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ABSTRACT: Cyclic voltamograms of the solvatochromic dye 5-nitfa#nethylamino-2,2bisthiophene ),
introduced recently as a sensitiv& probe, were recorded in different solvents. An EPR spectrum of the anionic
radical ofl in DMSO was obtained and compared with other spectra of analogous substituted bisthiophene radicals. It
was found that the presence of a donor— acceptor pair of substituentsraduces significantly the rotational barrier

of the radical compared with the unsubstituted bithienyl radical a&ionThis is the result of an electronic repulsion
between the donor ring fragment and the added electron in the coplanar radical, which does noRexist t998

John Wiley & Sons, Ltd.
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INTRODUCTION responsible for the solvatochromism of such dyes,
physical chemists resort to theoretical tools, such as the
Solvatochromic dyes have been extensively employed incalculation and properties of the electronic energy levels
the study of solute-solvent interactions and in the of these compounds. In addition, the experimental
construction of various solvent polarity scales. One of determination of redox potentials of these dyes may also
these is the dipolarity—polarizability scat®, introduced shed some light on the role played by their donor and
by Kamlet and Taft's group two decades dgdhe acceptor fragments in these charge-transfer processes.
original proposal of employing a set of seven solvato- Thus, theE;(30) dye, for example, was described as an
chromic probes for the construction of this scale proved ‘internal battery,” made up of a phenoxide donor and
cumbersome and was later superseded by the use opyridinium acceptor fragmenfs.Similar studies have
fewer, well chosen probés® One of them was the 5-  been carried out with related dyes, such as pyridinium
nitro-5-dimethylamino-2,2bisthiophene), introduced  tetraphenylcyclopentadienide betafhsith a description
by Effenberger and co-workefs, which offered the  of the radical anions and cations generated by the
advantages of good solubility in all organic solvents and corresponding one-electron dye reductions and oxida-
the clean, positive solvatochromism of its longest- tions.
wavelength charge-transfer band, in an otherwise trans- In this work, we endeavoured to determine, by means
parent spectral region. Compoufidhas been utilized as  of cyclic voltammetry, the oxidation and reduction
an indicator of the medium dipolarity—polarizability of 35 potentials of dyel in different solvents, and to check
pure solvents and of 17 binary solvent mixtures of whether the values obtained could be correlated with the
variable compositiofi. n* values of the solvents, which were derived from
spectroscopic measurements. We coupled this investiga-
Me,N_ _S tion with the detection and characterization of the radical
$” No, anion formed by electrochemical reduction of the dye in
solution. In addition, we carried out semiempirical
( molecular orbital calculations chand its radical anion,
in order to interpret and rationalize the experimental

] ] ] results.
In trying to gain a more complete understanding of the

intramolecular charge-transfer processes which are
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420 E. NORAMBUENA AND M. C. REZENDE

radicalanionderivedfrom 1 wasobtainedwith a Brucker
ECS-106instrument.

All solvents(Merck) wereanalytically pureandwere
furtherpurifiedby standarcprocedures.Dry ethanolwas
obtainedby treatmenbf the commerciakbsolutesolvent
with calcium oxide, followed by distillation. The
remaining solvents were distilled under atmospheric
pressure(acetoneand acetonitrile) or reducedpressure
[formamide,dimethl sulfoxide (DMSO) and dimethyl-
formamide (DMF)] and storedover type 4A molecular
sieves. Compound 1 was a gift from ProfessorF.
Effenberger.

All cyclic voltammetry(CV) was carried out with a
commercialglassy carbonworking electrode,polished
with alumina, using a saturatedcalomel solution as
referenceanda platinumwire asthe auxiliary electrode.
Tetraethylammoniunperchlorate(Aldrich, c=0.1 mol
dm~3) was employed as supporting electrolyte in
solutionsof 1 (=102 mol dm™3). IR compensation
wasusedin all measurement3he CV experimentsvere
carriedout at 25°C, employinga sweeprate that varied
from 30to 350mV s™*

The radical anion of the bithienyl dye was generated
undernitrogenby thein situ electrolyticreductionof the
substraten DMSO. DPPH(«,o'-diphenyl{-picrylhydra-
zyl radical) was employedas referencefor spectrum
calibration. Simulation of the EPR spectrum was
achievedwith a program from RochesterUniversity
(USA).

