of solvent composition on the potential subraction (P'S) specea of
HW' generated at -0.6 V(SCE) in acetonitile/water sy$ems. The ratis of
acetoninile to water exprEssed in (ulv\:Va are (a) 16, (b) 32, and (c) 

'l4. The PS

s,pectra are normalised wittr retpect to the band at 1510 crn ' in (a). Bands.

UUoUea M and D are assigned to msnomerie and aggregated forms of I{V+';
respectively.
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Figure 4.7 The effect of oxidation on potential subraction (PS) spectra of [fV+' generated

in aqueous solvents at -0.6 V(SCE) by oxygen titation. The oxygen flow rate

is ca.30 min cm-r with periods of titration of (a) 30 s, (b) 90 s, and,(c) 450

s. The PS specua are normalised with rcspect to the band at 1340 cm-'. Bands

labelled M and D are assigned to monomeric and aggegated forms of H\r+",
respectively.

ito0
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Figure 4.8 The effect of electrochemical reoxidation of HV+' films generated in aqueous

medium. The films were genemted at -0.6 V (SCE) and held for 2 minutes at

this potential. This was followed by application of a r{.2 V pulse. Potential

subtraction (PS) specra arepresentedfor (a) 0-14 s, (b)28'42 s, (c) 84-98 s,

and (d) 126-140 s after application of rhe pulse. The PS specEa are normalised
with respect to the band at 1340 cm-r. Bands labelled M and D are assigned

to monomeric and^ aggregated forms of H\r+", respectively.
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Figure 4.9 Polarisation modulation (PM) spectra of H\r+' generated at -0.6 V (SCE) in
aqueous media in the presence of 0.1 mol dm-r KBr and 0.01 mol dm-' of (a)

ceryltrimethylammonium bromide, and O) Triton-X 100. The concentration of
H\fts'is 0.01 mol dm'r.
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Figure 4.10 Potential subtraction (PS^) spectra of MV radicals electrogenerated at -0.7 V
(SCE). (q) 0.0t mol dm-r MVBr2 and 0J mol dm-r KBr in water, and (b) 0.01

mol dm-r MV(ClOtzMd 0.1 mol 6t11" [(QHg)+N]Br in acetoniuile.

Clu4cr 4: Alkyl vblogoa ,rptomcnt ard aggctoLs

2000

atIc
o
€0!t
€

1500
wsrenumbert (cm-l)

1 100

i
Ol

F
f1
5t

EE

(b)

(o)

ro
9t

o
rtt

B
FT

Or

?
at+
c{



Ctupter 1: Al*yI viologcn ,n rnorr',,nt aad aggrcgates

Figure 4.11 Potential subraction (PS) spectra of DCMV radicals clectogenerated at -0.2 V- (SCE). (a) 0.Ql mol dm'r DCMVBT2 and 0.1 mol dm-r I(Br in water, and (b)

0.01 mol dm-3 nCUV(ClOd2 and dt mol dnr-3 t(qHe)4NJBr in acetonitrile.
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Table 4.1 Band positions in the specta of HV+2 and H\d-', MV+' and DCMV+' in aqueous

and acetonitile media

HV"*'z

dication

KBr
3100 w

3086 w

2992ms

2961ms

2949 s

2992vs

2856 s

1638vs

1557 m

1510ms

1465ms

145lms

1371 m

1,263 w

1236ms

1194mw

1177ms

(A) 
PS

(b) py

HV+.
p5 (a)

o
3062 w

3037 w

2953 m

2926vs

2870vw

2852 s

1630vs

1602 s

1543vw

1512 s

l487vw

1378 w

1340ms

L2l3w
1189 s

HV+.
py (b)

HV+.

PS

MeCN

MV+'

PS

MV+.

PS

MeCN

L679vw

1637 s

1602vw

DCMV+.

PS

2233vs

1625 m

1581 m

1502 m

1408 w

1395 w

1359 w

1322 m

1298 m

l27t w

1222 m

1 198vs

DCMV+.

PS

MeCN

1635 m

1600 m

2230 m

1628vw

7574vw

l419vw

1376 w

1201 w
1180 s

t322 w
1301vw

1273 w

1223 w

121lms
1 198vs

1182 m

1163m1168s l1164s

Potenti-al S ubtrac tion
Polarisation Modulation
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the pattern of bands present in the IR spectrum obtained from HV+' is expected to be similar

to H\r+'2. However, this was not observed experimentally. For example, bands observed in the

specrrum of HV+2 ar 1638, 1557 and 1510 cm-I, Fig. a.2@)) exhibit different relative

intensities to related bands at 1630, 1602 and l5l2 cm -1 itt the spectrum of H\r+" @g.

4.2(b)). The cause of this phenomenon was investigated further by comparing the spectra

obtained by generating H\r+" in aqueous (PS and PM spectra, Figs. 4.3(a) and (c),

respectively) and acetonitrile (PS spectrum (Fig. 4.3(b)) solvent systems'

Comparison with the previously published PM spectrum of HV+' films generated in

phosphate buffer,3 reveals significant differences compared with the PS study of the aqueous

bromide system reported here (Fig. a.3(a)). These differences include the presence of intense

bands at ca. 1630 and ca. 1180 cm-l in the PS spectra of aqueous (Fig. 4.3(a)) and non-

aqueous H\d'' systems (Fig. 4.3(b)), which were not evident in the PM spectra previously

reported. The PS spectrum of the radical species generated electrochemically in acetonitrile

fig. a.3(b)) is dominated by two bands at7636 and 1180 c--1. Weak features appear at 1201

and 1025 cm-l in the PS spectrum of HV+' generated in acetonitrile. The PS spectrum of

HV+' generated in an aqueous medium exhibits intense bands at 1630, L602,1512,1340, 1189

and 1168 cnr-l. In contrast, the PM study of the aqueous system (Fig.4.3(c)) exhibits bands

at 1601, 1508, L336, L239 and 1164 cm-l which effectively coincide with some of the PS

bands for the same system (Fig. a.3(a)). The relative intensity of the CH stretching modes (ca.

3000 cml) was unusually low in the PM srudy (see also Sect. 4.3.4). Likewise, the relative

intensity of peaks associated with the CH stretching region for the radical species in

acetonitrile (Fig. 4.30)) was very low.
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4.3.1.1 The Hf" Monomer

The predominance of the radical monomer in the acetonitrile system has been

established previously by an electronic (ulraviolet-visible) absorption studlpg in which a band

maximum at 600 nm was assigned to the monomer species. This absorption maximum was

also observed using ultaviolet-visible specular reflectance techniques in the present study of

the viologen species in acetonitrile. In contrast, filrns electrogenerated from the dication

species in aqueous media were found, in the present study, to exhibit an electronic absorption

maximum at 540 nm, which is indicative of a predominantly aggegated species.39 Therefore

the bands in the PS spectrum of the acetonitrile system (Fig. a.3G)) are assigned to the HV+'

radical monomer species. This conclusion is qualitatively supported by the visual evidence

that the radical colour appea$ to be associated with the solution in the vicinity of the

electrode rather than with a film on the electrode surface, and by the surface-region selective

PM spectrum of the radical monocation in Fig. 4.3(c) which exhibits no comparable features

to Fig. 4.3(b).

The assignment of the spectrum Fig. a.30) to a monomeric species is supported by

the observation that the intensities of the bands at 1636 and 1180 cm-l present in the

spectrum of the radical monocation decrease at similar rates (Fig. 4.4) as the applied potential

is switched from -0.6 V to 0.0 V. This behaviour may be attributed to the oxidation of a

single species, i.e. HV+'to HV+2.

The assignment of the spectrum in Fig. 4.3(b) to the radical monocation monomer

(rather than a decomposition product of acetonitrile) was supported by the absence of the two-

band pattern in similar experiments in acetonitrile in which the electroactive species, HV, was

absent. Previous workers have obtained PS spectra obtained at high anodic limits (2.0 V

Ag/AgCl, employing Li(ClO, as the electrolyte and acetonitrile as the solvent). Spectral

67
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features were observed by these workers at2335,1650 and 1200 cm-1,56 neat to the positions

of rhe bands at 1636 and 1180 cm-l assigned to monomeric HV+' (Fig. a.3@)). The position

of a feature in the PS spectrum, centred at 1650 cm-1,56 was observed to be dependent on the

concentration of water in the acetonitrile.S6 In contrasL the addition of water does not affect

the position of the band at 1636 cm-l in the PS spectrum of H\t+" (Fig. a.30)). However it

was observed that the intensity of a band assigned to the aggregate (Fig. 4.3(c),1602 cml)

increased with increasing water content (see also $ect.4.3.2.1). Similarly, no Perturbation of

the CN frequency, from that observed in ttre bulk (2251 and 2190 .*-l), was noted. This is

at variance with the previous repotf6 and suggests that the bands in the spectrum assigned

to the H\r'" is not caused by solvent decomposition. Acetonitrile has also been shown to be

stable at the potentials used in this study.ao

Further evidence that the spectrum in Fig. 4.3(b) is not solvent dependent was

confirmed by the generation of HV+' in different solvent systems. The two-band pattern is

evident in experiments using absolute ethanediol (1633, l^179 cm-l : Fig. 4.5(b)), ethanol

(1633, 1183 cm-l : Fig. a.5(c)) and methoxyethane (1634,1180 cm-l : Fig. a.5(d)). The

colour of the H\r+" in these systems indicates the presence of the radical in the monomeric

form. The similarity of the assigned monomer spectrum in different solvents (see above) also

argues against a species being produced as a result of solvent decomposition.

Studies of the behaviour of the cyclic voltammograms of viologen dication systems

in acetonitrile have shown that the compounds are elecfochemically reversible over both the

one-electron and two-electron reduction steps.al The assignment of the spectrum in Fig. 4.3(b)

to an unidentified product of decomposition of the dipyridinium species is therefore unlikely.

The positions of the dominant bands of the monomeric radical monocation at 1636 and

1180 cm-1 are very similar to the frequencies of the intense bands present in the spectnrm of
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HV+2 in KBr (1638 and 1177 cm'l).It is assumed that these almost coincident bands have

closely related normal mode assignments. However, the peaks (1557 ,1510, L465, 1451,I37L,

!263,1236 and 1194 cm-l) between these two bands in the spectrum of H\d'2, a.re not present

in the spectrum assigned to the monomer radical species. Normalised absorbances of the

intense radical monocation band at 1180 crn-l (at -0.6 V (SCE)) and the most intense HV+2

feature at lL77 ctn-l 1at 0.0 V (SCE), measured relative to the solvent acetoniEile band at

1039 cm-l, ind.icate an approximately ten-fold enhancement in intensity (absorbance) for the

former compared to the latter. This enhancement was also previously observed in spectra

obtained for M\r+".42

The similarity in the positions of the bands present in the infrared spectra of the

dication and radical monocation monomer suggests that reduced and oxidised HV forms may

have associated in solution to form a stabilised species. However, the formation of such a

species requires that some H\rt'2 remains in the interfacial region. This possibility is not

favoured given that voltammetry exhibits only a single component wave at the reduction

potential -0.6 V (SCE) and therefore the continuous steady-state application of a cathodic

potential would be expected to exhaustively electroreduce the dication.

4.3.1.2. Mixed Solvent Systems

The assignment of bands in Figs. 4.3(b) and 4.3(c) to non-associated and aggregated

forms of HV, coupled with the observation that the spectral features in Fig. a.3(c) are a

superposition of both of these spectra, suggests that an equilibrium exists between the two HV

species. The formation of an ag$egate (e.g. (tIV)z*2) is expected to be favoured by a high

concentration of the HV+'monomer, i.e.
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2 HV+. + (HV)2+2

The presence of this equilibrium was tested by altering the solvent polarity, as low solvent

polarities are known to favour the formation of viologen monomers.39

The spectra of HV radicals obtained in mixtures of acetonirile in water (16,32 and

44 vlvflo) are prcsented in Fig. 4.6.1t may be noted that the relative intensity of the two bands

in the region 1600-1700 cm-l and 1100-1200 cm-l change markedly with solvent composition.

The bands assigned to the monomer (1636 and 1180 cm-l) become more intense relative to

the bands assigned to the aggregate (1601 and 1164 crn-l) as the ratio of acetonirile/water

increases. Similarly, if experiments arc performed by adding aliquots of water to acetoniEile,

the intensity of the bands assigned to the ag$egate are intensified relative to those of the

monomer due to the increase in solvent polarity. These experiments indicate that

interconversion between the monomer and aggregate takes place.

4.3.1.3 Effect of Oxidation

A further test for the equilibrium is to study the change in the concentration of

associated HV+'. This may be accomplished by titrating aliquots of oxygen into the system,

as viologen radicals are known to be oxid.ised by oxygen.al The effect of this may be noted

in Fig. 4.7(a-c) in which a stream of oxygen (ca. 30 c*3 min-l) was bled into the electrolyte.

It is evident that bands assigned to the monomer (L629 and 1167 cm l) increase in intensiry

relative to bands assigned to the aggegate (1602 and 1167 cm-l) as the length of time of

oxygen purging increases (Figs. a.7@) to (c)). This observation suggests that a displacement

of the equilibrium has occurred on oxidation to favour the formation of the monomer at the

expense of the aggregate. It may also be noted that bands assignable to H\r+'2 (1465 and
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1451 cm-l) are present in the PS spectrum (Figs. a.7(a)-(b)) as the result of the reoxidation

of H\r+".

The effect of reoxidation may also be studied by applying an oxidising potential to the

radical film. The spectra of HV+' films are presented in Fig. 4.8. It is evident that the

concentration of the monomer increases relative to that of the aggregate as the time after

application of an oxidising potential increases. The presence of such an interconversion

process also suggests that an equilibrium between monomeric and aggregated HV+'exists.

4.3.1.4 Effect of Surfactants

The presence of surfactants above the critical micelle concentrations, is expected to

alter the concentration of the viologen species present in the aqueous or micellar

environments. For example, the aggregation of MV+' was observed to be inhibited in the

presence of surfactants.4s Furtherrnore, the second reduction step of MV*2, which is usually

electochemically irreversible in aqueous mediail was observed to be reversible in the

presence of sodium dodecyl sulphate, cetyltrimethylammonium bromide (CTAB) and Triton-

X100.44r'5'55 11y+' has also been shown to be incorporated into the hydrophobic environment

of micelles.a3 This partitioning may be observed spectoscopically, as ths intensity of speceal

features associated with the aggregated and monomeric forms of H\d" is expected to change

with the concentration of the radicals in each of these forms.

The partitioning of the viologen radical into the hydrophobic domain is clearly

demonstrated in the PS spectra. However this is more evident in PM spectra of Hf"

generated in the presence of a cationic (CTAB, Fig. a.9(a)) and a non-ionic (Iriton-X100, Fig.

4.9(b)) surfactant. The PM spectra of HV+'in the presence of surfactant (Fig. 4.7) exhibit
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bands that have been previously assigned to the monomer (1629 and 1189 cm-l) which are

not observed in the PM spectra obtained in the absence of surfactant (Fig. 4.3(c). The spectra

of H\F' obtained in the presence of surfactants suggest that monomeric HV+' is present in the

vicinity of the elecfode surface. This is surprising as the concentration of H\d", and therefore

the tendency to aggregate, is expected to be greatest close to the electrode surface. The

presence of bands in ttre PM spectra assigned to monomeric H\d" suggests that a partitioning

between HVt" in the monomeric (to the hydrophilic environment of the micelle) and

aggregated form (in the aqueous phase) exists in the presence of surfactants. This observation

suggests that effect of the surfactant is to alter the equilibrium concentrations of H\r+" in the

aggregated and monomeric forms.

4.3.2 Methyl Viologen (MV) Radical

The PS spectrum of the product obtained from the electroreduction of concentrated

MV in an aqueous medium at -1.0 V (SCE) has been previously determined.l9'42 Bands

appear ar 1641, 1605, 1511, 1422,1340, 1201 and 1184 cm-l, of which the latter five have

been assignedl9 to vibronically activated vibrational modes of the dimer. Infrared spectra of

the species formed from the electroreduction of less concentrated solutions (0.01 mol dm-l,

at -0.7 V (SCE)) of methyl viologen dibromide (Fig. a.10(a)) exhibit bands at 1635, 1600,

1510, L4L9,1338, 7245 and 1196 cm-1, which are in agreement with theprevious study.

In the present study, the electronic absorption spectrum of aqueous MV radicals

exhibit a prominent electronic spectral maximum at 550 nm with a secondary maximum at

600 nm. This indicates that both the monomer and aggregate are present under these

experimental conditions.39 Electroreduction of MV(ClO)z (0.01 mol dm-l) in acetonitrile at
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the same potential yields an electronic absorption band maximum at 600 nm, indicative of

monomeric MV+'. The similarity of the dominant two-band pattern at 1637 and 1194 cm-l

in the infrared spectrum of the MV radical in acetonitrile (Fig. 4.10(b)) with that for the HV

radical monomer in acetonitrile (Fig. 4.3(b) confums that the solution chemistry of the

radical species of MV and HV are closely related.

Patterns of bands in the IR spectra obtained from thermally activated M\r+" films and

MV+' intercalated into a CdPS3 matrix are very similar.20'21 The state of aggregation of the

solid-state species were assigned by these workers on the basis of the electronic (ultra-violet

visible) spectra. The relative intensities of bands in these reported spectra at 1636 and

1598 cm-l exhibit some variation. For example, the intensity of the spectral feature at

1636 cm-l is gteater relative to that observed at 1598 cm-l in the specffum assigned to the

solid-state monomer, whereas the relative intensities are reversed in the solid-state dimer.

Simitarly, the band in the spectrum assigned to the solid-state dimer at 1200 ttn-l (bat d-width

at half-height ca. 20 cm-l) is broadened relative to the spectrum of the solid-state monomer

(band-width at half height ca. 10 cm-l).20'21 This result is consistent with the present

investigation, in which a band in the spectrum assigned to the monomer is present at L637

c*-1 6ig. 4.10(b)) and that assigned to the ag$egate occurs at 1600 cm-l 6ig. a.10(a)).

Comparison between the present investigation with the previous spectroscopic study of solid

state M\r+",20'21 suggests that spectral features assigned to the monomer also contain some

of the aggregated species as a contaminant.
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4.3.3. Dicyano Methyl Viologen (DCMV) Radical

DCMV differs from MV by the presence of a cyano group in the ortho position to the

N of each pyridine group. The PS spectrum of the electrogenerated DCMV*'in an aqueous

medium is presented in Fig. 4.11(a). Bands in this spectrum are evident at2233 (m), 1625

(m), 1581 (m), 1502 (m), 1408 (m), 1395 (w), 1359 (w),1322 (m), 1298 (m),127L (m),1222

(m), 1198 (s) and 1019 (m) cm-l. The spectrum of DCMV+' generated in acetonirite (Fig.

4.11(b) exhibits intense bands at2230 and 1198 crn-I.

The most notable difference in the spectrum of DCMV+'(Fig. 4.11) when compared

to that observed for MV+' (Fig. 4.10(a)), is rhe presence of an intense band at 2233 cm'L

(aqueous medium) and 2230 cm'l lacetonitrile medium). These are assigned to the out-of-

phase nirile stretching vibration.3T Conributions due to the acetonitrile solvent bands at2290

and 2251 cm-l have been subtrhcted. The PS spectmm of DCMV+' electrogenerated in

acetonitrile (Fig. 4.11(b)) reveals a simplified pattern of features (2230 and 1198 cm'l)

compared with DCMV+'generated in an aqueous medium (see Fig. a.11(a)). While the loss

of intensity of secondary bands is indicative of similar intensification mechanisms for both

MV+'and DCM\r+", the appearance of the2230c.-1 feature in the spectrum of DCM\r+" (see

Fig. 4.11(b)) in place of the 1635 cm-l band associated with MV+' (see Fig. 4.10O)) suggests

that mode-selective enhancement is important in the mechanism. The parallel spectroscopic

behaviour of DCMV+' and M\d" in the two solvent systems suggests that the former radical

would also exist predominantly in a monomeric form in acetonitrile.

Radical formation would be expected to result in selective mode displacements

involving the modes associated with bonds whose length is sensitive to elecEon addition. The

band assigned to the ninile stretch in the radical monomer has a weak counterpart in the
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infrared spectrum of DCM\r+'z pZ+l cm-l; dibromide, KBr disc). The displacement of the

nitrile stretch in the spectrum of the radical relative to that of DCMV dication (-16 cm-l)

indicates that the effect of electron delocalisation on the nitrile goups is minor. A similar

small frequency shift (12 cm-l) in the nitrile stretching mode on DCMV radical formation

has been previously noted in a resonance Raman study.a6

The difference in the spectal band positions of the monomeric forms of radicals

obtained in acetonirile, viz. HV (1180 cm-l) compared to MV (1194 cm-l) and DCMV (1198

.rn-l), may be due to effects arising from the differing quaternising (heptyl and methyl)

groups present, given that the nitrile substituent appears to have little or no effect.

