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Electro-organic Reactions 
and Redox Active Biomolecules: 
A Student Diary*
byJamesF.RuslingandAlbertJ.Fry

ItisearlyDecember,andIhavebeeninchemistrygradschool
forabout3months.Itisabigtransition,andabittougher
thanIexpected.Thecoursesarenottoohard,butthefocus
hereisverymuchonresearch.Ihavechosenthegroupin
whichIwilldomythesisresearch,andIamhappyaboutthat.
Thisgroupdoeselectrochemistryonorganicandbiological
molecules.Itwasahardchoicetomakebecausethereissome
coolresearchgoinginthelabsofprofessorsinthisdepartment.
ButIfeelthatthisgroupisrightforme.Itwillexpandon
mypreviousundergraduateresearchexperienceinorganic
andbioanalyticalchemistry,andIwillbeexposedtomodern
aspectsofelectrochemistry,materialsscience,andbiochemistry.
Careerwise,thisexperiencecouldleadtoopportunitiesin
academiaorinthepharmaceuticalorspecialtychemicals
industries.Also,mynewgroupisactiveindevelopingsynthetic
reactionsaswellasfundamentalstudiesofproteinredox
chemistry.Thisgivesmeseveraloptionsforathesisresearch
project.MyprofessorsaysthatIcanstartbytakingsome
traininginbothareasandwewilldecidetogetheronaspecific
projectsometimeinthespring.I’llbehookedupwithan
advancedgradstudentorpostdocineacharea,andtheyare
goingtotrainmeinthebasictechniques.Ihavedecidedto
recordmyexperiences,andbelowismydiary.

Research in Organic 
Electrochemical Synthesis

Iwillhavemyfirsttrainingsession
inorganicelectrochemistrysoon.Our
groupdevelopscatalyticproceduresfor
syntheticelectrochemicalreactions,and
alsoinvestigatestheirmechanisms.I
havelearnedthatamajorfunctionof
thegroupismodificationofelectrode
surfacestomakethemmoreselective
foraparticularsyntheticreaction.

Thiscaninvolvedirectattachmentof
monolayersofmoleculestoelectrode
surfaces,ordepositionofasuitable
polymerornanoparticlesonan
electrode.Ihavenoticedinstruments
inthelabthatareusedinmore
conventionalorganicsynthesis,such
asgasandliquidchromatographs,
andUV-visibleandFouriertransform
infrared(FTIR)spectrometers.Thatis
goodbecauseIknowhowtousesomeof

thesetechniques.Somegroupmembers
alsotoldmethattheyuseliquid
chromatography-massspectrometry(LC-
MS),anditisagreathelpinanalyzing
theirreactionproducts.Methodslike
atomicforcemicroscopy,scanning
electronmicroscopy,andsurfaceFTIR
areusedinthegroupforcharacterization
oftheelectrodesurfacestheymake.

Aweekorsolater:Ihavedone
myfirstelectrochemicalsynthesis
experiment.Ididcyclicvoltammetry
inundergraduateanalyticallab,soit
wasnottotallynew.ThereactorcellI
usedwasliketwoconnectedbeakers
inawaterjacket(Fig.1).Onebeakeris
theworkingelectrodecompartment,
andtheotheristhecounterelectrode
compartment,separatedbyasaltbridge.
Thisissothatproductsfromthetwo
compartmentsdonotcombinetogive
undesirableproducts.Thereactorhada
carbonclothworkingelectrode,which
isacoolmaterial,likeaconducting
blackfabricthatyoucuttotheright
sizewithscissors.Ithasalargesurface
areatofacilitatethecatalyticreaction.
Thereactorhascounterandreference
electrodes,andishookeduptoa
devicecalledapotentiostattocontrol
thevoltageattheworkingelectrode.
Theworkingelectrodevoltageissetto
produceenoughenergytodrivethe
reaction,andyoucanalsomeasurethe
chargeconsumedbythereaction.By
comparingthemeasuredyieldtothe
theoreticalyieldpredictedfromthis
chargeusingFaraday’slaw,youcan
estimatetheefficiencyofthereaction.

Fortheworkingelectrode,theone
thatcatalyzesthereaction,Ilearnedhow
tomakenanoparticle-polyionfilms.1
Weweregiventhe40nmdiameter
manganeseoxidenanoparticlesfroma
collaboratinginorganicchemistrygroup.
Then,weadsorbedalayerofpolystyrene
sulfonateontothecarboncloth,washed
it,andthenadsorbedalayerofa
cationicpolymer.Themanganeseoxide
nanoparticlesarenegativelycharged,
sotheywereadsorbedonthecationic
polymerlayertomaketheelectrode.
Thereactionwastoconvertstyreneto
styreneoxidewiththismanganeseoxide
nanoparticleelectrode.2Idetermined
theproductswithGCandthenGC-MS,
andgotmyfirstexperienceusingGC-
MS.ThefirsttimeIranthereaction,
theyieldwaslousy.ButIdidittwice
moreandbothtimestheyieldofstyrene
oxidewasgood.Mymentorsaidthatwe
couldalsousecyclicvoltammetrytohelp
characterizethesystem,butwedecided
toleavethatforanothertime.

