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ABSTRACT: Recent studies have shown that the electrical conductivity of certain organic polymer films change
when the films are exposed to organic vapors. Here, results using polymers that conduct via redox hopping and
conjugated polymers such as polyaniline are emphasized. In these cases extremely large vapor-induced increases i
conductivity, up to a factor of ) have been measured. These vapoconductivity effects result in part from
morphological changes, especially plasticization. The results are of interest for the development of sensors. Copyright
0 2000 John Wiley & Sons, Ltd.
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INTRODUCTION terms of electrons moving through the solid by jumping
from molecule to molecule. Physicists expand this idea to
Electrical conductivity has been a major focus of work on include positively charged holes, denoting the absence of
organic materials chemistry. The discovery of highly an electron, but the idea is the same. If electrons are not
conducting organic polymers, such as polyacetylene delocalized intermolecularly, then the electron must,
oxidized with iodine, spurred interest in the general indeed, hop from molecule to molecule through the
subject of electrical conductivity in polymers, and led to sample. Hopping is an activated process analogous to
an extensive literature on conjugated, oxidized polymers. solution-phase single-electron transfer so widely studied
This has led in turn to a number of studies on the effects by chemists. If, however, there is delocalization between
of vapors on polymer conductivity. In this paper we give molecules then the solid has a band structure and the
some background information on the materials and the electron can move more freely. A single-crystal metal has
mechanisms of conductivity and then describe experi- a band structure that allows electrons to move from one
mental results. We emphasize studies of redox andelectrical contact through the crystal to the other contact
conjugated-chain polymer films because that has been thavithout hopping.
focus of our research work. Although physical organic  The situation for conducting polymers is seldom
chemistry will provide our perspective, a driving force simple. Consider first the case in which electron hopping
for much of the activity in this area is vapor sensors and is involved. An example of such a material is a mixture of
we briefly address these applications as well. a cation radical and a neutral molecule dispersed in a
polymer matrix. Conductivity involves electron hopping
from neutral to cation radical. It is common, however,
Molecular Conductivity that such species form stacked, mixed valence aggre-
gates. This aggregation can form single crystals with
Of interest here are molecular solii$his world can be  delocalization of electrons along the stacks. Clearly, such
divided into ionic conductors in which ions must diffuse aggregation is an important phenomenon in polymers, a
to the two electrodes where they are oxidized and phenomenon that will affect the observed conductivity
reduced, and electronic conductors in which electrons (or behavior.
holes) move through the sample to the electrodes. More widely studied are oxidized, conjugated-chain

Chemists usually imagine electronic conductivity in Polymers, such as polyacetylene or polythiophene
oxidized with iodine. These polymers have electrons
delocalized along segments of their chains and may also
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conductivitiesessthanthat of metalsandthe conductiv-

ity increaseswith increasingtemperatureOf particular
importancehere are considerationf electrontransfer
betweenchainsor betweendomainsof the solid. These
processeare usually relatively slow, so they limit the

rate and the conductivity. Although little is understood
about these aspects,it is expectedthat the electron
transfer will require molecular motion, and that the

conductivitywill be sensitiveto this motion.

In addition to considerationsof molecular structure
and molecularmotion it is importantto rememberthat
conductivityis a bulk propertyandrequiresa conducting
networkthroughthe sample We shallseetheimportance
of this below, but considerthat many of the polymersof
interest are composedof more than one species.An
exampleis a conductingpolymerasa minor component
in an insulating polymer, used to obtain desirable
electricalandmechanicapropertiesin suchcasephase
separatioris animportantconsiderationHigh electrical
conductivityrequiresthat the conductorform a continu-
ousphasewithin the insulator.

Herewe areinterestednly in d.c.conductivityandthe
measuremenrefairly simple.Thevaluesarealsofairly
accurateand, wonderfully, the spreadof valuesis huge,
perhapsthe largest of any values a chemist might
encounterlnsulatorshaveconductivities,s, reportedin
Scm ! (whereS, thesiemensis areciprocalohm)aslow
as10 *Scm . Most polymersaregoodinsulatorsand
someare usedfor insulationaroundwires. The highest
reportedconductivity for a polymeris for orientedand
iodine-oxidized polyacetyleneat 10° Scm™*. lonic
conductorssuchaslithium saltsin poly(ethyleneoxide)
have room temperatureconductivities of 10 °-102
Scm . Many conjugatedand oxidized polymers,such
as polythiophene oxidized with iodine, give values
around1-1¢ Scm™* dependingon the exact method
of preparation.