4.3.4 Mechanisrns of Enhancement

In broad tenrs, the range of speciation indicated for the systems above incorporates

a solid-state aggregate (under aqueous cond.itions)3 and solution monomers (in acetonitrile and

as a minor component in the aqueous systems). The spectrum of the monomeric HV radical

exhibits fewer intense bands than the ag$egated radical species in the solid state. The

spectrum of the radical film, in turn, is simpler than that of the parent HV dication.

The absence of detectable CH suetching modes in the PS spectrum of the radical

monomer in acetonitrile appears to indicate that electron molecular vibration coupling

enhancement, which is related to that previously described for solid-state charge-transfer

complexes (but inna-molecular in origin), may be operative in this casejT/8 For example,

the coupling for the solution monomer may be associated with inter-ring charge-transfer. A

similar mechanism has been postulated to explain the anomalous enhancement of the nitrile

bands present in the infrared spectra of rad.ical aromatic arrions.49'50 The infrared spectrum
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of these radical anions exhibitsan intense niuile stretch, whereas the intensity of vibration

associated with the nitrile group in the parent (neural) aromatic compound is very low. The

effect has been attributed to intramolecular charge tansferig in which the electron couples

to a normal vibrational mode thereby inducing an enhanced oscillating molecular dipole.

If it is assumed that inherent intensities of CH stretching modes are similar for both

parent and radical species, then enhancement of aromatic ring modes (above) on radical

formation should be evident in qualitative comparisons of intensity ratios (R) for ring modes

relative to CH modes. The ring modes at ca. 1637 cm-l (HV dication), ca. 1600 cm-l

(aqueous HV radical) and the CH stretching mode at ca. 2990 c*-l ate used as the reference

bands in evaluating R. Such comparisons are complicated by reduced PM-MCT detector

efficiency2S (relative to a conventional MgI) in the CH stetching region. The R values

recorded (using d.ifferent detectors) for H\r+'2 are: 0.80 for MCT (KBr d"isc sample) and 1.75

for PM-MCT (film on Pt reflector). The R values for the HV+" fitm in aqueous media are:

0.81 for MCT (PS spectra, above) and ca.6 for PM-MCT (PM spectra, above). The similar

R values for dication and radical using the MCT detector may suggest that the intra-molecular

enhancement apparent for the radical monomer is not operative for the radical film. AIso, the

greater R value for PM spectra of the radical compared to that for the dication may reflect

orientation effects within the film. Such orientation effects would be expected to be

specifically manifested in the PM data because of surface selection rule argumentsl associated

with infrared specular reflection. For example, one explanation for the high R values in the

PM spectrum would involve the orientation of the asymmetric and symmetric CH vibration

dipoles parallel to the surface. Such an orientation would arise if the hydrophobic heptyl

chains were pelpendicular to the surface. This is further confirmed by considering the out-of-

plane CH vibrations of the pyridine-ring, which occur in the region 820-794 cm'1.37 The IR
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spectra of MVCI2, intercalate6sl yyt2 and intercalated MV+' exhibit intense bands in this

region at 825,813 and 809 cm-l respectively.20'21The PS spectrum of H\d" (obtained wittr

silicon windows to allow transmission < 1000 cm-l) in an aqueous medium exhibits no bands

in comparable positions in this region, which indicates that the plane formed by the pyndine

ring is perpendicular to the electode surface (see also Sects. 6.3.3.L-6.3.3.2).

One could speculate that the relative hydrophobicity of the HV radical compared to

the parent may favour reorientation of the latter from parallel to perpendicular following

electron-transfer. The hydrophobicity of platinum electrode surfaces has been reported.52 The

resulting film incorporating perpendicularly orientated radicals may exhibit a liquid-crystal

srucmre of the type found for related molecules.53'54

4.4 Conclusions

The PS spectra of H\r+" exhibiting relatively fewer bands than the parent compound

in the same region, were obtained in aqueous and non-aqueous systems. Spectral features

assigned to fry+'in monomeric and aggregated forms were obtained by reduction of HV+2

in acetonitrile (PS specua) and water (PM specna), respectively. Spectroscopic investigations

involving changes in the solvent composition, the effect of oxidation and the presence of

surfactants exhibit changes consistent with the presence of an equilibrium between H'F'in

aggregated and monomeric forms. A possible orientation was proposed for the HV+'films in

which the alkyl chain and pyridine rings appear to be oriented perpendicular to the elecnode

surface. The spectrum of monomeric FI\r+" exhibits features in the spectrum that are l0-fold

enhanced relative to related bands in the spectrum of HV+2.

Spectroscopic investigations into the reduction products of M\r+'2 and DCMV+2 also
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exldbi_C features in ths sDectla cotsisJent urith an equillbdum bsfineen a monomefio and

aggre.geted f,orrn, The pattern of'bands in the spccfta of lvl\ts' and DCry,I\t'fu the monornqiq

foun are sirnplfified reladw to featureg in the sarne fuquency range sf Sre tr ar€nt disations'

The,lntonsp hande in the qpestrum of fuI\f' and DCMttr" do not occtlr dt $imilar @uencies

suggesting that the,enhans,emb.nfi mochanisnr is mo.lesrrlar in origin.
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Chapter 5. Theoretical investigations of vibrational

spectra

5.1 Introduction

The complexity of the pattern of bands present in the IR spectra of the viologen

dications is not observed in the spectra obtained from the viologen cation radicals (see

Chapter 4), i.e. the spectra are simplified. Different bands were present in the spectra of H\d",

MV+' and DCM\r+" depending on the solvent in which the radicals were generated and the

compound under investigation (e.g. a band present in the spectrum of DCM\d" at2230 cm-t

was not present in the spectrum of MV+'). This suggests that the observed enhancement

mechanism is molecular in origin.

The observation of anomalous IR spectra (i.e. the presence or absence of bands not

normally expected in the IR spectrum of the compound) has been previously reported in many

systems.l-6 These effects have been interpreted as being due to a mechanism that is either

molecular in origin (e.g. the vibronic effect observed in charge-transfer complexes and

organic conductors),1'2'3 or arising as a consequence of the method of spectral acquisition

(such as the metal surface selection rule).4 Other special effects arising from the presence of

molecules at charged metal surfaces have been inteqpreted as being consistent with the

operation of the electrochemical equivalent of ttre Stark effecf and the IR analogue of

Surface-Enhanced Raman Scattering.6 Each of these will be considered in turn.

Vibronic interactions involve the coupling of atomic displacements within the molecule

to changes in the electronic structure of the system.l This effect may be present in a system
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exhibiting electronic degeneracies (e.g. the dynamic Jahn-Teller effect),7 or as the result of

molecular vibrations to electron transfer in one-dimensional organic conductors (i.e. vibronic

coupling). Vibrational modes that are efficiently coupled to electronic transitions are expected

to produce enhanced molecular dipoles, which in turn would lead to enhanced IR activity by

the IR selection rule.

The effect of IR radiation on adsorbed molecules at a specular reflector has been

treated by the surface selection ru1e.8 This rule pred"icts that only vibrations that have

molecular dipoles oriented in the plane of incidence of the IR radiation will be absorbed by

IR radiation polarised in this direction. IR radiation polarised perpendicular to the plane of

incidence will not interact with molecular dipoles also polarised in this direction due to a

phase shift that occurs on reflection of light polarised in this manner. This is the basis of ttre

selectivity that gives rise to spectral simplification.

The intensity enhancements occurring as a consequence of the electrochemical Stark

effect have been shown to be consistent with the interaction of molecules with intense electric

fields in the region of the electrode-electrolyte interface. Calculations of the integrated

absorption coefficients suggest that the enhancements are comparable to those observed by

IR reflectance techniqu*.5 Fittully, the observation of enhanced IR absorption of molecules

adsorbed onto Ag-island films has been explained by the Surface-Enhanced IR effect, the IR

analogue of the well-known Surface-Enhanced Raman effect.6

To decide whether or not the observed specral simplification was molecular or a

consequence of the method of measurement, molecular orbital (MO) calculations were

performed. Calculations of the vibrational spectra of the viologens, both in the dicationic and

radical forms, were undertaken. Calculations on neuEal dicyano-benzene and the dicyano-

benzene radical were also performed as the IR spectrum of the radical anion exhibits large
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enhancements of the CN vibration relative to other modes.9'10

5.2 Method of calculation

Calculations were performed on the following molecules

- dicyanobenzene (DCB) and its anion radical (DCB-)

- methyl viologen (MV*2) and its radical cation (MV*)

- dicyano methyl viologen (DCM\r+2) and its radical cation (DCM\t)

Ab initio calculations were performed using the Gaussian-88l1 and Gaussian-9Ol2

progammes on either an IBM 3081 mainframe or a Silicon Graphics Iris Personal

Workstation. Initial geomefy optimisations were performed and this geometry was used in

a subsequent calculation to determine the vibrational frequencies, normal mode descriptions

and intensity parameters. Calculations were performed employing Slater-type orbitals

approximated by three Gaussian orbitals (STO-3G) and split-valence Gaussian (6-3lG) basis-

sets for DCB-' and DCB; STO-3G for the force calculation of MV+' and 3-21G to obtain

optimised geometries for M\r+'2 and M\r+" ; and STO-3G for the force calculation of

DCMV+'. All ab initio calculations were undertaken at the resricted Hartree-Fock level with

standard basis-sets implemented in the Gaussian progammes. No post Harree-Fock

calculations were undertaken as these calculations are too computationally intensive (e.g. the

force calculation for DCB-'(6-31G) required 68 hours CPU time on an IBM 3081 mainframe

computer). Aromatic rings were consEained to be coplanar but all other parameters were

allowed to vary in geometry optimisations performed using the Berney algorithm implemented

in the Gaussian programmes.ll'12

85

To compare the ab rnitio results, a semi-empirical method, i.e. modified neglect of
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differential overlap (MNDO), was also used to calculate the vibrational spectra of DCB,

DCB-', M\rl'2, MV+', DCM\i'2 and DCI\4\r+". The MNDO Hamiltonian in the progranrme

MOPAC513 was selected. Calculations were performed on a Silicon Graphics mainframe

computer. Full geomebry optimisations were performed on these molecules by the MNDO

method.

Normal mode descriptions were obtained from matrices containing mass-weighted

cartesian displacements and the atomic cartesian co-ordinates resulting from the MNDO

geomefy optimisation. Ab initio normal mode descriptions were obtained from the cartesian

and normal coordinates modified to conform to a MNDO format. MOLVIBI4 was used to

generate a pictorial description of the normal modes. The programme Insight-tlls was used

to generate density maps of the highest occupied molecular orbital (HOMO) of M\r+" and

DCMV+' generated by MNDO calculations.

5.3

5.3.1

5.3.r.1

Results

Dicyanobenzene (DCB)

Geometry Optimisations

The atomic labelling scheme for DCB is given in Fig. 5.1(a). Calculated bond lengths

of DCB and DCB-' are given in Table 5.1. The results show that there is a reduction in the

C(2)-C(3) and C(1)-C(4) bond lengths present in DCB-'compared to DCB. An increase in the

C(1)-C(2) and C-N bond lengths is also observed in going from the parent compound to the

radical anion. There is little variation in the CQ)-H(2) bond length on formation of the

radical, indicating that the H atom does not participate in the electron delocalisation. The

alternation of longer and shorter bond lengths is consistent with the formation of a quinoidal
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Figure 5.1 Strucnrral formulae and aOmic nunrbering slstem of (a) dicyanobcnzene
(DCB), (b) methyl viologen dication (l"tv'*), and (c) dicyano methyl
viologen dication (DCMV").
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Table 5.1. Dicyanobenzene geometrical parameters (distances in A)

DCB b

88

DCB d

c(1){(2)

c(2)4(3)

c(2)-H(2)

c(1)€(4)

c-N

1.4159

1.4045

t.09t2

L4nl
r.1624

1.4380

1.3815

r.0919

1.4087

1.r680

1.3958

1.3835

1.0831

tA6U

1.1568

1.4383

r.3492

1.0829

1.4237

t.t624

t.43tr

1.3594

L.0749

1.4051

1.1614

1.3y27

1.3825

r.0713

t.4347

r.t470

DCB" d DCB d

T MNDO
b sro-3c
" sro-3c
d 6-3tG
c 6-31G

-o.202

-0.040

0.020
o

-0.r42
4

-0274

E(ROI{F)=408.9944 A.U.
E(ROIIF)=408.8667 A.U.
E(ROI{F)=4 13.9968 A.U.
E@OHr;=413.9867 A.U.

Table 52 Charges on atoms (Mulliken population anatysis) in Dicyanobenzene

c(l)

cQ\

H(2)

c(4)

N

0.020

-0.025

0.077

-0.0s7

-0.068

-0.222

-0.015

-0.0s7

-0.071

-0.202

-0.094

-0.083

0.023

0.035

-0.320

0.018

-0.42

0.089

0.069

-0.181

-o.lr2

-0.041

-0.066

-0.034

-0.139

-0.054

-0.169

0.171

-0.@0

-0.410

0.033

-0.152

0.257

0.018

-0.260

-0.087

-0.017

-0.086

-0.0s8

-0.1s0

A MNDO
b A = charge on atom t in DCB" - charge on atom t in DCB
c sro-3c
d 6-3tc
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structure and is expected to result in extensive electron delocalisation over the carbon

framework of the molecule. This observation may be rationalised by inspection of the HOMO

of DCB- calculated at the STO-3G level @g. 5.2(a)). Considerable bonding character

(resulting in a reduction of bond-length) is introduced at the C(2)-C(3) and C(1)-C(4)

positions, whereas the C(1)-C(2) and C-N regions are strongly antibonding (thus causing an

increase in the bond length). As expected, there is little change in the C(2)-H(2) bond distance

as the HOMO of DCB-' does not extend to the hydrogen atoms.

5.3.1 .2 F reque ncy calculations

The calculated vibrational spectra of DCB and DCB-'for MNDO, STO-3G and 6-31G

levels are presented in Figs. 5.3, 5.4 and 5,5, respectively. It is evident that the calculated

spectra of DCB-' (Frg. 5.3O), Fig. 5.4(b) and Fig. 5.5(b)) exhibit a less complicated pattern

of bands in comparison with DCB (Figs. 5.3(a), 5.a(a) and 5.5(a)). In particular, the band

assigned to the asymmetric CN stretch, vo(CN), in DCB" on the basis of the normal mode

description (2480 r--1 6MNDO),2621cm-l ISTO-3G) and 2378 cm-r (6-3lG)) exhibits a

marked increase in intensity when compared to the ring modes of the molecule. This is in

conrast to the calculated spectra of DCB which shows that the intensity of the vas(Cl9 bands

are comparable to those modes assigned to vibrations involving ring C and H bonds.

The band assigned to the vu(CN) vibration in the calculated spectra of DCB

(2548 cm-1 6luINDO), 2734 cm-l ISTO-3G) and 2555 cm-l (6-31G)) are significantly

displaced to higher frequencies relative to the expeyimental value (2234 .*-1;.9'10 11it

overestimation of the frequency is well documented for ab-initio frequency calculations.4 The

shift in the position of the band assigned to vo(CN) on formation of the radical is defined as
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Figure 5.2

'0.291

(b) o'os{

90

Molecular orbital (Qo", H1r) coefficients for the highest occuPied

molecular orbital for-[d) DCB-', O) MV*', and (c) DCMV+'calculated
using the STO-3G basis ser

N-C
(a)

(c)
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Figure S.d Calcularcd trR spectra of (a) DCB, a!fil (b) DCB-" cale,ulated by the.

STO-3G mothod.
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Figure 5.5 Calcr,rlated IR specba of (a) DCB, and (b) DCB- calculated by the

G3lG metliod.
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Avu(CN) = va(Cl9 IDCB-J - va(C|O [DCB].

Avu(CN) varies with the level of calculation performed (-68 cm-l (MNDO), -113 cm-l (STO-

3G) and -177 cmr (6-31G). The value of Avu(CN) obtained experimentally,e where DCB-'

was generated by reduction with alkali metals (-110 cm-l (Li), -112 cm-l (Na) and -112 cm'1

(K) ), suggest that the STO-3G basis-set predicts the magnitude of the shift most

accurately. The displacement to lower frequency of the va(CI.D band on formation of the

radical is probably due to a reduction in the strength of the C-N bond. This is a reflection of

the antibonding character of the HOMO of DCB-' in the C-N region (Fig. 5.2(a)).

The difference in calculated frequencies between the symmetric and asymmetric CN

vibration (vr(CN) - va(CI.D) for DCB-' is 14 cm-l , 22 cnfr and 42 crn-l, for the MNDO,

STO-3G and 6-31G methods, respectively. Comparison of the experimental valueto 146 cm-l)

to the calculated values suggest that the 6-31G method best describes the magnitude of the

splitting.

5.3.1 .3 Charge distributions

The intensity of an IR vibration is associated with normal modes of vibration that

cause a change in the elecnic dipole of the molecule,l6 which is in turn related to the charge

disribution within the molecule. The charge distribution may be calculated from the atomic

charges by Mutliken population analyses.38 It is evident from Table 5.2 that the charge on N

in both in DCB and DCB- is formally negative. This is expected due to the electronegativity

differences between C and N. The atomic charge disribution changes on formation of the

radical, with large changes in the atomic charge localised on N and C(1) (see Table 5.2). The

ab initio results using STO-3G and 6-31G basis-sets predict a change in the charge of N, Qo,

94
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A = QN IDCB'.] - Qn [DCB]

of -0.139 and -0.150, respectively. Therefore, it is expected that in a confornationally rigid

system, the biggest changes in the dipole moment of DCB-' (and hence the IR intensity)

should occur for normal vibrations involving the displacement of N. As v(CI'D is relatively

isolated from other modes in the molecule, the greatest intensity differences are expected to

be confined to the CN stretch. The effect of this may be noted in the changes in charge on

atom C(1) which are high when calculated by the MNDO and STO-3G levels. This change

is reflected in the calculated spectra in which ring modes involving C(1) (1581 cdl,

Fig. 5.3(b); 1355 cm-l, Fig. 5.4(b)) also exhibit enhancemenl A possible mechanism for the

enhancement is given in Secr 5.4.

5.i.2 M ethyl Viologe n (IvN)

5.3 .2.1 Geometry optimisation

The atom labelling scheme for MV is given in Fig. 5.1(b). Calculated and

experimental bond distances are prssented in Table 5.3. The calculated geometries may be

compared to the X-ray crystal structures that have been determined for ooy+2.17'18'19'20 The

dihedrat angle in M\r+'2, i.e. the angle defined by the intersection of planes formed by the two

heterocyclic rings, is close to zero with one exception involving the [CuCl2]n 
n polymer as

the counterion. In this case, a dihedral angle of 500 was observed in the MV+2 structure.l8

This has been interpreted as being consistent with a charge-transfer interaction. The

experimental observation of a dihedral angle of 0o is at variance with the calculated geometry

in which a dihedral angle of 90o was obtained for MV+2 by the MNDO and 3-21 G methods.

95
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Tabte 53 Mettryl viologen geometrical pammeters (<lisrances in A)

Bond X-ray " 14y+2 b MV*'b MV+. C 14y+2 d MV+. C

96

N-C(2)

c(2)-c(3)

c(3)-c(4)

c(4)-c(4')

N-C(methyl)

C(methyl)-
H(methyl)

c(3)-H(3)

t.3826

1.4072

1.415r

1.4911

1.5099

1.1 10s

1.0946

r.3952

1.3836

1.4406

t.4393

1.4850

r.rL24

r.0918

1.3875

1.3498

t.4405

r.4294

r.48&

1.0902

t.0824

1.3411

1.373,9

1.3879

1.4944

r.5127

1.0782

1.0693

1.3601

1.3485

t.4302

L.4167

1.4822

r.0799

1.0678

L.344

r.378

1.375

t.4&

r.409

I Reference 17
b ttlrloo
" STO-3G E(ROHF)=-564.3318 A.U.
d z-ztc E@oI{F;=-568.0245 A.u.
e 3-2Ic E(ROI{r;=-567.7893 A.U.