Semiempirical molecular orbital calculations were
performedwith the MOPAC 6.0 packagefor an IBM-
PC microcomputer utilizing the AM1 method® Geo-
metry optimizationswere carried out with the keyword
PRECISE, to ensure a more stringent criterion for
convergence.

RESULTS AND DISCUSSION

The electrochemicabehaviourof 1 in cyclic voltamme-
try was studiedin ethanol,acetone acetonitrile, DMF,
DMSO and formamide. The typical voltammogramin
DMSO shownin Fig. 1 hasan oxidation wave around
0.70V, assignedo the formationof a radicalcation,and
a quasi-reversible one-electron reduction potential
around —1.0V, correspondingto the formation of a
radicalanionof 1. The anodic—cathodipeakseparation
for this quasi-reversiblgrocessincreasedslightly with
the sweeprate,in a rangewhich was dependenbn the
solvent: 0.04-0.06 mV in acetone,0.07-0.12mV in
acetonitrileand0.05-0.09mV in DMSOandDMF. In the
last two solvents,the reductionwave assumecdh more
reversibleprofilewhenthesweepwvasreversedeforethe
irreversible cathodicpeak.In addition, a third, irrever-
sible reduction process around —1.31 V was also
observed.This correspondedo a further reduction of
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Figure 1. Cyclic voltamogram of 1 (c= 102 mol dm—3) in
DMSO, utilizing tetraethylammonium perchlorate (0.1 mol
dm~) as the supporting electrolyte. The sweep direction is
clockwise, with a rate of 200 mV s’

the nitro derivativeto the correspondindnydroxylamine,
afour-electronprocesscharacteristiof nitroarenes:?

The oxidationandreductionhalf-wavepotentialsof 1
are given in Table 1, together with the dipolarity—
polarizability valuesz* of all the solvents.

The searchfor possiblecorrelationsbetweenthe n*
valuesandthehalf-wavepotentialsof dye1 wasrendered
difficult by the fact that all of the voltammograms
obtainedexhibitedquasi-reversibland,sometimeseven
irreversibleprocessesThus,as canbe seenfrom Fig. 1
the half-waveprofilesobtaineddid not provideunambig-
uous valuesfor the redox potentialsof 1 in different
media. This may be the reasonfor the poor correlations
observedetweerthe solventr* andthe E,,/E;cq values
in Tablel.

Using only the quasi-reversibleralues,the sensitivity
of both E,x andE,eqto the solventpolarity wasaboutthe
same both potentialsspanninga rangeof ca 80 mV. In
addition,quasi-reversiblé&,,/E,.q valuesdecreasedavith

Table 1. Variation of the half-wave oxidation (£.,) and
reduction (E..q) potentials of 1 in solvents with different
dipolarity—polarizability values =*

Solvent * valué  Eol (V)  —Ered (V)
Ethanol 0.57 0.80° 1.08
Acetone 0.66 0.76 1.00
Acetonitrile 0.71 0.68 0.90
Dimethylformamide 0.87 0.69 0.94
Dimethyl sulfoxide 1.01 0.68 0.92
Formamide 1.14 0.8¢° 0.62

& Ref. 6.

Quasi-reversibl@rocessesjnlessstatedotherwise.
¢ Irreversibleprocess.
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theincreasedlipolarity—polarizabilityz* of the medium.
This last trend resulted from the fact that, in both

processes;hargedspeciesveregeneratedrom a neutral
molecule As thesolventbecameamorepolar,solvationof

thechargedanionor cationrelativeto theneutraldyewas
increasingly facilitated, thus reducing the absolute
potentialof the correspondingprocess.

Althoughanytrendsfrom the potentialvaluesin Table
1 should be treated with caution, becauseof the
limitations mentionedabove, we decidedto compare
them with what could be expectedfrom a theoretical
approach, based on molecular orbital semiempirical
calculations.