Someof the currentactivity in thefield of conducting
polymersis directedtoward applicationsas gassensors,
or as componentsin gas sensor arrays> Because
conducting polymers such as oxidized polypyrrole or
carbon particles imbeddedin inert polymers change
conductivity when exposedto organicvapors,they are
candidatedor this useand, indeed,have beenusedto
develop commercial devices. When sensorsor sensor
arraysare combinedwith suitablesignal processingand
patternrecognitionsystemsthedeviceis describedasan
‘electronicnose.? Suchsystemsareapplicableasa non-
destructivemethodfor the detectionand discrimination
of gasesandodors,for quality assurancén thefood and
beveragéndustryandin breathanalysisElectronicnoses
canbe basedon a variety of different sensingmaterials
including semiconductingmetal oxides, lipid coatings
and phthalocyaninesin addition to polymer films.
Conducting polymer films have the advantagesof
operating at room temperature,sensitivity to a wide
variety of volatile organic compounds and being
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inexpensive to fabricate relative to other sensing
materials.

In summary,the materialsof primary interestto this
paper are polymers containing oxidized or partially
oxidized organicspeciesElectronhoppingis important
for the conductivity,and an understandingnustinvolve
considerationsof both the structure of the molecular
speciesand the morphologyof the material. When the
polymersabsorbvapors,the structureand conductivity
changeandthis providesan opportunityfor applications
in thefield of sensors.

RESULTS

Our first experiencewith the effects of vapors on
conductivity involved a polymer composedof a small
moleculeanionradicalanda polymericpolycation® Our
ideawasthatthe polymerwould serveasthe counterion
for the anion radical, and would also provide the
polymeric material so that mechanically useful films
could be prepared.As the anion radical we chosethe
naphthalenaliimide, 1~. Previousstudieshad demon-
stratedthat 1~ could be formedin aqueoussolutionand
was stablein the absenceof oxygen.It had also been
demonstratethat1l™ formedr stacksn aqueousolution
andin solidsasa sodiumsalt. Thereforejt seemedhata
conducting material would result if we used the
polycation poly(dimethydialylammonium) (PDDA) to
form 17 /PDDA.

0 0
(1) '03S<©—N Q N@—soa'

We deviseda methodfor the productionof 17 /PDDA
films thatinvolved the reductionof 1 in the presenceof
PDDA in water on a mercury pool electrode.A black,
shiny film formed on the surfaceof the liquid mercury
thatcouldbeeasilyremovedwasheddriedandstoredin
air, providedthatthe humidity wasnottoo high. As such,
thisproceduregyieldedanunusuakxampleof anair stable
n-doped(negatively doped) conductingpolymer. Con-
ductivity measurementsf the dried film alongthe film
planeshowedthatthe polymerwassemiconductingvith
a room temperatureconductivity of 10~ Scm* in dry
nitrogenor air. The conductivitywasmuchlower across
thefilm plane,only aboutl0~’ Scm*. ESRandvisible—
near—infraredNIR) studiesshowedhatthestructurewvas
anisotropic with n stacks of anion radicals oriented
primarily in the film plane.

Of special interest was the observationthat the
conductivity of thesefilms dependedon the humidity
above the sample.In a humid atmospherethe film
becamesticky and the conductivity increased At 90%
relative humidity the conductivitywas0.1 Scm™*. The
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effect was reversible so that when the humidity was
removedthe conductivity rapidly returnedto its original
value.Becausdhe film becamesticky we proposedhat
water uptake causedplasticizationof the film and that
(somehow) this led to higher conductivity. Further
investigationof the conductivity showedthat therewas
evidencefor polarizationof the sampleat high humidity.
This suggestedhat the materialmight be considereda
redoxconducto? If electronhoppingbetweerstacksvas
importantin determiningthe conductivity, then absorp-
tion of water into the film might improve the local
mobility, andthereforethe rate of hopping.This would
increaser, but sincel /PDDA containedsucha variety
of ionic materialsthe mechanisnof the vapoconductive
effectremainedunclear.