Table 5.4 Equilibrium dihe&al angles f) and barriers to rotation ltcJ mol-l) for biphenyl,4,4'-dipyndine and

NN' -dihydro 4,4'-dipyndinium

compound equilibrium
dihedral
angle(o)

banier to
rotation (0o)
(kJ mol-l)

banier to
rotation (90o)
(kJ mol-l)

method of
calculation

reference

biphenyl 41.4

43

51

46.26

44.4

8.97

13.0

13.4

13.9

6.0

4.6r

8.91

3.8

6.31

6.5

AMl

STO.3G

3-zIG

HF/6-3lG'*

experimental

21,

22

23

24

25

4,4'-dipyridine 40

4l

36

6.57

1l

10.7

4.08

8.9

19.9

AMl

sro-3G

experimental

2l

26

27

N,|I'-dihydro
44',

dipyridinium

45

45

8.21

r6.65

1.5

5.97

AMI

sro-3G

2L

28
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This result may be rationalised by comparison of the barriers to rotation obtained

biphenyl, 4,4' -dipyridine and N,N' - dihydro 4,4' - dipyridinium dic ations.

The calculated equilibrium dihedral angles observed in molecules such as biphenyl,

4,4'-dipyridine and N,N'-dihydro 4,4'-dipyridinium, arise from the interplay of stabilising

effects (e.g. ru-conjugation between the aromatic rings which is maximised at a dihedral angle

close to 0o) and destabilising effects (e.g. steric interactions involving the H(3) atoms

positioned on different rings which is minimised by a dihedral angle closer to 90o). This

interplay of effects is shown in the results presented in Table 5.4 for biphenyl, dipyridine and

N,N'-dihydro 4,4'-dipyridinium at equilibrium geometries where the dihedral angle is between

40 and 52o. There arc two barriers to rotation associated with each equilibrium geometry. The

fust arises as the dihedral angle is reduced from the equilibrium value to 0o, whereas the

second barrier occurs when the dihedral angle increases to 90o. The rotational barriers are

therefore quoted at two values, i.e. at dihedral angles of 0o and 90o (see Table 5.4), and they

represent the energy difference of the molecule at these values of the dihedral angle relative

to the energy of the molecule at the equilibrium geomebry. The barriers to rotation may be

compared to the average kinetic energy at room temperature Q.5 Wrnol-1).28 The results in

Table 5.4 for the model compounds suggest that rotation of the two pyridine rings about the

axis formed by the C4-C4' bond is possible at room temperature. The overall effect of the

dihedral angle on the total energy of MV+2 is expected to be small. This implies that the

optimised value of the dihedral angle (90o) for MV+2 is not expected to influence the

calculation of vibrational spectra significantly.

The dihedral angles in the calculated geometry of MV+' of 27.90 (lvINDO) and 0o

(3-2lG) are substantially reduced from the dihedral angle in M\r+'2 (90o). This effect has also

been observed previously in STO-3G calculations of the N,N'-dihydro 4,4'-dipyridinium

97
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dication, in which the dihedral angle was observed to decrease from 44.70 29 on formation

of the monocation radical to 13.60 29 and 11.9o.30

The agreement between experimental and calculated geometric parameters is generally

good for the optimised MV+2 (3-21G) calculation. The exception is the calculated N-

C(methyl) bond length of 1.527 A (:-ZtC) which is 0.118 A longer than the experimental

value of 1.409 A. trls d.ifference may be rationalised by considering that M\r+'2 is known to

form charge-transfer salts3l in which the N-C(methyl) bond length varies (e.g. bromo and

iodo salts of M\r+'2 exhibit N-C(methyl) bond lengths of 1.466 and 1.450 .A,, respectively).17

In addition, the crystal structures of these salts also reveal that the halides are positioned

directly above N and not above the ring centroid, suggesting that charge-transfer occurs

between the halide ion and the heterocylic N atom. In a subsequent X-ray diffraction study

of the salt, tMV+2lt(7,7,8,8-tetracyano-p-quinodimethane)t-21 (abbreviated as

G{V+2XTCNQ),-'), a value of 1.495 A was obtained for the N-C(met}ryl) bond length.le

Analysis of the crystal structure reveals intermolecularly interacting TCNQ triads with M\d'z

acring as rhe counrerion. The N-C(methyl) bond observed in (MV*2)GCNQ)3-2 is closer to

the calculated value (L.527 A), and therefore consistent with a non-interacting M\d'2 moiety.

On formation of MV*', the most noticeable changes are an increase in the length of

the N-C(2) and C(3)-C(4) bonds and a decrease in the C(2)-C(3), C(4)-C(4') and N-C(methyl)

bond lengths relative to MV+2. This pattern of bonding is consistent with the presence of a

quinoidal structue in the radical and may be rationalised by considering the HOMO of

M\rr"(STO-3G, C2p and Hr, orbital coefficients, Fig. 5.2(b)). Bonding interactions are evident

in the C(2)-C(3) and C(4)-C(4') regions while strong anti-bonding interactions are associated

with the N-C(2) and C(3)-C(4) regions. The H-atoms of the ring are not involved in the

electron-delocalisation. A similar result is obtained in the density plot of M\n" (HOMO of
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the radical obtained from a MNDO calculation) (Fig. 5.6). It may be seen that the HOMO is

a r-orbital with bonding interactions in the C(4)-C(4'), C(2)-C(3) and N-C(methyl) regions

and nodes in the regions of N-C(2) and C(3)-C(a). This change in the bond.ing patterns is also

mirrored. in the change in force-constants obtained by normal-coordinate calculations of M\r+'z

and MV+'.32'33 16" force-constants for the stetching coordinate between atoms C(2)-C(3) and

C(4)-C(4') are 4.t6 and 4.10 mdyne A-1, respectively in MVt2 but increase to 4.44 and 5.39

mdyne A'1, tespectively in MV+'. In contrast" the stetching force constants for the N-C(2)

and C(3)-C(4) bonds in MV+2 (of 6.29 and 4.43 mdyne A-1, t"sp"ctively) decrease on

formation of M\d" (to 5.03 and 3.26 mdyne A-1, respectively).32 The delocalised nature of

the HOMO is also consistent with the finding that the ESR spectrum may be analyzed in

terms of four hyperfine coupling constants assigned to the N, H(3), H(2) and H(methyl)

atoms.34

5.3.2.2 Frequency calculation.

The calculated IR spectra of M\r+'2 and MV+' are presented in Figs. 5.7 (MNDO) and

5.8 (STO-3G). The presence of two intense bands at 1368 and t723 cm-l in the calculated

(MNDO) spectrum of MV+' (Fig. 5.7(b)) is consistent with the experimental observations

(Fig.4.10(b)) in which two intense bands (1637 and 1194 cm-l) were observed. By contrast,

the calculated spectrum of MV+' using STO-3G (Fig. 5.8) exhibits three intense bands

appearing at1357,1698 and 1891 cm-l.
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Figure 5.6

100

Density plots of the HOMO of MV+' as calculated by the MNDO
method viewed (a) along the plane and (b) normal to the plane of the

pyridine rings.
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Figure S.7 Calculated IR ,sBectrln of (a) lWst, and (b) [4\t' calculated by the

MI{DO rnsthod"
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Figure 5,8 Calculated IR spectra of M\d'- by the STO-3G nethod
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The most noticeable difference between the calculated (MNDO) specta presented in

Figs. 5.6(a) and 5.6(b) is the intensity of the most prominent spectral feanue. The calculated

(MNDO) spectrum of M\rt" (Fig. 5.7O)) exhibis a feature at 1723 c*-1 for which the

((transition dipole)2=38.5j is five times more intense than a nearly coincident band in the

calculated spectrum of M\r+'2 at L725 cm-l lltransition dipole)2=l$.6). This result may be

compared to the intensity enhancement observed for a feature at 1180 c.-1 1Fig. 4.3O))

assigned to the heptyl viologen radical monomer which was approximately 10 times more

intense than the corresponding band feature in the spectrum of H\r+'2 at ll77 ctn-I. A similar

enhancement factor of ten times was also previously observed in the intensity of bands in the

spectra of MV+'and MV+2.39

The presence of intense bands in the spectra of monomeric HV+' (1638 and

1180 crnl) and monomeric M\d" 0637 and 1194 cm-l) was also noted in the MNDO results.

The most intense band in the calculated (MNDO) spectrum of MV+' appears at 1723 crnl

(Fig. 5.7(b)) and has a counterpart in the calculated spectrum of M\d'2 at a similar frequency

(1725 cffi-l, Fig. 5.7(a)). These are assigned to vibrations involving the sretching of the N-

C(methyl) and C(2)-C(3) bonds (Fig. 5.9(b)) and may be related to the results of normal-

coordinate calculations for MV+2.32 The 1638 cm-l band in the experimental IR spectrum of

M\rt'z is assigned to a B2o vibration involving the N-C(2) stretching Q37o) and N-C(2)-C(3)

bending (117o) coordinates.32 This is not in agreement with the present MNDO assignment.

The normal-mode descriptions for the two most intense bands (at L723,1368 cm-l)

in the calculated (MNDO) spectrum of M\tr" are depicted in Fig. 5.9. The representation (Fig.

5.9(a)) of the mode giving rise to the band at 1368 crn-l in spectrum Fig. 5.7(b) mainly

involves a displacement in the N-C(methyl) bond. This coordinate increases in one ring while

decreasing in the other ring, in a manner that may be described as a push-pull.
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Figure 5.9
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Schematic rcpresentations of the vibrations giving rise to the (a) 1368

cm-l and (b)'L723 cm-r bands in thc calculated IR spectra of MV+'by
the MNDO method.



Ctupcr 5: Ttuorctical IR spccEal calculatiotts

Figure 5.10

105

Schematic rcpresentations of the vibrations giving rise to the (a) 1357

cffi-I, O) 1698 cm-l and (c) 1891 cm-l bands in the calculated IR

spectra of MV+' by the STO-3G method-

(c)(b)(a)
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The normal mode description for the 1723 cm-r mode (Fig. 5.9(b)) in spectrum

Fig. 5.7(b) involves a displacement of the C(2)-C(3) and N-C(methyl) bonds. These modes

are also involved in the push-pull mechanism described above. The normal mode descriptions

for the three most intense IR bands of M\tr" calculated at the STO-3G level are given in Fig.

5.10. Although the number of intense bands in the calculated (STO-3G, Fig. 5.10) and the

experimental spectra (Fig. a.lO(b)) differ, the push-pull mechanism is seen to operate in a

manner similar to results obtained using the MNDO method. The spectral feature at

1357 cm-l (Fig. 5.8) is assigned to a mode involving the aromatic CH bond (Fig.5.10(a)),

in which the H(2)-C(2)-C(3) angle is increasing in one ring but decreasing in the other. The

band at 1698 cm'l (Fig. 5.10(b)) involves mainly the totally symmeric methyl CH bend,

where again the H(methyl)-C(methyl)-N angle increases in one ring but decreases in the other.

Finally, rhe band ar 1891 crnl 1Fig. 5.10(c)) is associated wittr displacements of the N-C(2)

and C(2)-C(3) bonds with a minor conributions from variations in the N-C(2)-H(2) and

H(methyl)-C(methyl)-N angles.

The calculated spectra may be related to experimental results obtained for solid-state

MV+'prepared as an intercalation complex and as a free-standing film.35'36 Int.nr. spectral

features assigned to the monomeric MV+'by these workers were observed at 1636 and

1200 cm-l. Assignment of the bands in the specra to vibrational modes in M\d" was

performed by isotopic labelling. These results were used to relate the mode descriptions of

the bands present in the theoretically calculated IR specra to experimental data. For example,

the most intense band (1891 cm-1) in the calculated spectrum (STO-3G, Fig. 5.8) has an

associated normal mode description (Fig. 5.10(c)) which contains contributions from the ring

carbon atoms, methyl modes and aromatic CH bonds. This may be related to experimentally

observed shifts in band position that occur on deuteration of the atoms H(2) and H(3). The
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1636 cm-l band in ttre spectrum of the solid-state MV+' radical shifts to 1597 cm-l on

deuteration of atoms H(2) and H(3), suggesting that the normal coordinate associated with this

band is due to a vibration involving the aromatic hydrogens.36 This is consistent with the

mode depicted in Fig. 5.10(c) (STO-3G). In confast, the normal mode description (Fig.

5.9(b)) for the band at L723 cmr (Frg. 5.7(b)) in the calculated spectrum (MNDO) of MV+'

exhibits major atomic displacements associated with the aromatic ring only. This does not

agrce with the experimentally observed result. The second intense band present in the

experimental spectrum of the solid-state monomer of M\r+" shifts from 1200 to 1194 cm'l on

deuteration, suggesting a mode that does not contain the ring H vibration as a component.36

This is not in agreement with the descriptions obtained for bands present in the calculated

specrra at1357 c--l 1Fig. 5.8, STO-3G) and 1368 cm-l (Fig. 5.7(b), MNDO). The description

of the normal mode for these bands (1357 .*-1, Fig. 5.10(a), STO-3G and 1368 cm-r, Fig.

5.9(a), (MNDO)) sugges6that displacements of the aromatic H occurs during the course of

the vibration.

5.3.2.3. Charge distributton

The charge redisribution that occurs in MV+2 and MV+'is given in Table 5.5. It may

be noted that there is an increase of negative charge on N(1) in going from M\d'2 to MV*'.

Large changes in the atomic charge on reduction of MV+2 occur also for H(3), H(2) and

H(methyl) atoms. This will have a bearing on the IR intensities as the total dipole moment

is comprised of the individual atomic charges. Vibrational modes that are IR active in the

dication involving displacement of these atoms during the course of the normal vibration are

therefore expected to be intensified in the radical as the changes in the charge on these atoms

will accentuate the induced dipole.
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Table 5.5 Charges on atoms (Mulliken population analysis) in Methyl Viologen

108

MV+. U 14y+2 a ab MV*. d 14y+2 d ab

N(1)

c(2)

c(3)

c(4)

H(3)

H(2)

C(methyl)

H(methyl)

N(l)-c(6)

c(6)-c(s)

c(5)-c(4)

c(4)-c(4')

c(4)-c(3)

c(3)-c(2)

N(1)-c(2)

N(l)-C(methyl)

c(2)-c(7)

C(7)-N(cyano)

C(me$yl)-
H(methyl)

c(6)-H(6)

c(5)-H(5)

c(2)-H(3)
" Reference

-0.237

0.1 10

-0.09r

0.0r6

0.110

0.090

0.187

0.032

-0.153

0.153

-0.066

0.055

0.r27

0.153

0.1.67

0.067

-0.084

-0.043

-0.025

-0.039

-0.017

-0.063

0.020

-0.035

-0.2r9

0.085

-0.073

0.039

0.092

0.114

-0.073

0.105

-0.950

0.260

-0.331

0.000

0.277

0.310

-0.363

0.259

-0.912

0.295

-0.304

0.013

0.336

0.369

-0.399

0.301

-0.038

-0.035

-0.027

-0.0r3

-0.0s9

-0.0s9

0.036

-0.042

8 MNDO
b A = charge on atom i in MV+'- charge on atom i in MV+2
c sro-3c
d 3-ztc

Table 5.6 Dicyanomethyl viologen geometrical pcmmeters (distances in A)

DCMV+z. pg14y+2 b DCMV+. b DCMV+'C

1.339

1.37r

1.389

1.494

t.391

1.356

1.358

1.477

1.440

1.130

1.3795

1.4101

r.4r08

r.4919

t.4t67

t.4144

1.3937

1.5152

r.4250

r.1637

I.rl02

r.0992

1.0936

r.0943

1.3910

1.3873

1.442L

1.4419

r4457

1.3925

t.40M

1.4909

T.43M

t.1629

r.tL23

r.09&

1.0913

r.092r

r.3837

1.3531

r.4366

t.4319

1.4386

r.3575

1.3995

1.4898

t.4587

r.1581

1.0903

1.0871

1.0785

r.0797

b uNoo
c STO-3G E(ROI{F;=-745.4M4 A.V.
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5.3.3 Dic y ano me thy lv io I o g e n.

5.3.3.1 Geometry optimisation

The atomic numbering scheme for DCMV is presented in Fig. 5.1(c). Bond lengths

obtained from crystal structure determinations and theoretical methods are given in Table 5.6.

Excellent agreement between experimental and calculated values is noted for the C(4)-C(4')

bond length (calculated: 1.4919 A; experimental 1.494 A1. However, the MNDO method

overestimates the C(7)-N(cyano) bond distance by 0.0337 A. fne presence of an elecEon-

withdrawing group is expected to perturb the elecronic structure of DCMV. For example, the

lengths of bonds further from the cyano group (N(1)-C(6), C(6)-C(5) and C(a)-C(s)) are

shorter than the syrnmetry related bonds closer to the cyano group (N(1)-C(2), C(2)-C(3) and

C(4)-C(3), respectively). This indicates that the effect of the cyano group extends into the

pyridine ring.

The effect of reducing DCM\d-2 to its rad.ical cation is manifested in the contraction

of the C(5)-C(6), C(3)-C(2), C(4)-C(4') and N-C(methyl) bonds, and increases in the N-C(6),

C(5)-C(4), C(4)-C(3), N-C(2) and C(2)-C(7) bond lengths. This is consistent with the

formation of a distorted quinoidal structure. The electronic structure of the radical may be

visualised by comparing coefficients of the C2o STO-3G HOMO (Fig. 5.2(c)). It may be seen

that the anti-bonding character of the HOMO in the region of the C-N(cyano) bond is small.

This is consistent with previous experimental observations in Sect. 4.4 in which the position

of the band assigned to vo (CN) in the spectrum of DCMV+' did not shift appreciably relative

to DCM\i'Z (Lru (CN) = -16 cm-l). A similar effect was noted in a previous Raman3T

spectroscopic study of DCM\r+", in which the formation of the radical resulted in a small

Avr(CN) (-12 cnr-l). Furthermore, it was concluded that the small displacement of vr(CN)
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suggested that the cyano group did not appeu to be part of the chromophoric unit.37 The

it
quinibdal structure is evident from consideration of bonding character in the region of the

C(3)-C(2), C(6)-C(5) and C(4)-C(4') bonds. The effects may also be rationalised using the

MNDO description of the density plot of the HOMO of DCM\r+" (Frg. 5.11) in which the ru-

orbitat nature of the MO is evident. The quinoidal structure of the molecule is also supported

by considering the bonding interactions in theN-C(methyl), C(6)-C(5) and C(a)-C(4') regions.

5.3 3.2 Frequency calculations

The vibrational specfa for DCMV generated by the MNDO and STO-3G methods are

given in Fig. 5.12 (MNDO) and Fig. 5.13 (STO-3G), respectively.

The experimental IR spectra of DCMV+' (Fig. 4.11(b)) exhibit intense features at2230

and 1160 crn l. The intense band observed in the spectrum assigned to the monomer of M\d"

at 1,636 cm-l 1Fig. 4.10(b)) was nor observed in the spectrum of monomeric DCMV+'

(Fig.4.11O)). In contrast, the calculated spectra of DCMV+'exhibit bands (L7t7 cm-l, Fig.

5.12(b), MNDO; 1874 cm'l, Fig 5.13, STO-3G) in comparable positions to the intense

features in the calculated spectra of MV+' (1723 cdl, Fig. 5.7(b), MNDO; 1891 crn 1, Fig.

5.8, STO-3G). The bands assigned to the CN asymmetric stretch in DCMV+' at 2542 cm-r

(MNDO, Fig. 5.12(b)) and 2726 cmr (STO-3G) Fig. 5.13) are very weak in these spectra,

whereas these bands are intense in the experimental spectra (Fig. a.11). In contrast to

experimental data, where vu(CN) appears as a weak band in the IR spectrum of DCM\i'2,

calculations indicate ttrat v.(CN) (2249 crn-l) should be intense (Fig. 5.12(a)). From the

spectrum of MV (Fig. 5.7(a)), the calculated intensity of bands
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Figure 5.ll
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Density maps of the HOMO of DCMV+' as calculated by the MNDO
methd viewed (a) along the plane and (b) normal to the plane formed

by the pyridine rings.

b
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Figure 5.13 Calculated IR spectrm of DCM\tr' by fia STO'3G, method.
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assigned to CH stretches (3000-4000 cm-l) is low. This is in contrast to the experimental

observations. The most intense band in the calculated spectrum of DCM\r+" (Fig. 5.12(b)

occurs at L7L7 cm-l, and exhibits an intensity increase of 5 times that of the most prominent

band in the spectrum of DCMV*z QlZqcm'l, Fig. 5.12(a)). The calculated specffum obtained

from the STO-3G method exhibits two intense bands (1574 and 1369 cm-l).

