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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 in
conductivity, up to a factor of 106, 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
 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Electrical conductivity has been a major focus of work on
organic materials chemistry. The discovery of highly
conducting organic polymers, such as polyacetylene
oxidized with iodine, spurred interest in the general
subject of electrical conductivity in polymers, and led to
an extensive literature on conjugated, oxidized polymers.
This has led in turn to a number of studies on the effects
of vapors on polymer conductivity. In this paper we give
some background information on the materials and the
mechanisms of conductivity and then describe experi-
mental results. We emphasize studies of redox and
conjugated-chain polymer films because that has been the
focus of our research work. Although physical organic
chemistry will provide our perspective, a driving force
for much of the activity in this area is vapor sensors and
we briefly address these applications as well.

Molecular Conductivity

Of interest here are molecular solids.1 This world can be
divided into ionic conductors in which ions must diffuse
to the two electrodes where they are oxidized and
reduced, and electronic conductors in which electrons (or
holes) move through the sample to the electrodes.
Chemists usually imagine electronic conductivity in

terms of electrons moving through the solid by jumping
from molecule to molecule. Physicists expand this idea to
include positively charged holes, denoting the absence of
an electron, but the idea is the same. If electrons are not
delocalized intermolecularly, then the electron must,
indeed, hop from molecule to molecule through the
sample. Hopping is an activated process analogous to
solution-phase single-electron transfer so widely studied
by chemists. If, however, there is delocalization between
molecules then the solid has a band structure and the
electron can move more freely. A single-crystal metal has
a band structure that allows electrons to move from one
electrical contact through the crystal to the other contact
without hopping.

The situation for conducting polymers is seldom
simple. Consider first the case in which electron hopping
is involved. An example of such a material is a mixture of
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,
that such species form stacked, mixed valence aggre-
gates. This aggregation can form single crystals with
delocalization of electrons along the stacks. Clearly, such
aggregation is an important phenomenon in polymers, a
phenomenon that will affect the observed conductivity
behavior.

More widely studied are oxidized, conjugated-chain
polymers, such as polyacetylene or polythiophene
oxidized with iodine. These polymers have electrons
delocalized along segments of their chains and may also
have electrons delocalized between chains. Highly
conductive polymers have metallic properties, but
typically these materials are semiconductors. They have
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conductivitieslessthanthatof metalsandtheconductiv-
ity increaseswith increasingtemperature.Of particular
importancehere are considerationsof electrontransfer
betweenchainsor betweendomainsof the solid. These
processesare 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 besensitiveto this motion.

In addition to considerationsof molecular structure
and molecularmotion it is important to rememberthat
conductivityis a bulk propertyandrequiresaconducting
networkthroughthesample.Weshallseetheimportance
of this below,but considerthatmanyof thepolymersof
interest are composedof more than one species.An
exampleis a conductingpolymerasa minor component
in an insulating polymer, used to obtain desirable
electricalandmechanicalproperties.In suchcasesphase
separationis an importantconsideration.High electrical
conductivityrequiresthat the conductorform a continu-
ousphasewithin the insulator.

Hereweareinterestedonly in d.c.conductivityandthe
measurementsarefairly simple.Thevaluesarealsofairly
accurateand,wonderfully, the spreadof valuesis huge,
perhaps the largest of any values a chemist might
encounter.Insulatorshaveconductivities,s, reportedin
Scmÿ1 (whereS,thesiemens,is areciprocalohm)aslow
as10ÿ12 Scmÿ1. Most polymersaregoodinsulatorsand
someare usedfor insulationaroundwires. The highest
reportedconductivity for a polymer is for orientedand
iodine-oxidized polyacetylene at 105 Scmÿ1. Ionic
conductorssuchaslithium saltsin poly(ethyleneoxide)
have room temperatureconductivities of 10ÿ6–10ÿ2

Scmÿ1. Many conjugatedand oxidized polymers,such
as polythiophene oxidized with iodine, give values
around1–102 Scmÿ1 dependingon the exact method
of preparation.

Someof thecurrentactivity in thefield of conducting
polymersis directedtowardapplicationsasgassensors,
or as components in gas sensor arrays.2 Because
conductingpolymers such as oxidized polypyrrole or
carbon particles imbedded in inert polymers change
conductivity when exposedto organicvapors,they are
candidatesfor this useand, indeed,havebeenusedto
develop commercialdevices.When sensorsor sensor
arraysarecombinedwith suitablesignalprocessingand
patternrecognitionsystems,thedeviceis describedasan
‘electronicnose.’2 Suchsystemsareapplicableasa non-
destructivemethodfor the detectionanddiscrimination
of gasesandodors,for quality assurancein thefood and
beverageindustryandin breathanalysis.Electronicnoses
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

inexpensive to fabricate relative to other sensing
materials.

In summary,the materialsof primary interestto this
paper are polymers containing oxidized or partially
oxidizedorganicspecies.Electronhoppingis important
for the conductivity,andan understandingmustinvolve
considerationsof both the structureof the molecular
speciesand the morphologyof the material.When the
polymersabsorbvapors,the structureand conductivity
changeandthis providesanopportunityfor applications
in thefield of sensors.

RESULTS

Our first experiencewith the effects of vapors on
conductivity involved a polymer composedof a small
moleculeanionradicalanda polymericpolycation.3 Our
ideawasthatthepolymerwould serveasthecounterion
for the anion radical, and would also provide the
polymeric material so that mechanicallyuseful films
could be prepared.As the anion radical we chosethe
naphthalenediimide, 1ÿ. Previousstudieshad demon-
stratedthat 1ÿ could be formedin aqueoussolutionand
was stablein the absenceof oxygen. It had also been
demonstratedthat1ÿ formedp stacksin aqueoussolution
andin solidsasasodiumsalt.Therefore,it seemedthata
conducting material would result if we used the
polycation poly(dimethydiallylammonium) (PDDA) to
form 1ÿ/PDDA.