Thesestudiesrationalizedthe sensitivity of the 17/
PDDA films to humidity and set the stagefor further
investigationof the phenomenonln orderto developa
methodfor preparingsimilar films usinga non-electro-
chemicalmethod,we studiedthe water-solublepolymer
poly(vinyl alcohol)in mixturewith 1™~ andsimilar water-
solublediimides? Free-standingjims of this systemwith
varied loading and degreeof reductionof the diimide
conductorwere readily obtainedby spin casting. The
conductingfilms that were producedwere anisotropic,
butnotvery sensitiveto humidity. This madeit clearthat
the presenceof anion radicals,evenas n stacks,was
insufficient to explain the humidity effect. The new
resultssuggestethatPDDA wassomehownvolvedwith
the wateruptakeandthat this led to the humidity effect.

In all the work on conjugated chain conducting
polymers,linear polymerswere used.It was, therefore,
of generalinterestto studybranched-chaipolymers.As
a startin this field we chosedendrimersDendrimersare
highly branchedpolymers, synthesizedin a stepwise
fashion to give a final product with a very narrow
molecular weight distribution. Tomalia’s group had
developedthe synthesisof polyamidoaming PAMAM)
dendrimersand provided amine-terminatedpolymers
with increasingmolecularweights,generationd—4. We
modifiedthesedendrimerdy attachingdiimide groupsto
the peripherygiving, for example,the third-generation
dendrimer D3, A with up to 192 diimide groups per
molecule® In aqueous solution, NIR spectroscopy
showedthatthe diimide anionradicalsformedn dimers,
but not the larger = stacksfound with the monomeric
anion radicals such as 17. Films cast from water
producedelectrically conductingpowders but not films.
This may be dueto the brancheddendrimericstructure
which can inhibit intermolecularinterpenetratia. Dis-
solvingthedendrimer2 in formamide,andreducingwith
sodium dithionite gave stable solutions of the anion
radicals, which could be spin cast into useful films.
Although the solutionsgave anion radicalsthat reacted
with oxygenin the air, the castfilms were stablein dry
air.

Fully reduced films (1.1 electrons/diimide) gave
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conductivitiesunder ambientconditionsof about102

Scm™ . Films formed from thesedendrimersthat were
partially reduced(0.55 electrons/diimide)gaves = 102

Scm L. This is consistenwith the ideathat conduction
involves electron hopping. Electron exchangebetween
two anionradicalsnecessarilyproducesa dianionanda

neutralin anendothermigrocessElectronhoppingfrom

an anionradicalto a neutralin a mixed valencefilm is

thermoneutral.

Spectroscopicstudies on these films showed NIR
absorptiomut to 2000nm with strongerintensityatlong
wavelengthgor mixed valencefilms. This is consistent
with the formation of the conductingentitiesinvolving
anionradicalaggregationAlthough thereare geometric
constraintson the aggregatiorof anionradicals,the fact
thattheyareontheperipheryof thedendrimemeanghat
thereis a high local concentrationwhich is favorablefor
aggregate formation. Interestingly, these films are
isotropic,thatis, thereis no preferredorientationof the
anion radical aggregatesn the film plane of the type
found for 1. Clearly, the dendritic structure controls
morphologyin this sense.

Thefirst indicationthatthesefilms would be sensitive
to humidity wasobtainedwhenit wasobservedhatthe
current flowing through a film rose and fell with the
breathing rate of the observer.The humidity in his
exhaledbreath increasedthe conductivity of the film.
More carefulstudiesquantifiedthis effect. In the caseof
thepartially reducedilm, theconductivityrosefrom 0.01
Scm ™t at zerohumidity to 15 Scm™* at 90% humidity,
anincreaseyy afactorof 1500.Thereversiblechangefor
afilm about20 um thick took placein afew minutesafter
thehumidity waschangedThis phenomenomvasprobed
using a quartz crystal microbalance(QCM). The vibra-
tional frequencyof the quartz crystal dependson the
weight of the film attachedo its surface,andin certain
circumstancesthe mass of absorbedwater can be
measuredIn practicewe found that large quantitiesof
water were absorbedwith increasingamountsat high
humidity. Above 50% relative humidity the device
becameunstableas the wet film becameheavier and
moreplastic.Spectroscopistudiesshowedho difference
betweenwet and dry films. Therefore, there is no
evidencefor changedn the structureof the conducting
entitiesandwe suggesthat plasticizationandincreased
mobility explaintheincreasen conductivity.