Normal mode descriptions for the intense vibrations present in the calculated spectra

of DCMV+' are depicted in Fig. 5.14 (MNDO) and Fig. 5.15 (STO-3G). The most intense

bands in spectra of DCMV+2 and DCMV+'calculated by the MNDO method, occur at 1724

and L7L7 c--l 1Fig. 5.12(a) and Fig. 5.12(b), respectively). The latter exhibits a mode

description (Fig. 5.1a(b)) similar to that observed in the calculated IR spectrum of M\r+" at

1723 cmt (Frg. 5.9O)). The next most intense band present in the spectrum of DCMV+'

(MNDO) at 1654 crn-l hus an associated normal mode description involving the displacement

of the ring-atoms. The spectrum calculated by the STO-3G method exhibits an intense band

at 1369 
"rn-1 

1cf. 1357 cm-l, Fig. 5.10(a), MV*'STO-3G) described as having a normal mode

description involving displacements of atoms C(2), H(2) and C(methyl) (see Fig. 5.15(a)).The

mosr intense band occurs at L874 "*1 lnig 5.15(b)) and involves ring atoms (C(2), C(6) and

C(4)) and ring-H atoms (H(3) and H(5)). This mode description is similar to that obtained for

the band (1891 cm-l) present in the spectrum of MV+' (Fig. 5.10(c)).

It may be noted that normal mode descriptions obtained for the 1717 cm'l band (Fig.

5.14O), MNDO) involves a displacement of the C(5)-C(6) and C(2)-C(3) bonds. In one side

of the molecule this coordinate is increasing, whereas it is decreasing in the other side of the

molecule. A similar description is noted for the 1654 crn-l band (Fig. 5.14(a)), in which the

major component is the N(1)-C(2) bond. Normal mode descriptions obtained by the STO-3G
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Figure 5.14
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Schematic representations of the vibrations giving rise to the (a) 1654

cm-l and (b) 1717 cm-l bands of DCMV+'as calculated by *re MNDO
method.
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Figure 5.15
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Schematic representations of the vibrations giving rise to the (a) f369

crr-l, and O) 1874 cm-r bands of DCMV+'as calculated by the STO-3G

method.
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merhod involve the N(1)-C(6)-H(6) coordinate (1369 cffi-I, Fig. 5.15(a), the C(5)-C(6) and

C(2)-C(3) coordinates (1874 cm-l, (Fig. 5.15(b)). In both cases, the coordinates in one ring

expand, whereas in the other ring the coordinate contracts at the stune rate. The mechanism

causing the enhancement will be further considered in Sect. 5.4.

5.3.3.3 Charge distribution

The disagreement with the observed intensities in the CN region may be rationalised

by consideration of atomic charges (Iable 5.7). Large changes in charge occur on atoms N(1)

and N(cyano) on formation of the radical. This should result in an intensification of the

vibrations involving these atoms. However, an inaccurate calculation of the atomic charge will

lead to errors in the IR intensity. It may be noted (Sect. 5.3.1) that higher level calculations

(i.e. employing extended basis-sets) for the charge density give beuer agreement with the

experimentally observed intensity enhancement (Figs. 5.4&) and 5.5(b)). This suggests that

the charge disfibution is not accurately represented by neglecting polarisation functions or

electron correlation. This could be conected by adding higher-level basis-sets for DCMV+'

which would also increase the time required for computation.

5.4 Mechanisms of Enhancement

The bands in the spectrum undergoing the large intensify enhancements have, as a

conunon theme, a decrease in a vibrational coordinate in one half of the ring and a

concomitant increase in the other half of the ring. Such intensity enhancements may be

explained by a mechanism which is an intramolecular analogue to that proposed for

interpreting the lR-active vibrations of organic one-d.imensional conductors.l

Consider the C2n orbital forming the C(2)-C(3) n-bond (Fig. 5.16(a)). In the dication,

Lt7
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Table 5.7 Charges on atoms (Mulliken population analysis) in Dicyanomethyl Viologen

DCMV+'t DCMV+2 ' ab

118

DCLfV+'c

N(l)

c(6)

c(5)

c(4)

c(3)

H(6)

C(methyl)

H(methyl)

c(2)

c(7)

N(cyano)

H(5)

r{(3)

-02u

0.l%t|

-0.09s

0.0187

-0.039

0.115

0.r85

0.038

0.190

-0.113

0.035

0.093

0.094

-0.142

0.161

-0.0s7

0.049

-0.036

0.157

0.167

0.069

0.258

4.171

0.146

0.130

0.131

-0.082

-0.037

-0.038

-0.030

-0.003

-0.M2

0.018

-0.031

-0.068

0.0s8

-0.111

-0.037

-0.037

-0211

0.097

-0.072

0.040

,0.050

0.r22

4,074

0.112

0.154

0.069

-0.116

0.098

0.r06

A MNDO
b A = charge on atom t in DCMV+'- charge on atom i in DCMV+2
C STO.3G
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Figure 5.16
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the n-bond is completely occupied. However, on forrnation of the radical, the anti-bonding

r orbital (n.) wiU be partially occupied. The radical electron will be delocalised over the

molecule as the ru-bonds for both sides of the molecule will be equally energetic at

equilibrium. Consider now the perturbation that occurs during the course of the normal

vibration (e.g. Fig. 5.16(b) which causes an increase in the C(3)-C(4) bond length in one ring

and a decrease in the other ring. As the C(2)-C(3) bond contracts during the course of the

normal vibration, there will be a stronger anti-bond.ing contribution causing the n* orbital to

be raised in energy relative to its initial level. If there is a decrease in this bondJength, the

lr energy levels will be perturbed to a level closer to that of the isolated Cto orbitals. The net

effect being a lowering of the r* energies. This perturbation of energy levels causes a partial

localisation of the electron on one half of the molecule during the course of the normal

vibration. This localisation will change during the course of the normal vibration as there is

a preference for electron occupation in the lowest energy state, causing a change in the

electron density from one ring to the other at the frequency of the vibration. This charge

oscillation will cause a large change in the dipole moment and hence, an intense IR-active

vibration.

Alternatively, the modes exhibiting the charge oscillation mechanism may be

qualitatively predicted. Inspection of the normal mode description allows the modes that

exhibit oscillatory behaviour to be determined. The presence of oscillatory modes involving

the displacement of atoms undergoing the largest change in charge in the course of reduction

are expected to show greatest enhancements in the IR intensity as the dipole moment change

is expected to be the greatest for these modes.
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5.5 Conclusions

121,

IR specna calculated using semi-empirical and ab-initio theory exhibit an increase in

the intensity of bands calculated for the radical when compared to the parent compound. The

most intense bands show a comrnon Eend, i.e. a charge oscillation mechanism appears to

operate. The predictions are best for DCB, for which the highest level basis-sets were used.

Qualitative trends were observable for the MV, whereas predictions for DCMV are not

correct, particularly for the intensity of modes involving cyano-vibrations. The latter result

could be ameliorated by recalculation using a higher level basis-set as better descriptions of

the charge distribution should result.

A qualitative mechanism for the intensity enhancements was proposed on the basis of

the theoretical methods. The predictions are consistent with a charge-oscillation mechanism

between ttre two chromophoric units in the molecules and is suggestive of an enhancement

mechanism that is molecular in origin.
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Chapter 6. Spectroscopic studies of the effects of

counterions in n heptyl viologen films

6.1 fntroduction

The use of N,N'-diheptyl4,4'-dipyridinium (HV*2) as the redox-active component in

electrochromic display devices has been extensively studiedby electrochemical techniques.l-14

However the display devices based on H\d'2 in the dibromide form may fail due to the

inability to erase the coloured {ilms after many writing-erasure cycles. This phenomenon is

known as the aging effect and has been interpreted in terms of either a recrystallisation

pro."ssl,2 involving the association of HV radicals,s o. a reorientation of the radical film.ls

The extension in the life of the display device when using asymmetrically substituted

viologens also suggested that molecular association affected the reversibility of the radical

films.16 The add.ition of B-cyclodextrin, which inhibits association by formation of an

inclusion complex with the H\d", was found to improve the electochemical reversibility of

the system.lT The observation that the lack of erasure was dependent on the potential at which

the radical was produced and the potential at which the film was held, suggested that the lack

of reversibility may be caused by a ttrermodynamic prorrrr.l'I8 The use of mediators, such

as [Fe(CN)6la-, limits the cathod.ic limit at which the radical is produced and also improves

the electrochemical reversibility. 10

The concentration and type of counterion of the viologen was found to be important

in influencing the properties of the radical fi1m.9 The rapid degradation present in FI!d" films

generated in the presence of bromide was not noted in the presence of a phosphate buffer.2'3

The effect of the counterion on the formation and properties of the viologen (l,l'-bis(p-
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cyanobiphenyl) 4,4'-dipyridinium) radical films has been studie6.19'20'21 Raman spectoscopic

studies have also been performed to determine the effect of the counterion in HV radical

films.22

Previous investigators have assigned the features present in the IR spectra of H\r+"

films, obtained by employing polarised radiation, to vibronically activated A, modes.23'z The

polarisation modulation (PM) experiment is sensitive to vibrational dipoles oriented

perpendicular to the electrode surface.63 Thr intensity of the features in PM specEa of the

H\d" filrns, suggested that a similar enhancement effect is present to that observed previously

for one-dimensional organic conductors, such as 7,7,8,8-tetracyanoquinodimethan 
"25'26 -6

tetrathiofulvalene.2T'28 El"rnonic conduction in one-dimensional conductors is characterised

by the presence of very intense vibronically activated A, modes in the IR spectrum of the

conductor.36-38 Those features are polarised parallel to the conducting axis of the

conductor.36-38 A further feature of one-dimensional conductors is that the A, modes in the

IR spectrum are displaced to lower frequencies relative to the associated A* modes in the

Raman spectrum of the isolated monomer. The magnitude of the displacement is proportional

to the coupling of the vibration to the molecular orbital involved in the charge-transfer.28 The

frequencies of the Raman A, modes are not expected to be displaced on formation of the

aggegate because these modes are not coupled to the electronic charge-transfer.28 The

presence of a conducting chain formed by the n-n interactions of Hf" radicals oriented

perpendicular to the electrode surface is expected to result in intense vibrational bands also

polarised in this direction by the vibronic mechanism.

The conductivity of viologen radicals may be rationalised by noting that viologen

dications form charge-transfer complexes. Charge-nansfer complexes of viologens have been

the subject of previous investigations by X-ray diffraction techniques29-31 ard by electronic
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(UV-Vis) spectroscopy.3z,33 The conductivity of reduced viologen films were estimated at

104 - 10-5 O-1 cml by elecrochemical techniques,3 which may be compared to the

conductivity3a of the thermally deposited films of 10-5 - 10'6 f,)-l cm-l. Poly-viologen

polymers, which when doped with 7,7,8,8-tetracyanoquinodimethane, exhibited

conductivities3s in the region between 9.5 x 10-5 and 2.0 x 10-2 C)-1 cm-l.

The re-orientation of the viologens relative to the surface has been implicated in the

aging effect.l5'39 This effect has also been associated with a decrease in the conductivity of

the H\r+" film from the time of the formation of the radical.a0 The initial orientation of the

HV+'radical was suggested to be consistent with the dipyridine plane lying nearly parallel

to the Pt elecfiode surface.4l Th" aging effect studied by polarisation modulation UV

measurements are consistent with a two-stage mechanism. The first stage is accompanied by

a reorientation of the plane of the dipyridine unit perpendicular to the surface of the

electrode,l8 and the second is associated with a random orientation being adopted by viologen

radicals. Similar effects are noted in the IR specta of Langmuir-Blodgett films involving

viologens.42'62

The aim of the present investigation is to study the effect of the counterion of HV+2

on the formation and erasure of the radical film. This was performed by recording the Raman

and potential subraction (PS) IR and surface-selective PM IR spectra. Further experiments

were performed in which the acquisition of IR data was synchronised with a change in

potential. These experiments were extended to determine the effect of the viologen counterion

and the state of aggregation of HV+' in the agrng mechanism.

6.2 Experimental

The IR experiments were performed in a manner similar to that described in Sect.4.2
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and employed PS techniques to subtract effects due to electroinactive species such as the

electrolyte. Experiments requiring surface sensitivity were pedormed using PM techniques.

The electrochemical equipment and IR spectrometers employed were identical to those

described in Sect. 4.2.\\e angle of incidence employed in the present investigation (ca. 30o)

is less than the optimal (ca. 80o) for the surface selection rule. This suggests that some

caution should be exercised in drawing conclusions based on the surface selection rule.

HV+2 in the dibromide form was synthesised by the Menschutkin reaction.a3 The

nitrate and sulphate salts of H\r+'2 were prepared by anion exchange from the appropriate

silver(I) salt, but could not be isolated as crystalline solids. Solutions used for the

electrochemical studies of the various counterions (nirate and sulphate) were prepared by

adding the anion-exchanged H\d'2 (0.01 mol dm-3) to a supporting elecuolyte of the

appropriate counterion (0.1 mol dm-3) as the potassium salt. The monohydrogen phosphate

solution was prepared by dissolution of H\tr'z as the dibromide salt (0.01 mol dm'3) in a

phosphate buffer (of 0.1 mol dm-3 KH2PO4 and 0.1 mol dm-3 NaOH). This electrolyte was

previously found to give reversible electrochemical behaviour for the production of HV+'

films.2 Distilled deionised water was used for all preparations. Solutions were thoroughly

degassed prior to use by several freeze-thaw cycles, and then transferred to the

electochemical cell via a syringe which had been purged with nirogen. The electrochemical

cells were continuously purged with purified nitrogen during spectral acquisition.

Experiments were also performed to determine the effect of confining the radical film

at the electrode-electrolyte interface. The HV radical film was generated by application of an

electrochemical pulse (-0.6 V (SCE) for 10 min during which time the acquisition of spectra

was undertaken. An electrochemical ramp was then applied to the system at a sweep rate of

9.4 mV s-l to bring the potential from -0.6 to 0.0 V (SCE). The erasure of the film was

r28
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assumed to be complete when the background current had dropped to less than 0.01 mA. The

background spectrum was then obtained. The process of film formation and erasure was

performed six times without moving the electrode between cycles Qabelled (a) -(0,

respectively; see Figs. 6.11 - 6.18). In this time the coverage of the film degraded from being

initially uniform coverage, to one exhibiting black patches on the electrode surface which

could not be removed electrochemically.

Dynamic experiments were performed using data acquisition routines adapted from

software originally developed to determine the IR spectra of species from a gas

chromatograph steam. This enabled spectra to be obtained within 1.23 s (at a resolution of

8.0 cm-l and the coaddition of 4 scans). The cyclic voltammogruun was recorded between the

limits of 0.0 and -0.6 V (SCE) (for bromide, nitrate and sulphate electrolytes) and 0.0 and -

0.7 V (SCE) (for phosphate) at the sweep rate of 9.2 mY s-1. Spectra were also acquired

during this time. The raw data obtained from the spectral acquisition is presented in the form

of functional-group chromatoglams. These are calculated by determining the intensity of IR

features in the acquired spectra, labelled scan-sets, within specified spectral regions. The

spectra displayed in Figs. 6.7-10 were calculated by coadding selected scan-sets connibuting

to a peak in the chromatogram. Each specrum obtained by this method has a range of 30

mV. The quoted potentials for each spectrum are determined from the central peak in the

chromatogram which was used to calculate the spectrum.

Raman spectra were obtained of HV+'radicals with differing counterions using an

electrochemical cell. The cell has a three electrode arrangement employing a Pt foil (5 mm

x 5 mm, 99Vo pure) working electrode, Pt wire (1 mm diameter, 99 Vo pure) counter electrode

and a saturated calomel electrode (SCE) as the reference. The working elecEode acted both

as the optical element and site of reduction. The electrochemical equipment is identical to that
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reported previously (Sect. 4.2). The volume of solution in the cell was 15 cm3. The path

length of the laser through the electrolyte was estimated to be 2 cm. Specta of H\d" were

obtained at -0.6 V (SCE). Immediately after this, spectra were acquired at 0.0 V (SCE) to

determine if any decomposition of the radical had occurred under the influence of laser

irrad.iation. In each case, the spectrum obtained was consistent with the spectrum of H\d'2 in

solution and the supporting electrolyte. This indicated that no sample decomposition had taken

place during data acquisition for the radical.

A Jobin-Yvon U1000 spectrometer was used to obtain Raman spectra at 5L4.5,487.9

and 457.9 nm at an incident power of < 20 mW. A Spectra Physics (Model 2016) argon-ion

laser was used as the excitation source. Non-lasing plasma lines were removed with a Laser

III premonochromator installed before the sample chamber. A GaAs detector (RCA RF-TSA

31034) photomultiplier interfaced to a Spectra-link photon-counting system was used to

measure the Raman shifted photons. The Spectra-link system controls the data acquisition and

enables a computer to be interfaced to the spectrometer. Spectra were obtained with a spectral

integration time of 0.2 s, and spectrometer scanning speed of 5 cm-1 s-r and bandpass of 4.5

c*-1. SpecEa were manipulated using Prism and Specna-Calc (Galactic Industries) software.

6.3 Results and Discussion

6.3.1 Raman studies

The Raman spectra of the dibromide salts of H\r+'2 and HV+' generated

electrochemically are presented in Fig. 6.1. Band positions and assignments are presented in

Table 6.1. Specna of tIV+' generated in the presence of bromide, nitrate, monohydrogen
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Table 6.1 Raman spectral features (r*-1) and assignments obtained for Heptyl viologcn

(HV) and Methyl viologen (MV) totally symmeFic vibrations.

r657

1532

r646

1542

HV+2

solid

1295

t234

t175

t062

1354

L252

+59

+18

Assignmenl(d)

v(GC),v(C-C)i't r-
ring

v(C:C),v(C-N),
6(c-H)rins

v(C:C),v(C-C)iot.r-
ring

6(c-H)rins

v(GC),v(N-Alkyl)

v(GC),v(C=N),
6(ring)

$n

1354

1538

1301

t234

I 193

1061

1536

1358

1252

L2L2

1029

+56

+18

+18

-32

(a)

(b)

(c)

(d)

tr=[v(HV+)-v(nV+2)]
A=[v(MV*)-n(tutv*2)]
values taken for M\d'2 see Ref. 44
Assignments for MV+2 see Ref. 44
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Figure 6.2

r33

Resonance Raman spectra of H\d' radical films electrogonerated from anion

exchanged H\t2 (0.01 mot dm-3) at -0.6 v (scE) in an aqeous medium. The

counterions and supporting electrolytes (0.1 mol dm-J of the potassium salt)

are (a) bromide, Oj nitrate-, (c) phoiphate and (d) sulphate. (Ar+ 514.5 nm,20
mW; bandpass, 4.5 cm-').
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Figure 6.3 Resonance Raman spectra of the HV+'radical film generated as the bromide

salE The spectra were excited using the (a) 5f4.5 nm, (b) 488 nm and (c),458

nm lines of the Ar+ laser. (incident radiation 20 mW, bandpass 4.5 crn ')
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phosphate and sulphate presented in Fig. 6.2 and, the spectra of the bromide salt of HV+'

obtained at the excitation frequencies 514.5, 488 and 458 nm are shown in Fig. 6.3.

The pattern of features present in the resonance Raman spectra of HV+2 and FIV+' are

similar to those observed previously for N,N'-d.imethyl 4,4'-d.ipyridinium M\rt'2 and M\r+",

respectively.44A6,47 This suggests that the change in quaternising group, from methyl to

heptyl, does not cause mixing of vibrational modes of the substituents with that of the

dipyridyl ring. The similarity in the pattern of bands in the spectra of MV+' and HV+' also

suggests that the change in substituent does not affect the elecronic structure of the radical

cations. The similariry of the spectra of FIf" generated in the presence of differing

counterions (Fig. 6.2) indicates that the counterions do not perturb the electronic structure of

the radical.

Assignments of the H\r+" species were made on the basis of normal co-ordinate

analyses (NCA) that have been performed for MVt'2 and M\d".4 A large difference in

frequency occrus in the position of the 1175 cm-l band in the Raman spectrum of HV+2 @g.

6.1(a)) compared to its counterpa.rt in the spectrum of MV+2 appearing LtlLg3 cm-I. This

band may be assigned to a mode with conuibutions from the N-alkyl stretch, as the

displacement to lower frequency is consistent with the increase in mass of the heptyl group

relative to the methyl. This assignment is supported by the observation that the

asymmerically substituted N-methyl N'-octyl 4,4'-dipyridinium dication exhibits two bands

in the Raman sp".ttu*4 (1189 and 1175 cm-l) which correspond to the frequencies of

related fearures in the spectra of MV+2 (1193 
"rn-l) 

and HV+2 (1175 cm-l).