With this in view, we carriedout calculationson the
electronic levels of molecule 1 in media of different
polarity. This was done by following a procedure
employedbeforeby us'?*3andotherworkers***based
on the perturbationinducedon the geometryandenergy
levels of the solvatochromicdye by the proximity of a
charge.The strengthof the resultingelectricfield which
acts upon the molecule may be modulatedby simply
varying the charge—dyalistance.As a consequenceas
we decreasethis distance,we obtain structuresand
energylevels correspondingo the dye in increasingly
‘polar’ environments.For our analysiswe considered
three different situations:in the first, calculationswere
performedon the dye structurein the absenceof any
charge(structurel); in the seconda chargeof +2 was
positioned along the C—N axis of the Th—NO,
fragment,at a distanceof 6 A from the nitrogenatom,

d= 6 A (la)
d= 4 A (1b)

[l

mimicking a mediumof intermediatepolarity (structure
1a). Finally, by decreasingthis distanceto 4A, we
obtaineda highly polarizedstructurelb, corresponding

to a situationwherethe bithienyl dye is solvatedby a
polarsolvent.

Before proceeding,we should be clear about the
limitations of our model. The choiceof the numberand
position of the chargeswhen mimicking increasingly
‘polar’ environmentss ultimatelyarbitrary.Wetherefore
cannotrelateanyof theabovestructureswith a particular
solvent, but only say that the molecule polarization
increasesn the orderl < 1a< 1b. This, however,is all
we needfor our analysis.

To a first approximationwe may equatethe longest
wavelengthransitionenergyof thedyewith theHOMO-
LUMO energygap,AE. As canbe seenfrom the charge
distributionof the HOMO andthe LUMO of structurel,
shownin Fig. 2 this transitionis accompaniedby an
overall chargetransferfrom the donor 5-dimethylami-
nothienylfragmentto the acceptor5'-nitrothienyl moiety.

Table 2 gives the HOMO and LUMO energylevels
andthe AE gapfor structuresl, laandlb, calculatedby
the AM1 method.By inspectionof the AE value asthe
medium polarity is increasedwe can seethat positive
solvatochromism(a decreasein AE with increasing
polarity) is expectedor 1, in agreementvith experiment.
We alsonoticethat,of thetwo molecularorbitals,it is the
LUMO which is affected mostly by the changein
mediumpolarity. Thus,ongoingfrom 1 to 1b, theenergy
of theLUMO variesfrom —1.48to —6.02eV (avariation
of 4.54eV), whereaghe HOMO level shiftsfrom —8.50
to —11.81eV (a variation of 3.31eV). The LUMO
energyis associatedvith the one-electrongain by the
molecule, whereasthe oxidative loss of one electron
shoulddependon the HOMO energy.

Theabovecalculationsvould predicta slightly greater
sensitivity of the oxidationpotentialsof 1 to the polarity
variationsof themedium.Thistrendmightberecognized
in Table 1 if the potential valuesfor the irreversible
processesare also taken into account. Otherwise, the
agreementbetween the experimental data and the
theoreticalcalculationss admittedlypoor.

The formation of chargedradical speciesdrom 1 was
furtherinvestigatedy electronparamagneticesonance.
Although we could not detectthe radical cation formed
by oxidationof thedye,theone-electromeductionof 1in

HOMO

LUMO

Figure 2. Calculated HOMO and LUMO charge densities of dye 1. Numbers
refer to the squared coefficients of the p, atomic orbitals of all heavy atoms
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422 E. NORAMBUENA AND M. C. REZENDE

Table 2. Calculated HOMO and LUMO energies and the
HOMO-LUMO energy gap (AE) for the increasingly polarized
structures 1, 1a and 1b

HOMO LUMO Energygap,
Structuré energy(eV) energy(eV) AE (eV)
1 —8.50 —1.48 7.02
la —10.96 —4.85 6.11
1b —-11.81 —6.02 5.79

& Structuregpo)arizedby a chargeof +2 in thevicinity of the dye,ata
distanceof 6 A (structurela) and4 A (structurelb) from the NO,
group(seetext).

DMSO vyielded a radical anion which gave the EPR
spectrumshownin Fig. 3(a).

A simulatedspectrumis shownin Fig. 3(b), with a
triplet assignedto a nitrogen atom and doublets
correspondingto four different hydrogen atoms. The
valuesof the hyperfinecouplingconstantobtainedwere
any=0.895 mT, a4,=0.805 mT, ay>=0.201 mT,
a3 =0.05mT and a4, =0.03 mT. Comparisonof the
experimentalwith the simulatedspectrumrevealssome
differences,consistingmainly in line broadeningn the
former,which is absentn the latter spectrum.