Theseresultson PAMAM dendrimersmodified with
anion radicals led us to extend our resultsto cation
radical-modifieddendrimers Oxidized speciesare more
air stableandmorewidely usedfor materialschemistry,
sothis extensionwould connecbourresultsto thosein the
literature on other conductors.In collaboration with
Newkomewe preparedpolyamidodendrimersmodified
with oligothiophenessuch as 2 and 3. It had been
establishedthat oligothiophenescould be oxidized to
give stablecationradicals.The conductivityandspectra
of suchsaltshadbeenreportedandsowe hada sufficient
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backgroundto undertakethe study. The specific den-
drimershadthe oligothiophenesttachedvia thioalkanol
groups.Thethio groupgaveaddedstability to the cation
radical, and the alcohol allowed attachmentto the
dendrimervia an esterlinkage. Spectroscopiecneasure-
ments indicated that the loading with oligothiophenes
was 60—70%.0xidation in methylenechloride solution
gaveoptical spectrademonstratinghat cationradical -
dimers were formed. This indicated an enhanced
disposition toward dimerization for the dendrimer
comparedo monomericanalogsat the sameconcentra-
tion.

The cation radicals did not form good films under
castingconditions,sowe castfilms of the neutralspecies
andoxidizedthemwith iodinevapor.The conductivityof
thesefilms for eitherthe bithiopheneor quaterthiophene
exampleswas 10 Scm™*. Rapid switching of the
currentandlong-termcurrentpassageéndicatedthat the
conductivitywasnotionic. This conductivityis similarto
or slightly lower than those of pure quaterthiophenes
oxidized with iodine, indicating that the dendrimer
structurehasonly a small effect on the conductivity.

Vapoconductivity experimentsrevealeda new phe-
nomenonWatervaporhadonly a small (factor of two)
effect on the conductivity, but organicvaporsincreased
the conductivity (¢/co, Whereasq is measuredn air) by
factorsof up to 800. Theincreasewhich took placeover
a period of a few minutesfor films of thickness10pum,
was rapidly reversedwhen the vapor was removed.In
Tablel areshownthe changesn conductivity (a/a¢) for
a variety of volatile organiccompoundsThe datashow
that there is a range of responseswith certain polar
organic vapors giving the largest values. Non-polar
vapors such as toluene gave very small changes.
Comparisonof the two dendrimers2 with bithiophene
cation radicals and 3, with quaterthiophenecation
radicals gave similar results, but the ordering of
vapoconductiveeffectswas different. Acetonegavethe
largest effect with 2. Diethyl ether gave the largest
increasewith 3. It was realizedthat the sensitivity of
thesepolymersto organicvaporsallowedthe possibility
of sensomapplicationsIn particular,it wasreasonedhat
gualitative organic analysiscould be performedbased
simply on the observecconductivity value.

QCM studies were performed on these polymers
exposedto organic vapors. There was a decreasein
frequency(increasdan weight) overa period of minutes.
Whenthe vaporwas removed ,the weight returnedto a
value similar to that of the initial sample,also over a
period of minutes.In Table 1 is shownthe percentage
increasdan mass.t canbe seenthatthe films aretaking
up everyvaporincluding thosethat do not havea large
effect on the conductivity. The massof absorbedvapor
amounts to about 5-10% (w/w). It was physically
observedthat the films under acetonevapor became
sticky, while the films underwatervaporremainedhard
to thetouch.

Copyright0 2000JohnWiley & Sons,Ltd.