Previous investigations by IR spectroscopy (Sect. 4.3.1) suggested that an equilibrium

exists between monomeric and aggregated forms of HV+". It is of interest to determine if

effects are observed in the Raman spectra. The bands in the spectrum of HV'" (1657, 1532,
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1354,1253 and 1033 cm-I, see Fig. 6.1O)) recorded in an aqueous medium, occur at similar

frequencies to the spectra of HV+' electrogenerated in acetonitrile (1654, L527, 1354, 1024

c*-1, see Table 6.1). These features a.re observed at similar frequency to bands observed in

the spectnrm of H\d" electrogenerated in phosphatidyl choline vesicles (1657,1530, 1351,

1245 and 1027 cm-l) which have been assigned to the monomeric radical.z2 The presence

of bands attributable only to the monomer in the Raman spectrum of the HtF' Rtm

electrogenerated from an aqueous medium is surprising as previous investigations (Sect. 4.3.1)

reveal evidence for monomer-aggregate equilibria.

This result may be explained by initially considering the differences in the acquisition

of the IR and Raman spectra of IfV+' as the concentration of H'tr'2 used to generated the

radicals is identical for the two techniques. The IR experimental conditions favour the

formation of aggregates, as the thin layer arrangement employed in the experiment is

expected to exhaustively reduce any HV+2 in the interfacial region. The high concentration

of the radical is then expected to favour the formation of aggregates. The possibility of

diffusion is greater in the case of the experimental arrangement used in the Raman studies

since the electrode is not in thin-film contact with a surface as in the IR experiment. The

lower concentration of the radical would then tend to favour the non-aggregated species.

Alternatively, the observation of spectral features assigned only to the monomer may

be related to the wavelength of the incident radiation (514.5 nm). The elecEonic absorption

(ultra-violet visible) profiles associated with the aggregated and monomeric forms of viologen

radicals32 exhibit spectral maxima at 550 and 600 nm, respectively. The use of excitation

lines of shorter wavelengths is therefore expected to selectively enhance specEal features due

to the aggregate. The spectra of the HV+' film excited at 5'1.,4,488 and 456 nm are presented

in Fig. 6.3(a)-(c), respectively. It is evident that new spectral features are present at lower
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frequencies relative to the intense bands at 1655, 1532 and 1355 cm-l (Fig. 6.3) as the

wavelength of the exciting line decreases. In particular, the shoulder appearing to lower

frequency relative to the band at L532 cm-L in the Raman spectrum obtained at 514.5 nm,

appears to gain intensity as the wavelength of the exciting line decreases. The band at

1516 cm-l in the Raman spectrum, obtained with the 458 nm lasing line (Fig. 6.3(c)), is

similar in frequency to a band (1506 cm-l) assigned to the aggregate in the Raman spectrum

of associaled viologen radicals.2235'48 This favours the second explanation, i.e. that aggregate

species are present in radical films of H\d" obtained from aqueous media.

6.3.2. IR spectra.

IR (PS) spectra of the H\r+" generated in electolytes containing the bromide, nitrate,

monohydrogen phosphate and sulphate anions are presented in Figs. 6.4(a)-(d), respectively.

The IR spectra of the radical films obtained by PM experiments are presented in Figs. 6.5(a)-

(d) for H\i+" films generated in the presence of bromide, nitate, monohydrogen phosphate

and sulphate, respectively. The band positions and spectral assignments are presented in Table

6.2.

On reduction of H\r+'2 to form the radical HV+', the following reactions are expected

to occur:

Hy*Z + e - +219- -lHV..J-l *X - 6.1
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Figure 6.4 Potential subtractionJPs) IR spectra.of H\t' radicals elecrogenerated from
anion exhanged II\r+'2 (0:01 ill dm-3) at -0.6 V (SCE) inan aqupus medium.

The counterions and supporting electrolytes (0.1 mol dm-r as the potassium

salts) arc (a) bromide, (b) nitrate, (c) phosphate and (d) sulphate.

rornunscm (crn-l)
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Figure 6.5

139

polarisation modularion (PM) IR spectraof HV+'radicals electrogenerated from

anion exchanged HV+2 (0.01 moi dm-3) at -0.6 V (SCE) in an aqueous

medium. The counterions and supporting electrolytes (O.1 mol dm'" as the

potassium salts) are (a) bromide, (b) nitrate, (c) phosphate and (d) sulphate.
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where X- is ttre monovalent counterion in solution and [HV+',X-] describes the radical ion-

pair. For dianions the reaction may be rewritten:

2HV"2 +2e - +2X -2 -121 Y.' I -21 + 11 
-2

This suggesrs that a depletion of the counterion from the interfacial region should occur as

the radical film is formed. Disappearance features in the PS specra assigned to nitrate (ca.

1370 cm-l; Fig. 6.aO)), monohydrogen phosphate (1076 cm-l; Fig. 6.a(c) and sulphate (1107

cm-l; (Fig. 6.4(d)) are also consistent with this expectation. The PS spectra also exhibit

disappearance features assigned to HV+2 (1637, 1555, !467, 7452 and 1237 cm-r). These

features, together with those assigned to the counterion in the PS spectra are consistent with

Eqs. 6.1 and6.2.

As discussed in Ch. 4, bands which have been assigned to the FIf" radical aggregate

appear in the PS and PM spectra at 1602, 1510, 1340 and 1165 cm-l. Bands assigned to HV+'

in a monomeric form are found at 1630 and 1185 crnl in the PS specra. The PM spectra,

obtained in the presence of different counterions (Fig. 6.5) exhibit a consistent pattem of

spectral features for each counterion (ca. 1600, 1500, 1340 and 1160 cml). The most

noticeable difference between the PS (Fig. 6.a) and PM spectra (Fig. 6.5) is the absence of

intense disappearance features assigned to the counterions. The only exception may be

observed in the asymmehry of the feature at 1340 cm-l in ihe specrom of HV+' generated in

the presence of a nitrate electrolyte (Fig. 6.5(b)). This fearure occurs at a similar position

(centred ca. 1370 cm-l) to a band in the associated PS qpectrum (Fig. 6.4(b)) and has been

attributed to a nitrate mode. The lack of counterion features in the PM spectra may be due

to a greater degree of intensity enhancement of the bands in the aggegate relative to those

of the counterion. The latter argument is consistent with the vibronic coupling model.23'%
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This would also suggest that the disappearance features assigned to the counterion in the PS

specra should be similarly weak. The intensity of counterion bands in the PS spectra suggests

that the degree of enhancement is not as large as predicted by the vibronic model.

The absence of features assigned to the counterion in the PM spectra may also be

explained by the surface-selection rule. As a fust approximation, the random incorporation

of anions in the radical film would be expected to result in no net orientation of the

molecular dipoles with respect to the electrode surface. No preference for the absorption of

p or.s polarised radiation would occur, and hence no difference would be observed in the PM

specta. Alternatively, the absence of a disappearance feature due to nitrate in the PM

specrrum (Fig. 6.5(b)) may be due to the orientation of the nirate with respect to the

electrode surface. The vibrational dipole of the v, nitrate mode, observed in the PS spectrum

of H\r+" generated in the presence of the ion (Fig. 6.4(b)), is directed parallel to the molecular

plane of the anion.49 The presence of a conformation in which the molecular plane of nitrate

is parallel to the electode surface results in no net vibrational dipoles oriented perpendicular

to the electrode surface. Hence, the low intensity of bands associated with ttre nitrate ion in

the PM spectrum. The absence of bands assigned to the counterion in the PM spectrum of the

HV+' film generated in a sulphate medium (Fig. 6.5(d)) is unexpected. This is due to the

assignment of the band appearing at 1107 cm-l in thePS spectrum (Fig.6.4(b)) to av3 (F2)

vibration.ag This triply-degenerate vibration of the tetrahedral sulphate ion is expected to

exhibit a molecular dipole perpendicular to the electrode surface, irrespective of the

orientation of the anion. Following this, it is expected that the bands associated with the

sulphate in the PM spectrum to be less intense than the related banrt,in the PS spectrum. This

is because only one component of the v, sulphate vibration is observed in the PM spectrum.

However the intensity of the spectral features associated with sulphate in the PS spectra is due
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to the sampling of all components of the v3 vibration. The absence of bands due to the

counterions in the PM specta (Fig. 6.5) of the HV+'radicals is unclear as neither a totally

random arrangement nor complete orientation is sufficient to explain the results fully.

6.3 2.1 Dynamic Expertments

Experiments to estimate the degree of enhancement of the bands assigned to the

aggregate were performed by synchronising data acquisition with a potential sweep. The

resulrs of the cyclic voltammograms are presented in Figs. 6.6(a)-(d) for radicals generated

in the presence of bromide, nitrate, monohydrogen phosphate and sulphate, respectively. The

associated IR spectra of the Httr" films obtained by this method are presented in Figs. 6.7-L0.

As the potential reaches -0.55 V (SCE) on the cathodic sweep, a negative current is

observed (Fig. 6.6(a)), indicating the reduction of H\rt'2 to form HV+'. This is evident by the

appearance of features at 1189 and 1168 cm-l in the PS spectrum recorded at -0.55 V (SCE)

(Fig. 6.7(b)) which may be assigned to the H\d" monomer (M) and aggregate (D),

respectively. The intensity of these spectral features reaches a maximum in the spectrum at

-0.56 V (SCE) on the anodic sweep (Fig. 6.7(d)).

The pattern of bands in Fig. 6.7 (at 1340,1189 and 1168 cml) may be compared to

the spectral features present (at 1630, 1602, L512, 1.340, 1189 and 1168 cm-l) in experiments

where the radical film was maintained under potentiostatic conditions (-0.6 V (SCE) during

spectral acquisition (see Fig. 6.a(a)). However in the present case, features at 1630, 1602 and

L5L2 ue not evident due to the interference arising from the incomplete subtraction of water

vapour. In addition, bands in the region 1000-1070 cm-l are attibuted to noise as a result of

absorption of IR radiation by the CaF2 window at these frequencies. Bands at 1463 and
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Figure 6.6 Cyclic voltammograms (sweep rate, 9.1 mW s-l) of anion exchanged HVz+
(0.01 mol dm-r) solutions with supporting electrolytes (0.1 mol dm-r as the

potassium salt) of (a) bromide, (b) nitrate, (c) phosphate and (d) sulphate. The
x-axis limits are 0 V to -0.6 V (SCE) for traces (a), (b) and (d), and 0 V to
-0.7 V (SCE) for race (c).
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Figure 6.7 Potential subtraction (PS) IR spectra of H\r+' obtained at different potentials
during the cyclic voltarrunetric sweep from Figure 6.6(a) in an aqueous

medium.(a) -0.41, (b) -0.55, (c) -0.56, (d) -0.56, (e) -0.54, (0 -0.48, (g) -0.42

and (h) -0.37 V (SCE). The counterion and supporting electrolyte (0.1

mol dm-3 KBr) was the bromide ion. Bands labelled M, D and P refer to the

features assigned to the monomeric HV*; aggregated HV+'and HV*2,
respectively. Spectral features in the regions 

-SOb-Z1OO 
and 1800-1500 crn-l

are due to the incomplete subtraction of atmospheric carbon dioxide and water
vapour.
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Figure 6.8
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Potential subtraction (PS) IR spectra of H\t' obtained at different potentials

during the cyclic voltammogram sweeps from Figure 6.60) in an aqueous

medium. (a) -0.51, (b) -0.50, (c) -0.58, (d) -0.58, (e) -0.56, (0 -0-55' @) -0-52,
(h) -0.42, (i) -0.31, and$) -0.19 V (SCE). The counterion and supporting
electrolyte (0.1 mol dm-r Kl.lO3) was the nitrate ion. Bands labelled M, D and

P refer to the features assigned-to the monomeric Ffid", aggregated HV+'and
H\d'z, respectively. Spectral features in the regions 2500-2100 and

1800-1500 cm-r are due to the incomplete subtaction of atmospheric carbon

dioxide and water vapour.
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Figure 6.9

t47

-0.44

Potential subraction specra of H\d" obtained at different potentials
during the cyclic voltammogram sweeps from Figure 6.6(c). (a) -0.46,
(b) -0.59, (c) -0.67, (d) -0.59, (e) -0.47, (f) -0.44, G) -0.32, (h).-0.28,
and (i) -0.20 V (SCE). The supporting electrolyte (0.1 mol drn-J

KH2PO4 and 0.1 mol dm-r NaOH) was the monohydrogen phosphate

anion. Bands labelled M, D and P refer to the features assigned to the
monomeric H\r+", aggregated tlf.'and H\r+'2, respectively. Specral
features in the region 2500-2100 cm-' are due to the incomplete
subtraction of atmospheric carbon dioxide.
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Figure 6.10 Potential subtraction spectra of H\d" obtained at different potentials

during the cyclic voltarnmogram sweeps from Figure 6.6(d). (a) -0.14'

(b) -0.41, (c) -0.47, (d) -0.59, (e) -0.55, (f) -0.51, (g) -0.45' (h) -0.38'

(i) -0.22 and C) -0.14 V (SCE). The counterion and supPorting

electrolyte (0.1 mol dm-r K2so, was the sulphate ion. Bands labelled

M, D *a p refer to the feitures assigned to the monomeric HV+",

aggregated H\d" and H\r+'2, respectively. Specral features in the regions

2500-2100 and 1800-1500 cm'r are due to the incomplete subtraction

of atmospheric carbon dioxide and water vapour.
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7477 cm-t, present in the spectrum of t{V+2 in the solid state, were noted as disappeuance

fearures in the spectrum of H\d" (Fig. 6.7(d)). These occru at similar frequencies to bands

previously assigned to the methyls0 (6a(CHt, 1450 cm'l) and methylene53'54 (6a(CH2), 1470

cm-l) deformation modes. Disappearance features (at2969,2g2g,2867 and 2851 cm'l) are

also noted in the spectrum of H\d" obtained at -0.56 V (SCE) (see Fig. 6.7(d). These bands

have been previously assigned55'56 to C-H stretching modes (vu(CHf, 2964; vu(CH2), 2918;

vr(CHf, 2877 and vs(CH2), 2849 cm-r).

The observation of bands in the PS specra (Figs. 6.7(b-g)) assigned to C-H vibrations

of the alkyl chain is unusual as the frequency and intensity of these modes is not expected

to change on formation of HV+'. The reduction of H\rt'2 is also known to be a reversible

process, suggesting that chemical decomposition of HV+z is unlikely. The intensity of the

disappearance features assigned to the C-H modes of H\r+'2 Qg70-2840 and 1480-1450 cm-l)

also appears to occur at a similar rate to that of the appearance features (1510, 1340 and

1162 cm-l) assigned to HV+'in the aggregate form. This suggests that the intensities of the

bands assigned to the aggrcgate modes in the IR spectra are comparable to that of the C-H

modes of H\r+'2. The latter observation is unexpectedras spectral features associated with the

aggegate are expected to be enhanced relative to the C-H bands of H\r+'2 due to the presence

of vibronic coupling. For example, the enhancement of the ring modes (at 1630 and

1188 cm'l) compared to the C-H sretching vibrations in the IR spectrum of the HV+'rad.ical

monocation, is also expected for the ag$egate. However, the observation that the intensity

of modes associated with the ring and C-H stretching vibrations change at similar rates is

inconsistent with the vibronic enhancement model. An alternative model to explain these

results is considered in Sect. 6.3.2.2.

The preceding discussion has focused on the formation of H\r+' films in which the
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counterion does not cause variations in the spectrum. The effect of the anion on the spectrum

of HV+' was studied by performing similar experiments using nitrate (Frg. 6.8),

monohydrogen phosphate (Fig. 6.9) and sulphate (Fig. 6,10) as counterions. It is evident that

the relative rate of depletion of the counterion, evidenced by disappearance features assigned

to the counterion in the thin layer, occurs at a similar rate to that of the appearance features

associated with the trV*'nm. This also suggests that the aggegate modes are not enhanced.

The cyclic-voltammogram for the reduction of HV+2 and subsequent reoxidation of HV+'in

the presence of nitrate (Fig. 6.6(b)), exhibits residual curents in the trace at potentials more

positive than the main anodic stripping peak (0.39 V (SCE)). The spectra obtained after this

point exhibit bands due to the aggregate (1168 cm-l) which are more intense than comparable

features assigned to the monomer (1189 cm-l). This suggests that the component of H\d" that

is oxidised at more positive potentials is due to the aggregate.

The monomer to aggregate ratio in the spectra of HV+' generated in the presence of

phosphate (Fig. 6.9) and sulphate (Fig. 6.10) remains constant throughout the reduction-

oxidation cycle. This may be compared to results obtained for HV+'in the presence of niuate

(Fig. 6.8) in which the ratio of monomer to aggregate exhibits a greater variation. This may

be related to the higher probability of aggregate formation in the presence of dianions (such

as monohydrogen phosphate and sulphate) since one dianion is expected to associate with two

HV+'molecules (see Eq. 6.2).

6.3.2.2 Reorientation model

The reorientation of the alkyl chains may provide a possible mechanism to explain the

decrease in the intensity of the C-H modes associated with H\r+". The change in intensity of

the CH modes may be considered in terms of the anisotropy of vibrational dipoles of the C-H
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stretching modes with respect to the alkyl chain. The vibrational dipoles of the vr(CH2) and

va(CH2) modes are oriented parallel and perpendicular to the plane formed by the C-C-C

bonds of the alkyl chain, respectivrly.58 This contrasts with the vibrational d.ipoles of the

vs(CH3) and vu(CH3) vibrations which are oriented parallel and peqpendicular to the C-CH3

bond, respectively.sS Th" alignment of the alkyl chains of heptyl viologen with respect to the

surface, is expected to alter the orientation of the vibrational dipoles of the C-H snetching

modes. For example, an orientation of the C-C-C skeleton of the alkyl chain perpendicular

to the electrode surface is expected to result in an alignment of the vibrational dipole

moments of the vr(CH2), vu(CH2) and vu(CH3) modes parallel with respect to the electrode

surface while the dipole moments of the vr(CHf ,noarli".ullel to the C-CH3 bond.

Therefore, a peqpendicular orientation of the alkyl chain with respect to the electrode surface

is not expected to result in the absorption of p polarised radiation in the PM experiment, as

observed in Secr 4.3.4. However, the decrease in the intensity of C-H modes in the PS

spectra on formation of the radical may suggest that the alkyl chains have become more

disordered. This is expected to randomise the orientation of the vibrational dipoles of the alkyl

vibrational modes and therefore decrease the intensity of the IR absorption relative to the

situation in which the vibrational dipoles are more ordered. In the latter case, the vibrational

dipoles are reinforced. The reduction in intensity associated with the disordered phase is due

to the fact that the vibrational dipoles no longer reinforce each other, but instead assume an

average value. If both the dipyridyl ring in H\d'2 and the alkyl chain of H\r+'z are oriented

parallel to the elecftode, the randomisation of the alkyl chains that occurs on formation of

HV+' is expected to decrease the intensity of the C-H modes in the PS spectra.

The assignment of the spectral features in the dipyridinium portion of HV may be

made by comparison with the normal coordinate analysis of methyl viologen. These
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calculations were performed assuming a Dzt, structu.re.44'59 Und.t the symmetry operations

of D26, the IR-active vibrations are of B2u and B3u synunetry, representing changes in the

vibrational dipole moments along the x and y axes, respectively. The choice of axis system

suggests that the vibrational dipole for normal mode vibrations of Bru symmebry will be

directed parallel to the plane in which the dipyridine rings lie, in a line connecting the two

nitrogen heteroatoms. The vibrational d.ipoles of Bru symmetry are also directed parallel to

the plane of the dipyridine ring, but bisect the inter-ring C-C bond. If the dipyridine Portion

of H\t''' fes such that the long axis of the molecule is perpendicular to the electrode surface,

only the Bgu modes will be observed in the PM spectrum. Alternatively, an orientation where

the short axis is perpendicular to the electrode surface would result in only the Bau modes

being observed in the PM spectrum. The present assignment, which agrees with that

determined previously for N,N'-ethyl octadecyl 4,4'-dipyridinium,62 tugg"ttt that the

vibrations from the dipyridine portion of HV+2 give rise to modes of Bru and B3u symmetry.

This indicates that the molecular axes of the dipyridine portion in HV+'are tilted with respect

to the electrode surface.

6.32.3 Time lapse experiments

The aging effect noted in Sec. 6.1 was further examined in studies in which the radical

film was repeatedly formed and erased. The experiments were performed by maintaining the

potential at which the radical is formed (-0.6 V (SCE)) for 10 minutes prior to the application

of an electrochemical sweep (9.4 mV s'1; fro* -0.6 V (SCE) to 0.0 V (SCE). The IR spectra

were obtained immediately before the application of the potential sweep. The spectrum

obtained from the $Srnrr*al in which the radical was allowed to stand is labelled (a), and
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subsequent spectra obtained by a repetition of the procedure (potentiostatic conditions

followed by a potential sweep) are labelled (b), (c), (d), (e) and (0, resPectively. The cyclic

voltammetric waves are presented in Figs. 6.11,6.13,6.15 and 6.17 for the anodic sweep of

Ufr'" rums obtained in the presence of bromide, niEate, monohy&ogen phosphate and

sulphate supporting electrolytes, respectively. The associated IR spectra are shown in Figs.