Evidencefor equilibria betweenrotationalisomersof
bithienyl radicalshasbeenprovidedby EPR studiesof
suchsystems®*’ Thepresencef two setsof linesin the
EPR spectraof theseradicalsat room temperaturevas
interpretedasarisingfrom restrictedrotation aroundthe
interannulatbond.Therotationalbarrierfor thecis-trans
rotamerinterconversiorhasbeenestimatedy the INDO
semiempiricaimethodto be 26.8kcalmol ™ for the 2,2-
bithienyl radical anion'®Sucha large barrierwasfound
to be compatible with the fact that no exchange
broadeningcould be observedin the EPR spectraof
5,5-disubstituted-2,2bithienyl radicalsevenat tempera-
tures as high as 100°C. An equilibrium betweentwo
rotational isomers might also account for the signal
broadeningobservedin the spectrumof our bithienyl
radical. This could explain the differencesbetweenour
simulatedspectrumwhich refersto a singlespeciesand
the experimentalines, which arisefrom an equilibrium
betweentwo rotamers.The observedline broadening
would then suggesthat coalescencef the two spectra
wasalreadytaking placeat roomtemperatureSincethis
hadnotbeenobservedor otherbithienylradicalswe had
to concludethatour systemhadamuchsmallerrotational
barrierthanthe systemgeportedby Pedullietal.'® This,
howeverwassurprising.Thehigh barrierfoundfor those
systemsmuch higherthanthe correspondingarrier of
neutral 2,2-bithienyl, was explained in terms of an
increasdn the double-boncdcharacteof the interannular
link, as an electronwas addedto the LUMO of these
molecules.In our case,with a donor—acceptopair of
substituentsghargetransferin the excitedLUMO would
enhancethe double-bondcharacterof this link even
more,thusresultingin anevengreatearrierto rotation.

0 1998JohnWiley & Sons,Ltd.
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1 mT
(b)
I mT

Figure 3. (a) Experimental and (b) simulated EPR spectra of
the radical anion of 1 in DMSO

In orderto look for an explanationto accommodate
both the reported observationsand our results, we
decidedto employ semiempiricalcalculationsto inves-
tigate in more detail the rotational isomerism of
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disubstituted bithienyl radical anions. We therefore
performedcalculationswith the AM1 hamiltonian on
theradicalanionsderivedfrom the bithienyl systemsl, 2

and3.
R S

R=NMe,;,R'=NO,; (1)
R=R'=H(2)
R=R'=CHO(3)

Theunsubstitutedbithienylradical2™" decayedapidly
at temperaturefiigherthan —40°C*®. Neverthelessthis
systemwas takenin the presentstudy as a reference
structurefor both1 " and3™".

We utilized the AM1 method to optimize the
geometriesof the bithienyls 1, 2 and 3 and of the
correspondingnionradicalsl™, 2" and3 . In all cases
we obtainedthe coplanartrans andcis conformationsas
the moststablerotamersthe former beingslightly more
stablethanthe latter (0.3-0.5kcalmol™) in the caseof
theradicals.We next estimatedhe rotationalbarrierfor
each of the radical anions, following the protocol
describecy Pedullietal.*® Thus,we fixed the geometry
of the two ring systemsand optimizedthe interannular
bond distanceC(2)—C(2) for a torsionalangle of 90°.
Therotationalbarrierwasthenassumedo beequalto the
energydifferencebetweerthe structureobtainedandthe
stable trans conformation. These values are given in
Table 3. They are in generalsmaller than the values
obtainedby Pedulli et al., who employedthe INDO
methodin their calculationsWe shouldnotbeconcerned
with absolutevaluesfor our calculatedotationalbarriers.
Besidesall approximationanherentto our method,the
resultsobtainedshouldapplyto thegasphaseandnotto
a substratesurroundedby solvating DMSO molecules.
The trendsobtainedare, however,illuminating. Radical
17" shouldexhibita muchsmallerbarrierto rotationthan
radicals2 " and 3™, which shouldbehavemore or less
similarly. Our experimentakesultsagreewith this. The
EPR spectraof the two radical conformersfrom 1
coalesceat room temperatureyhereaghosefrom 3 do
not show any line broadeningeven at 100°C. The

bithienyl radical anion 27" could not be studiedabove
—40°C, but the reportedtheoreticalresultspredicteda
similar behaviourto that of 37",

The questionnow arisesas to the reasonfor such
differences.In fact, as arguedabove,the double-bond
characteof theinterannulatink in the LUMO shouldbe
greatesfor dye 1, the only bithienyl to exhibit a donor—
acceptomair of substituentsandintramolecularcharge-
transferacrossthe system.Consequentlyrestrictionto
rotation should be greaterfor radical 1~ than for the
others.