Table 1. Conductivity and mass changes of iodine-oxidized
films of 2 and 3 exposed to various vapors

2 3

Vapor olog (AM/Mg) X100 o/og (AM/Mg) x100
Acetone 800 11 190 9.6
Ethanol 380 10 290 7.8
Ethyl acetate 280 4 210 3.6
Ether 240 6.4 350 7.3
Acetonitrile 140 6.2 310 6
Dichloromethane 47 9.2 31 9.1
Methanol 35 18 44 15
Toluene 1.5 4 4.2 3.9
Water 1.3 17 2.1 20
Hexane 1.5 4.3 1.2 3.7

It will be recognizedthat theseoxidized dendrimer
films containnot only oligothiophenecationradicals but
also counterions, triiodide or polyiodides.Thesehalide
speciesareknownto give conductivityin poly(ethylene
oxide) and could contributeto the conductivity in this
case’® Preliminarytests(D. C. Boyd, unpublishedesults)
indicatethatthisis the caseandthattriiodide saltscanbe
usedto developinexpensiveandreversiblevapoconduc-
tive films. An exampleis tetrahexylammoniuniodide in
PVC, treated with iodine vapor. This film, in which
triiodide is found spectroscopicallyjs insulating with
0=8x 101 Scm™L. In the presenceof acetonethe
conductivityrisesto 2 x 103 Scm . Whentheacetone
vaporis removed the conductivityreturnsto its original
value. This huge (six ordersof magnitude)changeis
reversiblefor anumberof cycles.Othervapors(Table2)
give different, but large effects, and even toluene
increasedhe conductivity by 5000.

The magnitudeof theseeffectsis much larger than
found in an extensive series of studieson oxidized
polypyrrole basedsensors. Thesestudiesusually used
electrochemicallypreparedpolypyrrole. The counterion
for the cationic polymer camefrom the electrolyteand
wasvaried.Althoughchange®f 100havebeenfound,in
most casesthe size of the effect was a few per cent
increaseor decreaseThe thrustof this work wasto use
suchmaterialsfor sensorsand evensmall vapoconduc-
tive effects could be usedif an array of sensorswas
employed.

Table 2. Vapoconductivity effects for tetrahexylammonium
triiodide—PVC films

Vapor alog Vapor alog
Acetone 2x 10°  Methanol 2x 10
Dichloromethane 1 x 10° Ethanol 3x 10
Acetonitrile 1x 10° Diethyl ether 1x 10
Tetrahydrofuran 3 x 10° Isopropylalcohol 1 x 10*
Chloroform 1x10° Toluene 5x 10°
Ethyl acetate 2x10° Cyclohexane 1

J. Phys.Org. Chem.2000;13: 808-815
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Sinceiodine has beenthe oxidant of choicein this
field, the above results also have some general sig-
nificancefor thefield of conductingpolymers® Examples
rangefrom oxidation of polyacetyleneusing iodine in
carbontetrachlorideto makethe mosthighly conducting
polymer known, to many examplesof iodine-oxidized
polythiophenes, poly(phenylenevinylene)sand even
polyisoprene We suggesthat if the conductivityis not
too high and if the samplesare not too dry, triiodide
conductioncould be important.

Thelargevapoconductiveeffectsfrom organicvapors
describedhboveweresoonrelatedto anongoingstudyof
a soluble polyaniline obtainedfrom Dr Pat Kinlen at
Monsanto. The polymer was solubilized by a large
counterion,dinonylnaphthaleneulfonate.The material
also containedexcessdinonylnaphthalenedonic acid
and a plasticizerin p-xylene. Although the polyaniline
wasin the protonated(conducting)form (4), films cast
from p-xylene gavea very low conductivity. This was
expectedfrom previously publishedwork, as was the
result when the film was washedwith methanof The
methanol wash sharply increasedthe conductivity to
valuesnear20 Scm . Althoughit waspossiblethatthe
methanol was washing away some non-conducting
material, it seemedequally reasonablethat the polar
solvent allowed the ionic polyaniline to unfold and
aggregateo give bulk conductivity. We reasonedhatif
the latter was true then methanolvapor could have a
similar effect.

Tested experimentally!® it was determined that
methanol vapor, indeed, causeda rapid increasein
conductivity of this Monsantopolyaniline material cast
from p-xylene. The initial conductivity of 3 x 10°°
Scm ! changedo 20 Scm™* afterexposureéo methanol
vaporfor 1 min. Whenthefilm wastransferredo air the
conductivity did not change.Indeed, even heatingthe
film to 70°C to drive off any absorbednethanoldid not
changethe high conductivity value. On the other hand,
the conductivity could be rapidly decreasedthy exposure
to a non-polarvapor suchas chloroform or toluene.In
this way the film could be put throughseveralcyclesof
high and low conductivity. Seenin a different sense,
chloroform could be used to deactivatethe film in
preparatiorfor anothermmethanolmeasurement.