6.72,6.L4,6.16 and 6.18 for HV+'films formed in the presence these electrolytes. IR spectra

have been normalised with respect to the 1340 cm-l band assigned to the HV+'aggregate in

the IR spectrum of (a) for each counterion.

' 
The cyclic voltammogram (a) for HV+'films generated in the presence of a bromide

electolyte (Frg. 6.11 (a)), exhibits current maxima at -0.37 and -0.24 V(SCE). The relative

magnitude of the two current maxima is reversed in (b) (see Fig. 6.11), and appears constant

for subsequent anodic sweeps, (c) - (f), (see Figs. 6.11). The cyclic voltammograrruobtained

from (a) and (b) (Frg. 6.11) resemble the current traces obtained from the anodic sweep of

the cyclic voltammogrannof N,N'-d.ioctyl4,4'-d"ipyridinium at the sweep rates of 150 mV s-l

and 60 mV s-1, respectively.l These results were interpreted in terms of a change in the state

of aggregation of the deposit.

The presence of two anodic stripping waves in Fig. 6.11 may be related to the state

of aggregation of H\r+" as the electrode potentials of the H\d" monomer and aggregate are

expected to differ. For example, MV+2 exhibits an anodic stipping wave at -0.42V (SCE),

whereas dimer probes which have been synthesised
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Figure 6.11 Anodic sweep (9.1+mV Sl) voltalnmograms of HV+'bromide
films after holding the potential at -0.6 V (SCE) for 10 minutes. The

traces (a) to (f) represent the fust to sixth times that the Process was

repeated without moving the electrode. Supporting electrolyte (0.1 mol
dm-r KBr) and counterion was the bromide ion.

r54
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Figure 6.12 Potential subtraction spectra (PS) specta obtained from HV'" films after
holding the potential at -0.6 V (SCE) for 10 minutes immediately prior
to the application of an anodic sweep in Fig 6.11. The traces (a) - (f)
represent the frst to sixth times the process was repeated without
moving the electrode. The supporting electrolyte (0.1 mol am-3 Kgr)
and counterion was the bromide ion. Bands labelled M, D and P refer
to the feanues assigned to the monomeric H\r+'', aggregated H!d'and
H\.t1 respectively.

155

ot,ao

i{



Chapter 6: Heptyl viologcn films, counteriod {fects

Figure 6.13 Anodic sweep (9.1rmv Sl) voltammograms of HV+' nitrate

films after holding the potential at -0.6 V (SCE) for l0 minutes. The

traces (a) to (f) represent the fust to sixth times that the Process was

repe-ated without moving the electrode. Supporting electrolyte (0.1 mol

dm-r KNO3) and counterion was the nitrate ion.
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Figure 6.1.4

157

Potential subtraction spectra (PS) specta obtainedfrom H\C" films after

holding the potential at -0.6 V (SCE) for 10 minutes immediately prior
to the application of an anodic sweeP in Fig 6.13. The Eaces (a) - (f)
represent the first to sixth times the process was repeated without
moving the elecuode. The supporting elecrolyte (0.1 mol dm-3 KNO3)

and counterion was the niUate ion. Bands labelled M, D and P refer to
the features assigned to the monomeric HV+i aggregated HV+'and
Hv+z, respectively.
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voltammograms of HV+'Figure 6.15 Anodic sweep (9.1+ mV s-l)
monohydrogen phosphate films after holding the potential at -0.6 V
(SCE) for 10 minutes. The traces (a) to (f) represent the first to sixth
times that the process was repeated without moving the electrode.

Supporting eleirolyte (0.t mol dm-3 KHreOa and 0.1 mol dm-3 NaOH;
was the monohydrogen phosphate ion.

-0.6v
E lv (scE)
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Figure 6.16

159

Potential subtraction spectra @S) specua obtainedfromH\r+" films after

holding the potential at -0.6 V (SCE) for 10 minutes irnmediately prior
to the application of an anodic sweeP in Fig 6.15. The traces (a) - (f)
represent the flust to sixth times the process was repeated without
moving the electrode. The supportingllectrolyte (0.1 mol drn-3 KH2PO4

and 0.1 mol dm-5 NaOFI) was the monohydrogen phosphate ion. Bands

labelled M, D and P refer to the features assigned to the monomeric

HV+', aggregated H\d" and H\rt'z, respectively.
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Figure 6.17 Anodic sweep (9.1+mV s-1) voltammogmms of HV+' sulphate
fiIms after holding the potential at -0.5 V (SCE) for 10 minutes. The

traces (a) to (f) represent the first to sixth times that the process was

repeated without moving the electrode. Supporting electrolyte (0.1 mol
dm-r K2SOj) and counterion was sulphate ion.

160
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Figure 6.18

161

Potential subtraction spectra (PS) specra obtained from H\d" films after

holding the potential at -0.6 V (SCE) for 10 minutes immediately prior
to the application of an anodic sweep in Fig 6.17. The traces (a) - (0
represent the first to sixth times the process was repeated without
moving the electrode. The supporting elecrolyte (0.i mol d'm-3 X|SO,
and counterion was the sulphate ion. Bands labelled M, D and P refer

to the features assigped to ihe monomeric H\d'', ag$egated H\r+" and

HV*z, respectively.

ag
G

EI
€



Chapter 6: Heptyl viologenfilms, counterion efects 1,62

exhibit reoxidation waves at -0.L2 V (SCE).60 This suggests that the aggregate is stabilised

relative to the monomer and would be expected to be reoxidised at a more positive potential.

In the present investigation, the PS spectra, of (a) and (b) (see Fig. 6.12) exhibit

d.ifferences in the intensity of a specfral feature assigned to the monomer (11S9.t-11. This

is consistent with a slight increase in the concentration of the monomer in the thin-layer

region. However, the small differences noted in the intensity of spectral features of (a) and

(b) (Fig. 6.12) we not as marked as the relative changes in the magnitude of the curent

maxima occurring at -0.37 and -0.24 V (SCE)) in Figs. 6.11(a) and (b). This suggests that the

current maxima observed in Fig. 6.11 are unlikely to be associated with discrete molecular

species, such as the H\d" monomer or aggregate, but are more likely to be due to the

presence of regions of differing crystalline forms. The different crystalline forms are expected

to exhibit similar spectral features, and therefore would not be detectable as separate species

in the IR spectra. The similarity in the chemical composition of the aged and initially

deposited Htd" fitrns was also noted by quartz microbalance techniques.6l

The presence of aging effects were not as marked when the HV+'films were generated

in the presence of nitrate (Fig. 6.13), monohydrogen phosphate (Fig. 6.13) and sulphate (Fig.

6.14). A shoulder to more negativo potential is noted on the anodic sweep (b) in the cyclic-

voltammogram (Fig. 6.13(b) of HV+' generated in the presence of the nitrate ion with respect

to (a) (Fig.6.13). A band at 1189 cm-l, assigned to the HV+'monomer exhibits a marked

increase in intensity in going from the IR spectrum (a) to O) (Fig. 6,14). This is in contrast

to the result for a H\|" film generated in the presence of a bromide electrolyte, in which

changes in the magnitude of the more cathodic stripping wave in (b) and (a) (see Fig. 6.11)

were associated with a slight increase in the concentration of the H\tr" monomer (compare

Figs. 6.12(b) and (a), respectively). The presence of shoulders noted in the anodic stripping
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waves (a), (b) and (c) (Fig. 6.15) for HV+' generated in the presence of monohydrogen

phosphate also does not appear to correlate with the relative changes in the intensity of the

spectral feature associated with the monomer (1189 cm-l) and aggregate (1168 cm-l)

(compare Figs. 6.16(a)-(c), respectively). Likewise, the increasing intensity of the spectral

feature assigned to a monomer in the spectra of HV+' generated in the presence of a sulphate

electrolyte (Fig. 6.18) does not appear to correlate with the cyclic voltammogram traces in

Fig. 6.17 (note that the anodic stripping maxima are ill-defined).

6.4 Conclusions

In the present investigations, Raman and IR spectra were obtained of the Hf.'films

from electrolytes containing bromide, nitrate, monohydrogen phosphate and sulphate. Raman

spectra of HV+' films exhibit little variation in the pattern of spectral features associated with

a change in the counterion. This suggests that the effect of the counterion on the electronic

structure of H\r+" is minor. The presence of a monomer ag$egate equilibrium for HV+' was

implicated in Raman investigations employing different exciting lines.

PS and PM spectra of H\d" films indicated the presence of spectral features attibuted

to the counterion in the former, but not the latter technique. This could not be interpreted in

terms of either a random incorporation or a regular orientation of the counterion in the radical

film. IR spectra were obtained in experiments employing synchronous specml acquisition

with potential sweeps. The intensity of bands assigned to the C-H and ring modes appear to

vary at similar mtes. This suggests that the vibronic coupling model, which has been used to

assign the IR spectra of the viologen radicals and predicts a large intensity for the vibronically

activated modes, may need to be modified. A possible explanation may be in terms of the

reorientation of the quaternising alkyl chains and dipyridine ring with respect to the electrode



Cltopter 6: Heptyl v'tologenfrlms, counterion effects

surface which occurs on formation of the radical.

r64

The effect of aging was noted by the presence of two curent maxima present in the

cyclic-voltafilmograms on the anodic sweep of HV+' films generated in bromide electrolytes.

The presence of two current maxima could not be related simply to spectroscopic changes

resulting from variations in the concentration of the monomeric and aggregated forms of

HV+'. This suggests that the aging effect is more likely to be associated with changes which

occur in the solid state, such as crystallisation effects.

Future investigations should include the investigation of the radical films with IR

radiation polarised parallel to the elecffode surface. A possible experimental arrangement

could involve the construction of a thin-layer cell in which the electrolyte is sandwiched

between two IR transmitting windows, one of which would have an electrode vapour-

deposited onto the surface. The PM experiment may then be performed with the cell oriented

so that the incident radiation is polarised parallel to the electrode surface and the resultant

radiation detected by transmission. This experiment would allow an insight to be gained as

to the reorientation of the alkyl chain and the dipyridine portion of heptyl viologen.

Alternatively, polarised IR radiation could be used in conjunction with an ATR element onto

which an electrode is vapour-deposited to determine the orientation and composition of

molecular species close to the electrode surface.
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Chapter 7 Theoretical and Spectroscopic Studies of N,N'-Dialkyl 2r2'

dipyridinium Compounds.

7.1 Introduction

The dication formed by the reaction between l,2-dibromoethane and2,2'-dtpyndine

is known to be a potent herbicide.l The salt was frst discovered in 1955 by workers at

Imperial Chemical Industries Ltd.2 and is now known by the trivial name diquat.a Other

compounds have been synthesised by the reaction of l,3-dibromopropane and tA-

dibromobutane with 2,2'-dtpyidine to form diquaternary salts, which have been given the

rivial names of riquatb and tetraquat,c respectively. TQ*2 and TIQ+2 exhibit very much

reduced herbicidal activity when compared to Dq+2.1 Similarly, the fully aromatic 2 bridged

analogue of diquatd exhibits reduced herbicidal activity.3 These find.ings prompted studiesl

to determine the properties that influence herbicidal action and the presence of the following

factors were found to be necessary for good activity:

1) It is necessary for the fust reduction step (which forms the radical monocation) to

u UQR systematic niune 6,7-dihydrodipyrido[1,2-a:2',L'-clpyrazinediium d.ibromide,
Fie.7.1(b))

o TQ*', systematic name 7,8-dihydro-6H-dipyridofL,2-a:Z',1'-cldiazepinediium
dibromide, Fig. 7.1(c)

c 11q+2, systematic name 6,7,8,9-tetrahydrodipyri doll,2-a:2',1'-c]diazocinediium
dibromide, Fig. 7.1(d)

o AQ*t, systematic name dipyrido[1,2-a:2',1'-c)pyrazinediium dibromide,
Fig.7.l(a)
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Figure 7.1
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be reversible.

t7l

2) The first reduction potential (eo) was required to be within the range -0.35 to

-0.45 V (SHE);a

3) The molecular dimensions of the compound also influence the herbicidal activity;

and

4) The two rings must be able to adopt a planar conformation (i.e. the dihedral angle

between the plane
ot
sth
A

e two pyridine rings, is close to zero). This was found to be

important as molecules exhibiting hindered rotation (such as compounds that have

been substituted with methyl goups at the C(3) position (Fig. 7.1)) do not exhibit

herbicidal activity.l

The influence of the dihedral angle on herbicidal activity has lead to X-ray diffraction

structure determinations of the conformation of the diquaternised dipyridines.S-8 Th. dihedral

angle was found to increase (from 0o, 19.?o and 65.80)7'6'8 as the alkyl chain-length CnHzn

(for n = 0,2 and 4, respectively) became longer. The conformational structtue was also

determined by NMR methods. These investigations suggested that conformational lability was

present h DQ*2,9'10'11 but that the conformations of TQ*2 and fiQ+2 were invariant on the

NMR time-scale.9'12'L3

The conformations of diquaternised 2,2'-dtpyidinium and the associated radical

monocations were also studied by electronic (ultra-violet visible) spectroscopy.la The

conformations were assigned on the basis of previous investigations performed on compounds

derived from biphenyl.l5't6 The variations in the intensity and position of bands (ca. 250 nm)

in the electronic spectra were found to arise from changes in the conformation of the

molecule. The spectra of biphenyl analogues of DQ, TQ and TTQ also exhibited variations

that were interpreted in terms of the conformation.lT'l8
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The eo value varies with the dihedral angle, becoming more negative as the alkylating

chain length increases. This result was interpreted as reflecting the greater amount of energy

requircd to force a non-planar molecule towards a planar conformation.l9 It was suggested

that a dihedral angle close to zero is adopted in the rad.ical as this conformatiori?*prrr.a ,o

allow a gleater degree of elecron delocalisation which will contribute to an electronic

stabilisation of the energy. However, the distance between non-bonded atoms is small when

the dihedral angle is close to zero and is expected to destabilise the planar

conformati on.74'20'21 The destabilisation of lower dihedral angles is also expected to be

greater in TIQ*2 than in DQ*2 due to a gleater amount of non-bonded interactions as the

length of the bridging chain increases.20

The vibrational spectrum of dipyridine is well understood from the use of these

compounds as a spectroscopic probe in catalysis.22 Th" IR spectra of heterocycles have been

reviewed.23'u'56 The normal coordinate analysis (NCA) of biphenyl25 and 2,2'-drpynd.ine26

have been performed and the effect of coordination of dipyridine on spectroscopic parameters

has been reviewed.2T The IR spectra of metal complexes which contain 2,2'-drpyidine as a

ligand have also been reported.26'28 The effect of pyridine-ring substitution29 and the effect

of quaternisation on the position of bands in the IR specta have been determined.30'31'32 'Ihe

IR spectra for AQ+2, TQ*2 and TTQ+2 have been reportedl9 but have not been interpreted.

The effect of charge-transfer on the IR spectrum of DQ+2 has been determined.a2 Raman

spectra of AQ+2, DQ*2, TQ*2 and TfQ+2 as the dibromide salts have been stud.ied.20 The

vibrational spectra of the radicals obtained from2,2'-dipyridine have also been the subject

of previous investigations. The 2,2'-dipyidine radical anion has been the subject of resonance

Raman and NCA investigations.33 The radicals of.2,2'-drpyridine DQ*', TQ+' and TIQ*',

which were generated by pulse-radiolytic techniques, have been studied by electronic
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spectroscopy.L4,S4 Vibrational @aman) spectra have also been obtained for 2,2'-dipyridine,

N-hydro 2,2'-drpyidinium and N,N'-dihydro 2,2'-dipyidinium cations,35 AQ*', DQ+'and

TQ+'.20

2,2'-dtpyidtne and quaternised derivatives have been investigated by theoretical

methods. The charge densities of AQ+2 have been determined by a modified Pariser-Pople-

Parr method.36 The geometrical and electronic structures of N,N-dihydro 2,2'-drpyndinium

have been investigated by ab initio,37'38 and semi-empirical methods.39 The electronic

structure of the c.rtv.radical obtained from2,2'-drpyndiurnhas also been investigated by ab

initio methods.40 A reduction in the dihedral angle present in the structure of the radical,

compared to that obtained from the dication was reported. This is consistent with the

interpretation proposed above, i.e. that the dihedral angle present in the radical decreases

relative to that associated with the dication. This is in confrast to the results from a theoretical

investigation using a parameterised Hi.ickel method which suggested the conformations

adopted by the radical and the parent compound are similar.4l

The structuioof the radicals (AQ*', DQ*', TQ+' and TIQ*) and the dications (AQ*2,

DQ*2, TQ*2 and TTQ+2) have been studied by Raman spectroscopy.14'20 The Raman specra

of AQ+2, DQ*2, TQ*2 and TTQ+2 exhibit bands which were found to be sensitive to the

conformation of these molecul"s.l9'20 Bands assigned to ring stretches in the Raman spectra

of the dications are shifted to higher frequencies as the dihedral angle increased. In contrast,

the position of the spectral features assigned to modes involving the C(2)-C(2') bond appeared

at lower frequencies as the dihedral angle increased. On formation of the radical, howeveSthe

variation in the position of the conformation sensitive bands was interpreted as being

consistent with a reduction of the dihedral angle in the radical compared to the parent

dication.
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The aim of the present investigation is to clarify the changes in conformation that

occur on reduction of the N,N'-dialkyl2,2'-drpyidinium dications to their respective radical

monocations. This was performed by optimising the geomeries of the dications and the

associated radical monocations using semi-empirical and ab initio calculations. Bond-orders

and molecular energies were also obtained by these methods. The vibrational spectroscopic

investigation of N,N'-dialkyl 2,2'-dtpyridinium compounds was extended by studying the

effect of the change of the dihedral angle on the pattern of bands present in the IR spectra

of the dications. These observations were related to the IR spectra of electrochemically

generated DQ+' and TQ*', which are reported for the fust time. The results of the theoretical

investigation were used to interpret the results from the vibrational spectra.

7.2 Experimental

7.2.1 Method of calculation

Ab initio and semi-empirical molecular-orbital techniques were used to obtain

parameters for the geometry, bond-orders and molecular-orbital energies. The ab initio

programme, Gaussian 86,43 was used to calculate the structures of DQ+2 and DQ+'employing

a standard STO-3G (a Slater-type orbital approximated by three Gaussian-type functions)

basis-set A standard Berney algorithm, implemented in the Gaussian pro$amme, was used

in the geometry optimisations. A restricted Hartree-Fock (RHF) calculation was used in the

calculation of DQ+2, whereas an unrestricted. Hartree-Fock (UHD method. was used for DQ+'.

The MNDO hamiltonian4 was used to perform the geometry optimisations and

calculate the bond.-orders of AQ*2, AQ*', DQ*2, DQ*', TQ*2, TQ+', TIQ*2 and TTQ+'. Initial

geomefies for AQ+z and DQ+2 were obtained from crystal structure determinations. The



C hapte r 7 : N N' -dia I ky I 2 2' 4i Wridi ni un c o mpo u nds. 175

initial values of ring bond-lengths of TQ*2 and TfQ+2 were obtained from the optimised

geometries of DQ+2. Initial geometries of the rad.ical monocations were obtained from the

optimised geometies of the respective dications. The fully optimised geometries were

calculated by the RHF method for the dications and UHF method for the cation monoradicals.

Geomebry optimisations were facilitated by the use of atoms located at the ring-centroid of

each pyridine ring (dummy atoms) which are not used in the quantum mechanical

calculations.

7.2.2 Synthesis

The compounds DQ+2, TQ*2 and TIQ+2 as the dibromide salts were synthesised from

2,2'-dtpyidine (May and Baker), l,2-dibromoethane (Aldrich), l,3-dibromopropane (BDH)

and l,4-dibromobutane (BDH) respectively using the procedure of Homer and Tomlinson.2l

The purity of these compounds was checked using their respective decomposition points

which were in agreement with literature values (DQ*2r 3400 C; TQ*2, > 3000 C; 1TQ+22: >

3000 C as the dibromide salts).l The IR spectra compared well with the band positions and

intensities from previously reported spectra.lg The dibromide salt of AQ+2 was donated by

Prof. L. Summers from the University of Newcastle and was used without furtherpurification.