That this is not the casearguesfor anothereffect
which, soto speak,undermineghis strengtheningf the
interannularlink in the LUMO of thesesystems.This
oppositeeffectarisesdrom the conjugationitself between
the two rings,which bringsaboutan electronicrepulsion
betweenthe addedelectronandthe electron-donating-
[5-(dimethylamino)thienyl] moiety. This repulsion,
which doesnot existin system®~ and3™ ", destabilizes
the coplanarconformationsof radical1™", thusreducing
therotationalbarrierof the latter speciesin otherwords,
lossof stability ongoingfrom acoplanato anorthogonal
conformationis much more substantiaffor radicals2™
and3 thanfor 1.

Evidencefor this canbe gatheredrom Table 3, where
we comparethe calculatedinterannularbond distances
for the three bithienyls, both as neutral speciesand as
radicalanions t is seenthat,asexpectedthis distances
shortest for 1, becauseof internal charge transfer.
Addition of oneelectronto the LUMO of thesesystems
hasthe effect of enhancinghe double-bonccharacteiof
this link for all bithienyl radicals. This enhancement,
however,is greaterfor systems2™" and 3~ where no
resultingelectronicrepulsionintervenesthanfor 1.

Furtherexperimentakvidenceor this repulsiveeffect
in 17" is providedby the estimatedraluesof its hyperfine
constants,which should differ appreciablyfrom those
reported for the analogous 5,5-dinitro-2,2-bithienyl
radicalanion®

Hyperfine coupling constantsfor the radical anion
derived from 2-nitrothioph@e have been reported as
an =0.937 mT, a4 =0.565 mT (H ortho to NO,),
ay =0.123mT (H metd anday = 0.453mT (H para).*®
Thesevalues are much larger than those reportedfor

Table 3. Calculated parameters for bithienyls 1, 2 and 3 and for their corresponding radical anions.

System
Parameter 2 3
Rotationalbarrier (kcalmol ™) 4.8 12.4 14.7
C(2)—C(2)bonddistancein the neutral 1.422 1.424 1.425
molecule(A)
C(2)—C(2)bonddistancein theradical 1.395 1.386 1.387
anion(A)
C(2)—C(2)bondshortening 0.027 0.038 0.038

& On going from the neutralspeciego the radical anion.
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other radicals derived from symmetrical 5,5-disubsti-
tuted bithienyl systems.Thus, for example, hyperfine
constantdor the 5,5-dinitro-2,2-bithienyl radical anion
in DMSO were found to be ay =0.165mT, a4 =0.134
mT (H ortho to NO,) and a;; =0.049mT (H metg.®.

Thesesmallervaluesreflectthe equaldistribution of the
single electronamongthe two thienyl rings, with the
consequentecreasen spin densitieson eachring. A

similar effectis observedn the spectraof radicalanions
derivedfrom nitroaromaticsThe valuesof the hyperfine
constantgy anday correspondingo thenitrogenandthe
ortho hydrogenatomsof the nitrobenzeneadical,1.032
and0.04mT, respectivelyarereducedto 0.17and0.01
mT, respectively,in the 1,4-dinitrobenzenceradical
anion'®.

If we base ourselveson previously studied 5,5-
substituted-2,2bithienyl radicals, we may tentatively
assignthe estimatedhyperfine constantsfor the trans
rotamerof 1 as shownin the structure,wherethe spin
densitiesaareheavily concentratednthenitrogenandthe
ortho-hydrogen atoms of the acceptormoiety of the
molecule.Suchlarge valuesof the ay anday constants
for the systeml " aremuchcloserto the valuesfor the
monothienyl radical from 2-nitrothiophene than to
similar valuesfor the 5,5-dinitrobithienyl system.This
is becausethe electronic repulsion that arisesin the
radical anion from replacing an electron-withdrawing
NO, substituentat the 5'-position by the strong donor
NMe, group hasthe effect of concentratingall the spin
densityof the addedelectronon the nitrothienyl moiety.