The large dynamicrangeof the effect allowed us to
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Table 3. Vapoconductivity changes for protonated polyani-
line films after 30 s exposure

Vapor alog Vapor alog
Methanol 7.4x 10° Dimethylformamide 2.0 x 10
Ethanol 6.0x 10° Tetrahydrofuran 1
Isopropyl 1.3x 10* Acetonitrile 1
Alcohol
Isobutyl Alcohol 6.2 x 10 Ethyl acetate 1
tert-Butyl 5.4x 10° Diethyl ether 1
Alcohol
Acetone 3.4x 10" Toluene 1
Methyl ethyl 1.0x 10
ketone

differentiatea numberof differentvapors.Table 3 gives
several examples. Notable are the small effects of
dichloromethaneand other non-polar vapors and the
very large effects of polar vapors such as dimethyl-
formamide acetoneandalcohols Polarityis very mucha
factor as seenin the effects of methanol, ethanol,
propanolandbutanol. The notion that this film could be
usedto differentiatedifferentvaporpressuresf thesame
material was tested using alcohol-water mixtures.
Extrapolation of the data indicated that it would be
possibleto determineethanoldown to about0.05%in
liquid water. Of more practicalinterestwas the differ-
entiationof lite beer(o/oo = 60) from ale (o/0¢ = 1260)
beforetasting

QCM studies(Fig. 1) showedthat the film rapidly
absorbedarge quantitiesof ethanolvapor. Removalof
the vaporled to rapid lossof the absorbedethanolfrom
the film. It is not establishedthat all of the ethanol
departed,however. Spectroscopicstudiesshowedonly
minor spectralchangeswith ethanolabsorption.Wide-
angle x-ray scattering showed some evidence for
increasedcrystallinity when the film was treatedwith
ethanolvapor. Our conclusionagainis that the film is
swollenwith thevolatile organiccompoundandthatthis
allows reorganizationof the morphology.In this case,
morecrystallinity may be importantfor the conductivity
increase.Crystallization, or at least organizationinto
polyanilinenetworks hasreceivedsupportfrom arecent
studyof polyanilinegels* Thesegelswereformedusing
emaraldinebaseand an excesf organicsulfonic acids
suchasdinonylnaphthaleasulfonicacid in formic acid.
TheyshowTEM evidenceor organizedibrils andx-ray
scatteringevidencefor crystalline phasesThe conduc-
tanceof thesegelsis lower (102 Scm™ %) thanthat for
our high-conductivityfilms, butit seems<learthatin the
presencef vaporssuchasformic acid we could alsobe
forming a gel phaseand that network morphologiesare
formed under conditions comparable to those we
employed.

We have also studiedthe neutral,insulating form of
polyaniline (5) (J. S. Bankers,unpublished-esults).The
initial conductivityof afilm of this commercialmaterial,

J. Phys.Org. Chem.2000;13: 808-815
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Figure 1. Conductivity (squares) and mass changes from
QCM for 1 um polyaniline films exposed to the vapor above a
20:80 ethanol-water mixture by volume. Sample placed in
the vapor after 5 min

cast from N-methyl-2-pyrrolidinme, is about 10 °
Scm*. Whenthe film was exposedto organicvapors
the conductivity rosesubstantiallyas shownin Table 4.
The UV-visible spectraof the film before and during
exposurego vaporshowa broadmaximumat 625nm as
expectedor the baseform of polyaniline. Thesespectra
showthat the vapor doesnot protonatethe polyaniline.
Additionally, experimentiaveshownthatthe maximum
conductiveresponsalecreasewith repeatecexposurdo
vapors.By reversingthe bias on alternatingexposures,
this phenomenoris greatly reducedlIt wasthoughtthat
this phenomenonmight be due to ions, not properly
removedduring the conversionfrom the salt to base
form, migratingto the electrodesduring bias. However,
elementalanalysisdoesnot supportthis hypothesis.A
comparisonof the relative sensitivity of the protonated
andunprotonatedorms of polyanilineto organicvapors
showssomedifferences,andin this baseform material
thereareno obviouscandidatedor carriers.