The diquaternary salts formed by the reaction of l,2-dibromoethane and di-2-pyridyl ketone

(7,13-dihydro-13-oxo-6H-dipyridoll,2-d:2',!'-gl[1,4]diazepined.iium, DPK2+2) and a series of

N,N'-dialkyl 2,2'-dipyridinium (N,N'-d.imethyl 2,2'-d.ipyridinium, DtvtP+2; N,N'-diethyI2,2'-

dipyridinium, DEP+2 and N,N'-dipropyl2,2'-dipyridinium, DPP+2; perchlorates were donated

by Dr. D.J. Barker and again used without futher purification.
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7.2.3 IR Spectroscopic Inve stigations

The dications were dispersed in a KBr matrix and IR spectra obtained from pressed

disks. The IR spec&a of the radicals were obtained by application of the appropriate potentials,

-0.6 V for DQ+2 and -0.8 V for TQ*2, relative to reference saturated calomel electrode (SCE).

The radicals were generated from a solution of the aqueous diquaternary dipyridinium salt

(0.01 mol dm-3) to which aqueous KBr (0.1 mol d.m-3, May and Baker, Analytical Grade) had

been added. The solutions were thoroughly degassed prior to use, and spectra acquired under

a blanket of oxygen-free nirogen. The method of specral acquisition is similar to that

described previously for the viologen radical (Sect. 4.2) and potential subraction (PS)

techniques were used to subtract contributions from electro-inactive species such as the

electrolyte. Complications arising from concentration effects (e.g. the presence of aggregates)

are not expected to be as important in these systems as no associated changes in the electronic

spectra within the concentration range 0.05 to 0.001 mol dm-3 were observed.lg This is in

confast to the effects of the radical cation of N,N'-dimethyl 4,4'-dipyridinium which

undergoes a change in Lo from 600 nm to 550 nm as the concentration increases.5o

DQ*2 and TQ+2 are known to exhibit a reversible frst one-electon reduction step at

eo = -0.6zand -0.78 v (scE), respectively.sl The ,rao.tioffi$endent of pH.5l cyclic

voltammograms obtained from the reduction process are reversible for DQ*2 and TQ+2. AQ*2

exhibits an eo of -0.151 V (SCE)52 but the formation of AQ+' is not completely reversible.

This was confirmed visually, by the non-disappearance of the brown colour associated with

the radical on application of a positive potential (+0.3 V (SCE)) to the electrode. Radical

monocations formed by the reduction of DPK2+2 have also been investigated.as These salts

were not found to be elecrochemically reversible as the orange colour present on reduction

of the solution of the radical was not removed by application of anodic potentials. TTQ+2 is
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also known to exhibit a non-reversible frst one-elecfton reduction step.47

t77

7.3 Results and Discussion

7.3.1 Theoretical

The optimised geometries of the radical monocations and dications of AQ, DQ, TQ

and TTQ are presented in Figs. 7.2 - 7.5, respectively. The calculated and experimental bond

lengths for AQ+2, AQ*', DQ*2, DQ*', TQ*2, TQ+', TTQ*2 and TTQ+' are presented in Table

7.1. The variation of the energy of the lowest unoccupied molecular orbital (LUMO) with

respect to the dihedral angle for AQ+2, DQ*2, Tq+z and TIQ+z is presented in Fig. 7.6. The

variation of the energy required to promote an electron from the highest lying molecular

orbital (HOMO) to the LUMO (a r + rc* transition) for the d.ications and radicals of DQ, TQ

and TTQ against dihedral angle is presented in Fig. 7.7.The calculated point for AQ+' is not

presented as the electronic spectrum has not been determined. The variation in the bond-order

of bonds present in the dications and radicals of AQ, DQ, TQ and TTQ is presented in Table

7.2 and Fig. 7.8.

7.3.1.1 Descriptton of structures

The crystal structure of AQ+2 as the d.ibromide salt has been previously determined.T

No significant deviations of atoms from the mean plane of the molecule were observed,

suggesting that AQ+2 exhibits a planar structure. The most notable observation in the X-ray

structure is that the C(7)-C(7) bond length (1.35 A) is comparable to the bonds present in the

pyridine ring (1.34 - 7.4L A, see also Table 7.1). This suggests that the aromaticity extends

into the region defined by the atoms C(2)-C(2)-N(1)-C(7)-C(7). On formation of the radical,

it may be observed that bonds between atoms N(l)-C(z), C(2)-C(3), C(4)-C(5) and C(6)-N(1)
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Figure 7.2 The MNDO calculated structures of (a) AQ2+, and (b) AQ*'.
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Figure 7.3 The MNDO calculated structures of (a) Dd+, and (b) DQ+'.
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Figure 7.4 The MNDO calculated structures of (a) TQ2*, and (b) TQ{.
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Figure 75 The MNDO calculated structures of (a) TfQ2*, and (b) TTQ+'.
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Figure Z"Z The variation of ,&c diffo.rencc in ttre energies 9f &e LUMO and
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Tabte 72 Bond-orders calculated by the MNDO method for the dications and radical monocations of AQ, DQ,

TQ and TTQ (atom labelling schemes arc given in Fig. 7.1)

AQ*2 AQ+. DQ*2 DQ*' TQ*2 TQ". TTQ*2 TTQ+.

N(1)-C(2)

c(2)-c(3)

c(3)-c(4)

c(4)-c(5)

c(s)-c(6)

c(6)-N(1)

c(2)-c(2')

N(1)-c(7)

c(7)-c(7')

c(7)-c(8)

c(8)-c(8')

c(3)-H(3)

c(4)-H(4)

c(5)-H(5)

c(6)-H(6)

c(7)-H0)

c(8)-H(8)

r.t440

1.4449

1.3390

1.39M

1.4220

1.2168

r.2039

0.97s2

1.9777

1.0589

1.1583

r.6236

t.L&7

1.6318

1.0857

1.3r72

0.9928

1.7792

0.9580

0.9s84

0.9557

0.9465

0.9444

1.1s31

T,49M

1.3002

r.4374

1.3744

t.2776

0.9911

0.8682

0.9960

0.9530

0.9504

0.9473

0.9377

0.9s70

1.0880

1.2051

t.5732

r.1992

1.5949

1.1 r89

r.2267

0.9016

0.9s98

0.9586

0.9586

0.9563

0.9470

0.9581

r.r&2

r.4994

r.2997

1.4446

1.3678

r.2922

0.9719

0.8506

0.9&s

0.9533

0.9s07

0.9479

0.9381

0.9619

0.967t

1.0970

1.2208

r.s&6

1.2021

1.5931

t.r23r

1.1878

0.8881

0.962r

0.9588

0.9586

0.9566

0.9470

0.9630

0.9703

1.17t0

1.5007

1.3002

1.445r

r.3678

r.2966

0.9654

0.8M6

0.9576

0.9740

0.9532

0.9509

0.9482

0.9383

0.9633

0.9703

1.0906

r.2312

1.5599

L1969

r.6029

L.rt67

t.t657

0.8823

0.9588

0.97s4

0.9587

0.9587

0.9567

0.9471

0.9638

0.9721

0.95n

0.9501

0.94&

0.9371

0.9345

Table 7.3 ElecEonic (ultra-violet visible) spectral maxima (nm) obtained for the dications and radicals of DQ,
TQ and TTQ

compound

DQ*2

TQ*2

TTQ*2

DQ".

TQ*'

TTQ*.

Reference 14

Wavelength(a) (nm)

440460

510

520

3r4

288

n4

378

38s

390

800-850

>900

>900

280

265

255

298

274

2&

(a)



Cloptcr 7: N N 4bIQI 2 ]'' 'diTyridiniun cootpudt.

Figure 7.8 The variation of the calculated (MI{DO) bond orders with respect to the

molecular dihedral angle for (a) the dications, and O) the monocation

radicals. V, the ring bonds; V , the C(2)-C(2') bond; and o ,the
N(1)-C(7) bond.

a. Bond-orders against dihedral
angle for dipYridinium dicaLions

20 40 60

Dihedral angle (degrees)

b Bond-orders against dihedral
angle for dipyridinium radicals
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Dihedral angle (degrees)
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are lengthened relative to bonds between the same atoms in the dication by 0.0068, 0.0402,

0.0298 and 0.0196 A, respectively (see Table 7.1). This may be compared to bond

contractions observed between atoms C(3)-C(4), C(5)-C(6), C(2)-C(2), N(l)-C(7) and C(7)-

C(7) of 0.0375, 0.0287,0.0536, 0.0094 and 0.0008 A, respectively. The alternating pattern

of increases and decreases in the bond lengths observed in the sfucture of the radical,

compared to the bond lengths between the same atoms in the structure of the dication, are

consistent with a distorted quinoidal structure. This indicates that elecron delocalisation

occurs over the entire molecule. A similar variation in the bond lengths on reduction of

dicyanobenzene (Sect. 5.3.1.1), N,N'-dimethyl4,4'-dipyridinium (Secr 5.3.2.1),2,2'-dicyano

N,N'-dimethyl 4,4'-dipyridinium (Sect. 5.3.3.1) and 2,7-dimethylthieno[2,3-c:5,4-

c'ldipyridinium (Sect. 3.3.3.2) has been reported. The change in the length of the C-H bonds

on formation of the radical is small (an average reduction of 0.0020 A;, suggesting that

electron delocalisation does not extend to these bonds. On formation of the radical, no

deviation in the dihedral angle was observed. This is expected as the unsaturated quaternising

bridge does not accommodate large variations in the dihe&al angle.

The structure of DQ+2 consists of pyridine rings tilted with respect to each other (Fig.

7.3(a)). The C(7) methylene C-H bonds are staggered with respect to the methylene hydrogens

bonded to C(7). One methylene CH bond attached to C(7) and C(7') lies very.close to the

plane formed by the pyridine ring, whereas the second methylene CH bond lies approximately

perpendicular to this plane. The dihedral angles calculated by the MNDO and STO-3G

methods of 26.40 and2l.2o, respectively, are close to the angle of 19.?o obtained from the

crystal structure6 of DQ+2. The variation in bond lengths obtained by the MNDO method

suggest that inter-atomic distances are generally overestimated when compared to ab initio

and crystallographically determined values. In general, bond lengths obtained from ab initio
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calculations are in good agreement with those obtained from the crystal structure. The

calculated (MNDO) C(l)-CQ) bond present in DQ+2 it longet by 0.197 A rehtive to its

countelpart in AQ+2 and is comparable to the crystallo$aphic value of 0.15 A. fnis probably

reflects a loss in aromaticity in the ring defined by C(2)-C(2)N(1)-C O-C!)present in DQ+2

relative to AQ+2.

On formation of the radical, the dihedral angle associated with the parent dication,

DQ*2 of 2t.2o (sro-3G) and26.4o (MNDO) decreases by 1.7o (sTo-3G) and 7.3o (MNDO).

The bond lengths present in the structure of DQ+2 also vary on formation of DQ+' and these

changes follow a similar pattern to that observed for AQ. For example, the MNDO results

show that the N(1)-C(2), C(2)-C(3), C(4)-C(5) and C(6)-N(1) bond lengths increase by

0.0027,0.0389, 0.0303 and 0.0214 A, respectively on formation of the radical while the bonds

between atoms C(3)-C(4), C(5)-C(6), C(2)-C(2') and N(1)-C(7) decrease by 0.0397, 0.0317,

0.0487 and 0.0166 A, respectively. This suggests that the radical electron is delocalised over

the entire molecule.

The calculated (MNDO) structure of TQ+2 (Fig. 7.a(a)) exhibits a d.ihedral angle of

55.00 which is comparable with previous estimates of the dihedral angle determined by NMR

(500;t' and Raman spectroscopy (40o).20 The calculated (MNDO) C(2)-C(2) bond length in

TQ*2 Q.4944 A) is slightly longer than the corresponding bond in AQ*2 Q.48M A; ana

DQ*2 (1.4893 A) ana may be considered to reflect a loss in the inter-ring conjugation as the

dihedrat angle increases.

On formation of the radical, the dihedral angle decreases by 130 relative to that

observed in TQ+2. The structure is shown in Fig. 7 .4(b).It is evident that the eclipsed CH2

present in TQ+2 have encountered an energetic barrier which prevents further rotation to adopt

a more coplanar conformation in TQ*'. The calculated stnrcture is expected to be the most

188
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stable as consideration of molecular models suggest that considerable steric repulsions are

present between atoms H(3) on different pyridine rings if a planar conformation were to be

adopted. Steric repulsions present between the alkyl chain and the pyridine ring are also

present when the dihedral angle is close to zero (e.g. the H-C(7) bond lies in the plane of the

pyndine ting). These interactions are also expected to destabilise the coplanar conformation.

Finally, steric repulsions are present within the alkyl chain in a coplanar conformation.

Although the C-H bonds associated with the methylene hydrogens bonded to C(7), C(7') and

C(8) have C-H bonds that are staggered with respect to one another in this conformation,

considerable steric repulsions are expected for the axial hydrogens C(7)-H and C(7')-H as the

H-H distance is very short. A similar pattern of increases in the bond lengths N(1)-C(2),C(2)-

C(3), C(4)-C(5) and C(6)-N(1) (of 0.0049, 0.0383, 0.0309 and 0.0231 A, respectively) and

decreases in the bonds C(3)-C(4), C(5)-C(6), C(2)-C(2') and N(1)-C(7) (of 0.0387, 0.0337,

0.0439 and 0.0174 A, respectively) on formation of the TQ+' radical are observed. This

pattern is similar *o that observed for AQ.

The calculated (MNDO) structure of TIQ+2 (Fig. 7.5(a)) exhibits a dihedrat angle of

71.60. This compares favourabty to the value determined by X-ray diffractions and NMR

specroscopyl2 of 65.80 and 60.60, respectively. The only geometric parameter reported from

a crystal st octure8 of TTQ+2 is the C(2)-C(2) bond-length of 1.48 A which is comparable

to the theoretically determined (MNDO) value of 1.4950 A. ttre C-H bonds of the methylene

carbons C(7), C(8), C(8') and CQ') exhibit staggered and eclipsed conformers, B.g. hydrogens

bonded to C(7) and C(8) are eclipsed with respect to each other whereas hydrogens bonded

to C(8) and C(8') are staggered (see also Fig. 7.5(a)).

On formation of the radical, the dihedral angle present in the calculated (MNDO)

structure of TfQ+2 (71.60) decreases by 20.50. Compared to the variation in the calculated
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dihedral angle on formation of the radicals DQ+' and TQ+' (1,7o and 1.3o, respectively) the

present result probably reflects a greater degree of conformational flexibility associated with

the longer alkyl chain. The Raman vibrational analysis of the spectra obtained of DQ+' and

TQ*', also suggesb that the dihedral angle is decreased from that present in the parent

dications (DQ*2 and TQ*2, respectively).19'20 However the calculated structrues are

inconsistent with the presence of a completely coplanar conformation. The calculated

molecular structue of TTQ+' Gig. 7.5(b)) shows that a major reorganisation of the alkyl chain

conformation is necessary to further reduce the dihedral angle. Consideration of molecular

models shows that the molecular structure of TTQ+' in which a planar geometry is adopted,

requires the hydrogen atoms bonded to the atom pairs C(8)-(8'), C(7)-C(8) and C(7')-C(8')

to be eclipsed. Steric repulsions arising from the close proximity of the H atoms bonded to

C(7) and C(7') and C(3) are also present in the planar conformation. This suggests that the

energetically more stable conformation is the one adopting a dihedral angle that is closer to

that present in the dication. The pattern of bond length changes observed previously on

reduction of AQ, DQ and TQ, i.e contractions of the bonds C(3)-C(4), C(5)-C(6), C(Z)-CQ')

and N(1)-C(7) (of O.O3n,0.0505, 0.0409 and 0.0L72 A, respectively) and expansions of the

bonds N(l)-C(2), C(2)-C(3), C(4)-C(5) and C(6)-N(1) (of 0.0023, 0.0374,0.0290 and 0.0233

A, respectively), are also seen in TTQ.

7.3.1.2 Electrode potentials

The reduction potential of a molecule may be considered, as a fust approximation, to

be proportional to the energy of the LUMO as this is the molecular orbital required to be

occupied when reduction occurs. The displacement in the energy of the LUMO to more
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negative energies is consistent with the observation of a more positive reduction Potential.

This may be rationalised by considering that reduction occurs when the Fermi level of the

metal electrode matches the energy level of the molecular LUMO, so that an electron transfer

can take place. The transfer of an electron to a lower-lying LUMO is consistent with a

thermodynamically more favoured process as the Fermi level in the metal is not required to

be as elevated to allow electron transfer to take place. This implies that a more positive eo

results from a lower-lying LUMO. This contrasts with a high lying LUMO which correlates

with a more negative value of eo as the Fermi level is required to be higher Qess

thermodynamically favoured) for elecEon transfer to take place. The variation of the energies

of the LUMO with the dihedral angle are presented in Fig. 7.6.T\e trend evident in Fig. 7.6

is that the LUMO becomes more positive as the dihedral angle increases. This implies that

the Fermi level on the elecEode must be higher and therefore results in a more negative value

of eo. The eo values for AQ+2, DQ*2, TQ*2 and TTQ+2 have been determined and are

-0.50,46 -0.590,21 -0.789 27 and -0.94 V (SCE),21 respectively. The calculated and

experimental relationships benveen the electrode potentials and the dihedral angles are

consistent with each other, i.e the reduction potentials become more negative as the dihedral

angle increases. A similar pattern in the variation of the e0 with dihedral angle was observed

for bis-annulated dipyridines, in which the eo was displaced to more negative values with

increasing dihedral angle.a1

7.3.1.3 Electronic (ultro-violet visible) spectoscopy

The electronic spectra band maximum associated with a fi + n* transition has been

determined for AQ+2,12 DQ*2, DQ*', TQ*2, TQ*', TrQ*2 and TTQ+'.14 Th"se are tabulated

in Table 7.3.\t is evident that increases in the length of the alkyl bridging chain displaces the
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position of the electronic spectral maximum (\"*) for the dications to shorter wavelengths.

The energy of the electronic absorption is related to the energy required to promote

an elecron from the HOMO to the LLIMO of the molecule. To a fust approximation this

energy may be considered to be the difference between the HOMO and LUMO energies, 6

where

6 = E(LUMO)- E(HOMO)

This is an approximation as other effects arising from electron-correlation and the solvent

have not been taken into account. The variation in 6 is expected to be similar to the

experimentally observed trend in \n"* of the Tc + Tc* transition as the contribution of electron-

correlation terms is anticipated to be comparable in chemically related compounds. The 6

values are plotted against the dihedral angle in Fig. 7.7 for the dications and radical

monocations, respectively. 6 increases as the alkyl chain length increases for the dications,

suggesting that the fi + rr* electronic excitation requires more energy. This is consistent with

the experimental results in which a displacement of \rr"* to shorter wavelengths was

observed. By contast, the experimentatly determined values of \no for the radical

monocations (Table 7.2) exhibit a trend towards longer wavelength as the dihedral angle

increases. This is in keeping with a reduction in 6 as the dihedral angle increases, which

would result in a displacement of \no to longer wavelengths.

The variation in the fi -) ,t* energies for the radicals indicates that there is a decrease

in the energy of the transition even if a similar dihedral angle to that present in the associated

parent dication is maintained. The variation in the \n* of the r + n* trantitions to longer

wavelengths as the alkyl chain length increases was previously used as evidence to explain

a more planar conformation being adopted in the rad.ical than in the dication.l4'2o The present
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work indicates that the experimentally determined variations in \'* may be equally explained

by retention of a similar conformation in the radical monocation as was present in the parent

dication.

7.3.1.4 Variation of bond orders

Bond orders for the pyridine ring, C(2)-C(2') and N(1)-C(7) bonds are plotted against

the calculated dihedral angle for the dications (Fig. 7.8(a)) and the cation radicals (Fig. 7.8(b))

of AQ, DQ, TQ, and TTQ. A slight increase in the bond order associated with ttre ring and

a decrease in the bond order of the C(2)-C(2') bond is observed as the dihedral angle

increases. Bond orders have been related to force constantsiS Therefore, the variation of

bond-orders may be intuitively related to force constants and hence to the frequency of

vibration. This suggests that the frequencies of modes assigned to the ring should increase,

while modes containing a displacement of the C(2)-C(2') bond decrease with larger dihedral

angle.