*Ed.Note:Theauthorsofthispiecearefirmlyestablishedprofessionals;buttheyenjoyedplayingstudentsagaintopresentthediverseandexcitingareaof
organicandbiologicalelectrochemistry.

(continuedonnextpage)



60 TheElectrochemicalSocietyInterface•Spring2006

Bonding Electrocatalysts to  
Electrode Surfaces for Synthesis

Itisseveralweekslater,andIam
doingareactionwithadifferent
catalyticelectrode.Inadditiontowhat
Ihavealreadytried,thereareother
waystomodifyelectrodesurfaces.
Somewayshavethedisadvantage
thatthecoatingisremovedreadily,
sothattheelectrodemustberecoated
onaregularbasis.TwoFrenchmen
describedagoodmethodtobeatthis
problem.3Theyfoundthatreduction
ofphenyldiazoniumion(C6H5N2

+)ata
graphitesurfaceformsphenylradicals,
whichbindchemicallytographite
electrodes,andthatitispossibleto
carryoutchemicalreactionsonthearyl
groupsofthemodifiedelectrode.These
ideaswereusedrecentlytoproducean
electrocatalyticelectrodebyattaching
atriphenylamineelectrocatalysttoa
graphitefiberelectrode(Figure2).4You
reduceadiazoniumioncontainingthe
triphenylaminenucleus(awell-known
electrocatalyst)atagraphiteelectrode
andthenbrominatetheelectrodeto
blockundesiredreactionsatthepara
positions.Voltammetryshowsthatthe
electrodecatalyzestheoxidationof
substratessuchassilanesandbenzyl
ethers.Youcanmakeelectrodesfor
catalyticoxidationsonapreparative

scalebypreparingalargerelectrode
usingthesamesurfacechemistry.

ImadetheelectrodeinFig.2ona3x
3in.pieceofcarbonclothanduseditin
controlledpotentialelectrolysisofbenzyl
methylether.Thecellwassimilartothe
oneinFig.1.Igotagoodyieldofthe
expectedproductbenzaldehyde,thatI
measuredbygaschromatography.Ithink
Iamgettingthehangofthis!

Voltammetric Studies of Protein Films

Inpreparationforthelastphase
ofmytraining,Iwasassignedtoread
severalreviewarticlesonproteinfilm
voltammetry.5,6Ifoundthatproteinor
enzymefilmscanbeusedforbiosensors,
bioreactors,andelectrochemical
studiesofproteinredoxproperties.
However,itistricky,becauseadsorption
ofdenaturedproteinscanmakea
filmthatblockselectrontransfer
onmetalelectrodes.About25years
ago,researchersfoundthatcontrolof
electrodesurfacechemistrywasakey
togoodproteinelectrontransfer.Early
successstoriesincludedtheattachment
ofmonolayersof4,4´-bipyridylorrelated
thiolderivativestometalelectrodes
topromotedirectelectronexchange
betweenproteinsandtheelectrodes.
Beforethis,itwasdifficulttogetdirect
proteinvoltammetry.Alittlelater,edge

planepyrolyticgraphiteelectrodes
containingcarboxylategroupswerealso
foundeffective.So,surfacechemistry
playsanimportantroleinmodern
proteinelectrochemistry.

Also,Ifoundthatamperometric
biosensorshavebeendevelopedwith
mediatorstodeliverelectronsbetween
electrodesandenzymes.Whilethisis
notdirectelectrontransfer,immobilized
enzymesinfilmscanhavehighcatalytic
activity,andthedevicescanbedrivenby
themediators.Electrochemicalglucose
sensorsbasedonthisprinciplewith
theenzymeglucoseoxidaseareused
routinelybydiabeticpatientstomeasure
glucoseintheirblood.Isawonetype
advertisedbythebluesguitaristB.B.
KingonTVlastweek.

Proteinfilmvoltammetrycanbe
donewithmanytypesoffilms.Proteins
canbecoadsorbedwithotherchemicals
togivemonolayerswithreversible
voltammetryonedgeplanepyrolytic
graphiteelectrodes.Self-assembled
monolayersoforganothiolsongold
electrodesthatadsorborchemically
bondwithproteinscanbeusedtogive
reversibleelectrochemistry.Insoluble
surfactantsandpolyionsofvarioustypes
canbeusedtomakestablefilms.5,6

Cyclicvoltammetryisamajor
electrochemicaltoolforstudyingprotein
films.AtypicalsetupisshowninFig.
3.Itistheusualcyclicvoltammetry
setupusingapotentiostattocontrol
theappliedpotentialandmeasurethe
currentinanelectrochemicalcell.It
canbeusedforallsortsofelectroactive
materials;butinthiscasetheprotein
filmisattachedtotheworkingelectrode.
Iusedthissetuptoobtaincyclic
voltammogramsforaperoxidaseenzyme
fromthetuberculosisbacteriumina
lipidfilm.Wegottheenzymefroma
collaboratorinBrooklyn.