Still, the films exhibitedincreasesn conductivity as
largeas10° whenexposedo methanolvapors Although
the changesn conductivitywere not entirely reproduci-
ble from exposurdo exposureanacceptablenethodhas
been devisedto standardizethe response.Using this

method, the conductivity changeswere sufficient to
differentiate 10 volatile organic compoundsin a blind
test.

Previous studies of vapoconductivity (or vaporesis-
tivity) have focuseduseful attentionon three types of
polymers.Oxidized conjugated-chairpolymerssuchas
polyaniline, polypyrrole and polythiophene have re-
ceivedattention.Bartlettand co-workershavepublished
extensivelyon suchmaterials’ They havemadedevices,
including arrays, and developedthe electronics and
softwareto makethesemeasurementssefulin applica-
tions. Of interestare artificial neural networksfor the
identification of vapors.Of importanceare methodsto
calibrate the responsesThere is often a concernwith
baseline drift and reproducibility of the response.
Becausethese materialsare in a high oxidation state
they are susceptibleto reductionby aminesand other
volatile reducing agents,and this tendsto changethe
propertyin an irreversiblemanner.On the other hand,
this type of redoxor acid—basdehaviorhasbeenwidely
toutedfor sensitivedetectionusingsuchpolymers.

In comparisonwith the redox polymers of interest
here, these conjugatedchain conductorshave higher
conductivities, but show smaller vapoconductivity ef-
fects.A typical changg(usuallyanincrease]s a few per
cent compared with the 10°>-10° changeswe have
measured. Little has been reported that makes a
convincing casefor one material allowing the differ-
entiation of a variety of vapors. Instead, arrays are
proposedor qualitative identificationof volatile organ-
ics.

lonic conductorshavealsobeenemployedasorganic
vapor sensors.The sensitivity of polymers containing
non-redoxions to humidity is well known. Also well
known is the effect of plasticizers on the ionic
conductivity of lithium saltsin poly(ethyleneoxide) of
the type usedfor battery applications.A recentpaper
reportsasurveyof anumberof polymers plasticizersand
organic salts to organic vapors such as ethanol and
toluene? All threecomponentsrerequiredto obtainthe
vapoconductive response. The conductivity in the
absenceof vapor is of the order of 10°® Scm™™. It
appearghat the vaporstypically causeincreasesn the
order of a few per cent, but can be up to 100 and are
reversiblelt waspossibleto constructvery stabledevices

Table 4. Base form of polyaniline: vapoconductivity changes compared with the change for methanol vapor

Vapor (O'vapo/Umethano) x10°3 Vapor (Uvapo/Umethano) x10°3
Ethanol 127 Dimethylformamide 20
Acetone 119 Isopropylalcohol 10
Methyl ethyl ketone 48 Tetrahydrofuran 5.3
Dichloromethane 39 Acetonitrile 2.7
Ethyl acetate 2.3
Isobutylalcohol 1.8

Copyright0 2000JohnWiley & Sons,Ltd.
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Figure 2. Comparison of the vapoconductive effects of four
polymer films: (a) protonated polyaniline; (b) tetrahexylam-
monium triiodide-PVC; (c) dendrimer 2 oxidized with iodine;
(d) base form of polyaniline

with good reproducibility and usethemfor quantitation
of the amountof organicvaporin air.

Of interestis the developmentof a set of vapor-
sensitivefilms with differentresponsesSucha setwould
havegreaterpossibilitiesfor analyticalusethana setin
which all the membersgavesimilar responseskigure 2
comparesthe vapoconductiveresponsedor the four
polymersystemsiescribechbove.ln the caseof thebase
form of polyaniline the absolutevalues are not exact
becauseheinitial conductivityis solow, buttherelative
valuesaremeaningfulin this context.lt canbe seenthat

thereis not a similar patternin the observedresponses.

Polarvaporstendto give largerincreasesn conductivity,
butthe detailschangedramatically.Henceit appearshat
this new phenomenoncould have utility for sensor
components.
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