Raman spectroscopy has been used previously to determine the conformationally

sensitive normal modes of AQ+2, DQ*2, TQ*2 and TTQ+2.20 For example, the bands assigned

to the ring-stretches (DQ+2: 1610 and !527 cm-L; TQ*2, 1621 and 1530 crn-l; TtQ+z: 1627

and 1536 cm-l) appear at higher frequencies as the dihedral angle decreases. However, the

bands associated with the C(2)-C(2') stretch (1280-1360 cm-l) decrease in frequency with

increasing dihe&al angle. This is consistent with the loss of conjugation between the pyridine

rings as the dihedral angle is increased. The expected result of this would be an increase in

the force constants of modes associated with the ring and a decrease in the force constant for

modes involved with the C(2)-C(2') vibrations. This is in agreement with the calculated
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predictions (Fig. 7.8(a)) in which an increase in the ring-bond order is noted as the dihedral

angle increases while the bond order for the c(2)-c(2') bond decreases.

Resonance Raman specta of the rad.icar monocations De+. and Te+. have been

previously reported.20 Bands assigned to the ring stretches of De+. and re+. appear at ca.

1590 and 1500 cm-l. Related features appear at similar frequencies in the spectra of De+2

(1610 and 1575 cm-l) and TQ+2 (1621 and 1589 ,--1), respectively assigned to ring

modes.l4'20 The similarity in the frequency of the ring sfretching bands of De+. and Te+. was

interpreted as being consistent with a similar dihedral angle being adopted by both

compounds' However, the coincidence of the ring sretching modes of De+. and re+.may

also be the result of the retention of a similar conformation in the radical as was present in

the parent dication. rt is evident from the theoretical calculations that the bond-orders

associated with the ring (Fig. 7.8(b)) exhibit relatively little variation with respecr to the

dihedral angle. This explains the insensitivity of the frequency of the dng strerching mode in

the spectrum of DQ+' and re+' to variations in the dihedral angle.

The bands assigned to the c(2)-c(2') stretch appear in the resonance Raman spectra

of DQ+' and TQ+' at 1338 and 1347 c--1, ,espectively.l9,20 These bands are related to

features present in the specta of DQ+2 (1326.--l) and re+2 (130g cm-l). on formation of

the radical the frequency of this mode increases by 12 and 39 c--1 fo, De and Te,

respectively' The change in frequency of the inter-ring bond may be compared to the change

in bond order of the C(2)-CQ) bond on reduction. The changes in the bond order on

formation of the radical are +0.2356 and 'r0.215g for DQ and re, respectively. It is evident

that the increase in the bond order on formation of the rad.ical is greater for De than for Te.

This result suggests that the increase in frequency of the inter-ring mode of De and Te on

formation of the radical, should also be larger for DQ than for Te. The discrepancy between
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the experimental and theoretical observations may be rationalised by noting that both De*2

and DQ+' are known to be fluxional.ll/9 The change in the Ce)-Ce) bond order on

formation of the radical may be considered to vary from the calculated (MND9) value

(+0.2356) to a value closer to AQ (+0.1133) as the dihedral angle varies during the course

of fluxional motion. Including the effect of fluxional motion is therefore expected to decrease

the change of the bond order on formation of the radical for DQ. This would be consistent

with the experimentally observed result, in which the larger change in the inter-ring frequency

on formation of the radical was observed for Te.

7.3.2 IR Vibrational spectroscopy

The IR spectra of AQ+2, DQ*2, TQ*2 and rfQ+2 as dibromide salts are presented in

Fig' 7 '9 and tabulated in Table 7.4. The PS spectra of the electrochemically generated De+.

and TQ+'from aqueous med,ia are presented in Fig. 7.10 and the position of the bands are

tabulated in Table 7.5.

7.3.2.1 Ring stretching region

The assignmenr of bands in the spectra of Ae+z, De*2, Te*2 and rre+2 is based on

that of structurally related compounds. The analysis is simplified because monocyclic

heteroatomic compounds exhibit ring-stretching vibrations that are not sensitive to the position

of the substituent on the ting.'n Pyridine exhibits four bands at 15g3, lslz, l4g2 and l44r

cm-l that have been assigned to ring vibrational modes.53 These band positions are influenced
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Infrared spectra (from I(Br disks) of various dications in the form of
their dibromide salts. (a) Ae21 (b) Dez*, (c) Te2*, and (d) TTe2*.
(The spectral resolution was 4 cm-I.)
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Table 7 .4 Band positions (cm{) in the spectra of AQ+2, DQ*2, TQ+2 and TTe*2 as the dibromide salts (KBr
disl$)
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Figure 7.10 Potential subtraction (PS) IR spcctra of (a) DQ*'electrogenerated at -0.6 y
(SCE), and (b) TQ+'electrogenerated at -0.8 V (SpE). T[e system comprised
0.01 mol dm-r dipyridinium salt and 0.1 mol dm€ KBr as the supporting
eleetrolyte.
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Tabte 7J Band positions (qm-l) in the pS qpech of elechogenerat€d De*. and re+-
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by the presence of quatemising goups, e.g. the IR specrrum of N-hydro pyridinium chloride

exhibits bands at 1630, 1605, 1532 nd 1485 cm-l 32 while the corresponding features in the

IR spectrum of N-methyl pyridinium iodide are found at l6i;?.,l58l, 1501 and 14g6 cm-1.31

The appearance of the ring vibrational modes at different frequencies in the two N-quaternised

compounds probably reflects the change in mass of the vibrating unit as the H quaternising

group is changed to a methyl group.3l The displacement in the ring stretching modes to

higher frequency on quaternisation has been previously interpreted in terms of an increase in

the electon densities on carbon atoms adjacent to the heterocyclic ninogen as the heteroatom

is quaternised.32

The ring modes appear in the spectrum of 2,2'-drpyndine at 1.57g,1553, 144g and

1410 cm-l.26These bands are d,isplaced to 1600,157g,1500 and l43zcm-r on protonation

to form N,N'-dihydro 2,2'-dtpyndinium chloride.28 The displacement in the ring stretching

modes to higher frequency on quaternisation has also been observed for pyndine (see above)

and a similar explanation for the shift in frequency in case of 2,2'-dip.yrid"ine to that of

pyridine is proposed. The spectrum of DMP+2 exhibits bands assigned to the pyridine ring

vibrations which occur at 1620, 1579,l5l2 and 1459 cm-I, conesponding to bands at similar

positions in the spectnrm28 of N,N'-dihydro 2,2'-dipyndinium chloride at 1600, 157g, 1500

and 1432 cm-t- The positions of L620 and 1579 cm-l bands in the spectrum of DMp+2 are

relatively insensitive to the quaternising group as related features are observed in the spectra

of DEP+2 (1617 and 1590 cm-l) and DPP+2 (r6l2and 1581 cm-l). In addition, these bands

may be related to features in the spectrum of DQ+2 (1612 and l57g cm-l), Tq+z (1624 and

1581 cm-l) and rrQ+z 1t6zz and 1582 cm-l) (see also Fie.7.9).The rhird pyridine ring

mode at 7512 cm-l in the specEum of DMP+2 also has countelparts in the spectra of Ae+2,

DQ*2, Tq+z and rrQ+2 (7494, L4g7, 1502 and 1508 cffi-1, respectively). The results above
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demonstrate that the ring-stretching vibration appears at higher frequencies as the dihedral

angle between the two pyridine rings in the cation increases. This trend was also predicted

theoretically (Frg. 7.8(a), from the variation in the bond order with the dihedral angle. As

discussed above, an increase in the bond order is expected to lead to an increase in the

associated force constant and therefore also an increase in the vibrational frequency.

The band of medium intensity ca. 1580 cm-l present in the spectra of De+2

(1578 .*-1), TQ*2 (1581 .*'1) and rrQ+2 (l5il2r*'1) is absent in the specrrum of Ae+z.

This probably corresponds to a Raman active mode present in the Raman spectra of De+2

(1575 cm-l), TQ*2 (1589 cm-l) and rrQ+z ltsst cm-l) rhat becomes IR acrive when the

dihedral angle deviates from zero.

The assignment of the fourth band associated with a ring snetching mode (1400 - 1,460

cm-l) in the spectrum of 2,2'-dipyridine is less straightforward. Bands in the IR spectra of

compounds containin g CHz groups occtu at ca. 1465 cm-l and are assigned to the CH,

bending vibration.Sa Th" exact position of this feature is dependent on the environment of the

methylene groups.sa The IR specrum of DMP+2 exhibits a band at l4sgcm-l which has been

associated with a methyl deformation.Sa This band is also present in the spec6a of DEp+2

(1456 .--1) and DPP+2 (1456 cm-l). However, the presence of a band in the spectra of

DEP+2 at t478 cm-i and DPP+2 at l471crn-1 suggests an assignment to a CH, mode as the

intensity of this band is increased in the spectrum of Dpp+2, which is consistent with a

greater number of CH2 grouPs in DPP+2 relative to DEP+2. A similar assignment is proposed

for a band occurring in a similar position in the spectra of Te+2 (1470 r.-1) and TIe+z

(1470 cm-l). Again, this feature is more intense in the specrrum of Tre+2 (Fig. 7.9(d)) than

Tq+z (Fig. 7.9(c)), consistent with an assignment to a mode involving the cH, group since

TTQ*z contains four methylene units, whereas TQ*2 contains three. The remaining band in
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the spectrum of DPP+2 at lMT cm-l anrd Dpp+2 at 1449 cm-I

remaining pyridine ring mode. This feature probably appears at

202

is therefore assigned to the

1434,1439 and l4M cm-l

in the spectra of DQ+z, TQ*2 and TTe+z.

7.3 2.2 Inter-ring region

Bands in the IR spectrum of substituted 2,2'-d.ipyndine at IZ70 cm-l exhibit weak

features assigned to the IR inter-ring stretching modes.29 This mode is expected to be weak

in the IR spectrum because it is of A, symmebry in planar 2,2'-dtpyidine. Under the

symmehry operations of the group Qu, this vibration is expected to be active in the z direction

which is perpendicular to the xy molecular plane. Since the inter-ring stretching vibration is

expected to exhibit a molecular dipole parallel to the xy plane of the molecule, it will not

have any significant component paratlel to the z direction. This suggests that the IR band

associated with the CQ)-C(?') band will be of low intensi ty. 2,2'-dtpyrid.ines that have alkyl

substituents introduced at the C(3) position in the pyridine ring, exhibit bands between 1270

and 1290 cm-t which have been assigned to the inter-ring stetch.29 Bands at comparable

positions (1260 - 1280 cm'l) in the IR specta obtained from metal chelate complexes are

assigned to a mixed mode containing contibutions from the ring and inter-ring stretch.28 Th.

contribution from the C(2)-C(2') bond to the ring stretching vibration is expected to be small.

This is supported by the observation that the force constants for the C(2)-C(2,) bond (2,2,-

dipyridine: 3.50 mdyn e L-L'26 and Ru(2,2'-dipynd"in ,)z*2, s.Il2mdyne .A-51: are less than

the average force constant for the t'lng (z,z'-dipyridine: 5.093 mdyne A-r.26 Ru(2,2,-

dipyridine) 3+2:6.369 mdyne A-1ll *a1lno, expected to be efficiently coupled. The increase

in the frequency of bands observed in the spectra of De+2, Te*2 and rre+2 at rzg7, L307
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and 1313 cm-1 respectively, may therefore be interpreted in terms of an increase in the

pyndine ring force constants only. This observed d.isplacement of the band to higher

frequency as the dihedral angle becomes larger is consistent with an increase in the ring force

constants. The latter observation may be related to the pyridine ring bond orders, which are

also expected to increase as the dihedral angle becomes larger (see Fig. 7.g(a)). Bands in the

specaa of DQ+2, TQ*z and TIQ+2 at L242, 1252 and 1255 cm-l, respectively, are assigned

to a "resonance dependent ring stretch" on the basis of previous work.28 The displacement of

the ring stretching modes to higher frequency as the dihedral angle increases is also consistent

with the theoretical results.

7.3.2.3 N-alkyl modes

The bond orders of the N-C(7) bonds are expected to decrease as the dihedral angle

becomes larger (see Figs. 7.8(a) and 7.8(b)) It is therefore of interest to isolate bands in the

spectra of the dications of AQ, DQ, TQ and TTQ which may be assigned to vibrations

involving the heteroatom-quaternising group bond. A band appears in the IR spectum of N-

hydro pyridinium chloride at 1340 cm-l which has been assigned to an N-H deformation.3o

In contrast, the N-methyl in-plane bending vibration was not observed in the spectrum of N-

methyl pyridinium iodide.3l Contributions from the N-alkyl bond in N,N,-dimethyl 4,4,-

dipyridinium have been determined by NCA. A band in the IR spectrum at 11gl cm-l was

assigned to the N-methyl stetch (40vo pure).55 This assignment is confirmed as a related band.

is displaced to 1177 cm'r in the IR specfum of H\d'z in which the mass of the quaternising

group is larger. This may be compared to a band in the spectrum of DMp+z at Llg4 cm-r,

which shifts to 1171 cm-l in the spectrum of DEp+2.
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The assignment of bands in the spectra of De+2, Tq+z and rre+2 in the region 1200

- 1000 cm-I is complicated. For example, the spectra of Ae+2, De*2, Te*2 and Tfe+2

exhibit 3, 4, 4 and 3 bands in this region, respectively. Bands in the spectrum of 2,2,-

dipyndine which occur at IZLO and 1138 cm-l have been assigned to modes exhibiting

hydrogen-dependent absoqptions.26 Quaternisation of 2,2'-dtpyridine by HCI causes a

displacement of these bands to ll72 and 1105 cm-l, respectively.2s lR spectroscopic studies

employing ring deuteration leads to the assignment of these modes to hydrogen in-plane

bending vibrations. Transition metal chelation complexes exhibit bands in the IR spectra at

1269-1280 cm-l and 1200-1210 cm-l and are assigned to hydrogen dependent modes. A

similar assignment is proposed for bands appearing 
^t 

llg3,1195 and 1190 cm-l in the

spectra of DQ+J TQ*2 and TTe+2, respecrively (see Fig.7.9).

7.3.2.4 Radical monocations

The PS spectra of DQ+' and TQ+' are presented in Fig. 7.10 and the positions of

specfal features are given in Table 7.5. Bands in the spectra pointing up are labelled

appearance featues as these represent the presence of the electogenerated recl,ic.cr,t

(DQ*' and TQ+) at the applied potential (-0.6 V and -0.8 V (SCE), respectively) with respect

to the reference potential (0 V (SCE)). Conversely, bands that point downwards are labelled

disappearance features' As a general observation, appearance features are present at

comparable frequencies in the spectra of DQ+'and TQ+'(see Fig. 7.10). However, the pattern

of spectral features are not identical, as might be expected if an identical conformation were

to be adopted in DQ+. and Te*..

The IR spectra of Ae+2, De*1 Te*2 and rre+2 are complex, exhibiting a number
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of intense features in the region 2000-1000 cm-l (see Fig. 7.9, Table 7.4). This may be

compared to the relatively fewer number of intense features in the spectra of the radicals

(DQ+' and TQ+' @ig. 7.10)) in the same region i.e. one dominant band is present (viz. 1534

c*-lt DQ*'; 1520 cm-l: TQ*). The decrease in the number of intense bands in the spectra of

the radicals may be considered to simplify the spechal pattern relative to that present in the

spectra of the corresponding dications. Spectal simptification was also noted when comparing

the complexily in the pattern of bands in the spectra in the viologen rad.icals (N,N'-d.iheptyl

4,4'-dipyridinium (Secr 4.3.1.1) and NN'-dimethyl4,4'-d.ipyridinium (Sect. 4.3.2)) with that

of the parent dications. A charge-oscillation mechanism was postulated to explain this

observation (Sect. 5.4) in which selected bands are intensified. A similar mechanism may be

responsible for the decrease in the number of intense bands in the spec6a of De+. and Te+.

compared to the respective dications in the present investigation.

Disappearance features are noted in the spectrum of DQ+.at Gig. 7.10(a), Table 7.5;

1501, 1289, 1236,1194 and 1177 cmt) which are closely related to bands in the spectrum

of DQ+2 (1497, 1287 , 1242,1193 and 1172 cm-r). Similarly, disappearance features are noted

in the spectrum of TQ+' (1505, 1477 , 1462, LMT,13l0 and l 176 cm-l) which correspond to

spectral features TQ*2 (Fig. 7.9(c), Table 7.4; L502, 147a, 1454, t43g,1307 and 1173 cm-l).

Appearance features in the spectra attributed to DQ+' are present at 1535, 1453,1,223, Ll60

and 1001 cm-l 1Fig. 7.10(a), Table 7.5). Specral features due ro Te+' appear at tlz0,l40g,

7343,7252,1195, 1164 and 7072 cm-r (Fig. 7.10(b), Table 7.5).
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The assignment of bands is expected to be complicated by the presence of coupled

modes. Bands in the IR spectra of DQ+' (1534 cm-l) and Te+' (1520 cm-l) may be related

to the bands present in the spectrum of the dications at similar frequencies (De+2:

1578 cm-l; TQ*2t 1581 cm-l). These features are assigned to a ring-stretching vibration. The

shift to lower frequencies in going from the cation to rhe rad.ical (diquan 44 cm'ri triquat 6l

cm-l) is comparable to the shifts associated with Raman-active bands on formation of the

radicals (diquat 18-25 cm-l; triqu at: 29-50 cm-l).19 Bands evident in the IR spectra of De+.

and TQ+'at 1453 and 1408 cm-I, respectively may be related to the bands assigned to ring

modes in the dications at 1463 and 1439 cm-l for De*2 and Te+r. These represent negative

shifts in the frequency of 10 and 3t cm-l on formation of DQ+' and Te+'. It may be noted

that related bands in the IR spectrum of DQ+' at L534 and 1453 crn'l 1Fig. 7.10(a)) have been

displaced to lower frequency in the spectrum of TQ+' and appear at t5Z0 and 140g cm-l 1Fig.

7.10O)). This is in disagreement with the calcularcd.[1ff? orders which show little variationi\

with the dihedral angle in the radical monocarions (Fig. 7.S(b). This observation may be

rationalised by considering that ttre position of related bands present in the spectra of De+2

and TQ+2 (or in the spectra of DQ+'and TQ+) is due to a complex interplay of electronic and

steric effects. The difference in frequencies on formation of the radical however, represents

the change in the force constants on chemical reduction and is not expected to be influenced

to the same degree by the effects introduced by changing the dihedral angle. Therefore

consideration of the change in frequencies of related bands in the spec6a of the radical and

dication of the same species would be more indicative of the change in force constants than

consideration of force constants between DQ+2 and TQ+z (or De+. and Te+) i.e. in the same
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oxidation state. The decrease in the total pyridine-ring bond order is 0.04235 for diquat and

0-04455 for triquat on formation of the rad.ical. This suggests a larger reduction in force

constant should be evident for triquat than for diquat hence the change in frequency on

formation of the radical should be larger for the former ttran for the latter. The experimental

observation of a larger reduction in the frequency for triquat than for diquat is consistent with

this result.

The bands in the specra of DQ+' at 1223 cm-l and TQ+' at lZ5Z cm-l may be related

to features appearing at 1242 and L252 cm-r in the spectra of De+2 and Te+2, respectively.

This represents a shift to lower frequency of 19 and 0 cm-l, respectively. The bands in the

dication have been assigned to "resonance dependent ring absorptions" in which the ring and

inter-ring vibrations are coupled.26

The feature at I160 cm-l in the specrrum of DQ+' @ig. 2.10(a)) is difficult to assign

on the basis of conelations as above, as the band appears in a region in which mixed ring

deformation and H bending vibrations occru. The exact position of a related band in the

spectrum of TQ+' (ca. 1170 cm-l) is complicated by the intense subtraction feature also

present in the spectrum of Te+2 at 1176 cm-I.

Conclusions

A theoretical investigation was presented for the dications and cation monoradicals of

AQ, DQ, TQ and T'fQ. The dihedral angle increases as the number of methylene units in the

quaternising allcyl bridge increases. The calculated structures suggest that a similar

conformation to that of the parent d.ication is adopted in the radical. The experimentally

determined trends in the electrode potential and electronic (ultra-violet visible) spectra were

7.4



Chdpter 7: NN'-diaIkyI 22'-dipyridiniua compounds. 
20g

interpreted in terms of molecular orbital energies. The observed trends in the electronic

absorption spectra confirm that a similar conformation is adopted in the radical as is found

in the Parent compound. Qualitative agreement was noted in the variation of bond-orders and

Raman vibrational frequencies for selected vibrations in the dication and radicals with the

dihedral angle.

Assignment of bands in the IR specfra of Ae+1 De*2, Te*2 and TTe+2 were

performed by correlation with structurally related compounds (2,2'-dipyridine, DMp+2, DEp+2

and DPP+). The intense features present in the spectra of DQ+' and Te+. were assigned to

related features present in the spectra of the respective d.ications. Significant displacements

in the bands assigned to pyridine ring modes to lower frequency were observed in the spec6a

of the radical monocations of DQ+' and TQ+' compared to the respective parent dications.
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