Thesefilmsaresimpleto
make.Idissolvedsomelipid
(dimyristoylphosphatidylcholine)in
waterandsonicatedthedispersion
tomakevesicles.ThenIaddedthe
proteininaneutralbuffer,andspread
afewmicrolitersofthemixtureon
apyrolyticgraphitediskelectrode.
Thiswasdriedovernightwithasmall
bottleovertheelectrodetomakethe
dryingslow.Thentheprotein-film
coatedworkingelectrodewasplaced
intotheelectrochemicalcell,andcyclic
voltammetrywasdone.Thisinvolveda
linearscanofvoltagetonegativevalues,
followedimmediatelybyanotherlinear
scaninthepositivedirection.Theresults
areshowninFig.4.Thisperoxidaseis
anironhemeenzyme,andthepeaksare
causedbyreductionoftheFeIIIenzyme
totheFeIIformontheforwardscan,
followedbyoxidationoftheFeIIenzyme
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FIG.1.Typicalreactorcellforbenchtopelectrochemicalsynthesis.Insetontherightillustrates
theepoxidationofstyreneonamagnesiumoxidenanoparticleelectrode.

FIG.2.Constructionofanelectrocatalyticelectrodebearingtriphenylaminegroups.
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toFeIIIonthereversescan.Theresults
tellmethatthereactionisreversible,
becausebothpeaksarenearlyequalin
heightandataboutthesamevoltage.We
knowthatthesepeaksarecausedbythe
enzymebecauselotsofcharacterization
studieshavebeendoneontheseprotein-
lipidfilms,suchasvisibleabsorbance
spectroscopy,circulardichroism,
reflectanceinfraredspectroscopy,
spectroelectrochemistry,electronspin
resonance(ESR)spectroscopy,andother
methods.Alltheseexperimentsshowed
resultsconsistentwiththenativeprotein
andnotwiththefreeironhemegroupor
denaturedproteinoranythinglikethat.

Anothermethodusedtomakefilms
inourlabislayer-by-layerdeposition
ofenzymesandpolyionsofalternate
charges.6ThisisthesamemethodIused
tomakethemanganeseoxidefilms,so
itisversatile.Althoughitisalittlemore
time-consumingthanthelipidfilm
method,thefilmsareusuallystableand
goodforbiosensors.

Cyclicvoltammetrycanbeusedto
getallsortsofinformationaboutthe
proteinfilm.Theintegralunderthe
peakgivesthechargeusedforprotein
electrolysis,whichtellsushowmuch
electroactiveenzymeispresentinthe
filmusingFaraday’slaw.Ascanrate
studyoftheseparationofthetwopeaks
asafunctionoftherateofvoltagescan
canbeanalyzedwiththeorytoobtain
electrontransferrateconstants.Addition
ofhydrogenperoxidetothesolution
causedtheFeIIIpeaktoincrease,andthe
FeIIpeaktodisappear.Thisisbecausethe
enzymecatalyticallyreduceshydrogen
peroxide.Therateofthisreactioncan
alsobeobtainedbyanalysisofthe
catalyticvoltammetrypeak.Also,this
typeofcatalyticcurrentincreasecanbe
usedinbiosensors,inthiscaseasensor
forhydrogenperoxide.Ifyouwantto

dofundamentalstudies,alltherates
Imentionedabovecanbemeasured,
andalsoallthespectroscopicmethods
mentionedabovecanbeused.Foroptical
spectra,thefilmsareusuallymadeon
transparentindium-tinoxideelectrodes,
oryoucandoreflectance.Soitseems
thatalotofinformationabouttheredox
chemistry,redoxstates,andbioactivity
oftheenzymecanbeobtainedwith
thesefilms.

Outcome

Ihavefinallyfinishedmyinitial
training.Ihavelearnedalotabout
organicandbiologicalelectrochemistry
inthepastseveralmonths.Ialsofound
thatthereisanorganizationcalledECS
thatholdsgreatresearchmeetingstwice
ayear,andthereisanOrganicand
BiologicalElectrochemistryDivision
inthatSociety.Studentmembershipis
cheap;Iamdefinitelygoingtojoin!

WhatdidIlearnabout
electrochemicalresearch?Inaddition
tomanynewelectrochemicaland
characterizationtechniques,Ihavebeen
exposedtomodernsurfacemodification
andfilmconstructionmethods.Also
Ilearnedhowelectrochemistryis
linkedtomanyotherareaslikeorganic
andinorganicchemistryaswellas
biology.Italsoutilizesperipheral
techniquessuchaschromatography,
allsortsofspectroscopy,andeven
quantummechanicalcomputationsand
voltammetrysimulations.NowIneed
todecideonthespecificareathatIwill
specializeinformythesisresearch,
anddreamupaprojectofmyown.
Everythingwassointeresting;itisgoing
tobeatoughdecision. 
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FIG.3.Systemusedforcyclicvoltammetryofproteinfilms. FIG.4.Backgroundsubtractedcyclicvoltammogramat0.1V/sof
MycobacteriumTuberculosiscatalaseperoxidaseinathinfilm(~0.5
µm)ofthelipiddimyristoylphosphatidylcholineonapyrolyticgraphite
electrodeinpH6.1buffer.