0.03 0.05
0.90

S_ _NO
Me,N” S 2

0.20 0.81

The spin densities which follow from the above
assignationdepart considerably from the theoretical
LUMO densitiescalculatedfor 1 (Fig. 2). Accordingto
the valuesof the calculatedsquaredatomic coefficients,
in additionto theay constantiwo equallylargehyperfine
constantsay shouldbe expectedor 17, insteadof only
onelargevalue,asobservedThis discrepancynight cast
some doubt on the assignedstructure of the radical
detectecby us.

In trying to reconcileour assignationsvith theory,one
shouldbearin mind thatthereportedL UMO coefficients
referto dye 1 in the gasphase As discussedbefore,in a
polar solvent such as DMSO the solvateddye should
have a more polarized structure,like 1a or 1b, which
weregeneratedby positioninga +2 chargein thevicinity
of thenitro group.If we calculatethe LUMO densitiesof
structurela, which represents@n intermediatesituation
between the non-polar structure 1 and the highly
polarizedstructurelb, we arrive at the valuesshownin
the structure,which are now qualitatively closerto the
assignedraluesfor the hyperfineconstants.

0 1998JohnWiley & Sons,Ltd.

0.0005 0.06

0.14

S NO;
Me;N S

0.006 0.15

An ambiguitypersistsasto theay constanof 0.20mT,
which we assignedo the hydrogenatomattachedo C-3
andwhich, accordingto our calculationscorrespondso
thatattachedo C-3. This, however,doesnot invalidate
the assignedstructure of the detected radical. Our
calculationsare compatiblewith onenitrogenatomwith
high spindensity(ay = 0.90mT, cy? = 0.14),andanother
large hydrogen hyperfine constant (ay=0.81mT,
cc.s” = 0.15).Besideghesdargervalues anintermediate
hydrogenconstant(ay = 0.06 mT, cc.s> = 0.06) and two
smallervalues(ay = 0.05and0.03mT, cc.3> = 0.006and
cc.4> =0.0005) were observed,in agreementwith our
calculations.

The pooragreemenbetweenthe spindensitiesof 17
andthe LUMO coefficientsof the non-polarstructurel,
togethewith thefactthata closermatchwith theorywas
obtainedwhen the polar structure 1a was considered,
validate the above model for mimicking the variable
polarity of the medium through chargesor ‘sparkles’
positionedin the vicinity of the molecule.In spite of
beingarbitrary,our modelprovedcapableof generatinga
polarizedstructurewith an electronicdistribution com-
patible with the EPR hyperfineconstantsof the radical
anionof 1.

In conclusion,the electrochemicabehaviourof the
solvatochromicbisthiophenedye 1 in various solvents
was studiedby CV and EPR techniquesThe observed
quasi-reversibleand sometimesirreversible processes
made difficult the searchfor correlationsbetweenthe
potentials obtained and the dipolarity—polarizability
valuesof the solvent. The sensitivitiesof both the one-
electronoxidation and the reductionpotentialstowards
the solvent polarity were about the same. Quasi-
reversibleE,,/E,eq Valuesdecreasedvith the increased
7* valuesof themedium,atrendwhichwasin agreement
with the fact that chargedspeciesveregeneratedrom a
neutralmolecule.The generatedadicalanionof 1 could
be detectechy EPRandthe resultingspectrumanalysed
to yield hyperfine coupling constantswhich suggesta
heavyelectronconcentratioron the nitrothienyl moiety
of the radical. Unlike other bithienyl radicalswith two
electron-withdrawig substituents, the radical anion
derived from 1 exhibited a much smaller barrier to
rotation, indicated by line broadening of its EPR
spectrum at room temperature. This difference is
accountedfor by the result of two opposing effects,
arising from conjugationof the two rings: on the one
handthis conjugationin the radicalanionfrom 1 hasthe
effect of increasingthe double-bondcharacterof the
interannulatink betweerthetwo rings,therebyprevent-
ing rotation; on the other hand, conjugationresultsin a
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destabilizing electronic repulsion between the donor
fragmentandthe addedelectron.
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