We deviseda methodfor theproductionof 1ÿ/PDDA
films that involved the reductionof 1 in the presenceof
PDDA in water on a mercurypool electrode.A black,
shiny film formed on the surfaceof the liquid mercury
thatcouldbeeasilyremoved,washed,driedandstoredin
air, providedthatthehumiditywasnot toohigh.As such,
thisprocedureyieldedanunusualexampleof anair stable
n-doped(negativelydoped)conductingpolymer. Con-
ductivity measurementsof the dried film along the film
planeshowedthat thepolymerwassemiconductingwith
a room temperatureconductivityof 10ÿ4 Scmÿ1 in dry
nitrogenor air. Theconductivitywasmuchlower across
thefilm plane,only about10ÿ7 Scmÿ1. ESRandvisible–
near–infrared(NIR) studiesshowedthatthestructurewas
anisotropic with p stacks of anion radicals oriented
primarily in thefilm plane.

Of special interest was the observation that the
conductivity of thesefilms dependedon the humidity
above the sample. In a humid atmospherethe film
becamesticky and the conductivity increased.At 90%
relativehumidity the conductivitywas0.1 Scmÿ1. The
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effect was reversibleso that when the humidity was
removedtheconductivityrapidly returnedto its original
value.Becausethe film becamesticky we proposedthat
water uptakecausedplasticizationof the film and that
(somehow) this led to higher conductivity. Further
investigationof the conductivity showedthat therewas
evidencefor polarizationof thesampleat high humidity.
This suggestedthat the materialmight be considereda
redoxconductor.4 If electronhoppingbetweenstackswas
importantin determiningthe conductivity, thenabsorp-
tion of water into the film might improve the local
mobility, and thereforethe rateof hopping.This would
increases, but since1ÿ/PDDA containedsucha variety
of ionic materialsthe mechanismof the vapoconductive
effect remainedunclear.

Thesestudiesrationalizedthe sensitivity of the 1ÿ/
PDDA films to humidity and set the stagefor further
investigationof the phenomenon.In order to developa
methodfor preparingsimilar films usinga non-electro-
chemicalmethod,we studiedthe water-solublepolymer
poly(vinyl alcohol)in mixturewith 1ÿ andsimilarwater-
solublediimides.5 Free-standingfilms of thissystemwith
varied loading and degreeof reductionof the diimide
conductorwere readily obtainedby spin casting.The
conductingfilms that were producedwere anisotropic,
butnotverysensitiveto humidity.Thismadeit clearthat
the presenceof anion radicals,even as p stacks,was
insufficient to explain the humidity effect. The new
resultssuggestedthatPDDAwassomehowinvolvedwith
thewateruptakeandthat this led to thehumidity effect.

In all the work on conjugated chain conducting
polymers,linear polymerswere used.It was, therefore,
of generalinterestto studybranched-chainpolymers.As
a startin this field we chosedendrimers.Dendrimersare
highly branchedpolymers, synthesizedin a stepwise
fashion to give a final product with a very narrow
molecular weight distribution. Tomalia’s group had
developedthe synthesisof polyamidoamine(PAMAM)
dendrimersand provided amine-terminatedpolymers
with increasingmolecularweights,generations1–4.We
modifiedthesedendrimersby attachingdiimidegroupsto
the peripherygiving, for example,the third-generation
dendrimer D3pA with up to 192 diimide groups per
molecule.6 In aqueous solution, NIR spectroscopy
showedthat thediimide anionradicalsformedp dimers,
but not the larger p stacksfound with the monomeric
anion radicals such as 1ÿ. Films cast from water
producedelectricallyconductingpowders,but not films.
This may be due to the brancheddendrimericstructure
which can inhibit intermolecularinterpenetration. Dis-
solvingthedendrimer2 in formamide,andreducingwith
sodium dithionite gave stable solutions of the anion
radicals, which could be spin cast into useful films.
Although the solutionsgaveanion radicalsthat reacted
with oxygenin the air, the castfilms werestablein dry
air.

Fully reduced films (1.1 electrons/diimide) gave

conductivitiesunder ambientconditionsof about 10ÿ3

Scmÿ1. Films formed from thesedendrimersthat were
partially reduced(0.55electrons/diimide)gave� = 10ÿ2

Scmÿ1. This is consistentwith the ideathat conduction
involves electronhopping.Electron exchangebetween
two anionradicalsnecessarilyproducesa dianionanda
neutralin anendothermicprocess.Electronhoppingfrom
an anion radical to a neutralin a mixed valencefilm is
thermoneutral.

Spectroscopicstudies on these films showed NIR
absorptionout to 2000nm with strongerintensityat long
wavelengthsfor mixed valencefilms. This is consistent
with the formation of the conductingentities involving
anionradicalaggregation.Although therearegeometric
constraintson theaggregationof anionradicals,the fact
thattheyareontheperipheryof thedendrimermeansthat
thereis ahigh local concentration,which is favorablefor
aggregate formation. Interestingly, these films are
isotropic,that is, thereis no preferredorientationof the
anion radical aggregatesin the film plane of the type
found for 1ÿ. Clearly, the dendritic structurecontrols
morphologyin this sense.

Thefirst indicationthat thesefilms would besensitive
to humidity wasobtainedwhenit wasobservedthat the
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 thecaseof
thepartially reducedfilm, theconductivityrosefrom 0.01
Scmÿ1 at zerohumidity to 15 Scmÿ1 at 90%humidity,
anincreaseby afactorof 1500.Thereversiblechangefor
afilm about20mm thick tookplacein afew minutesafter
thehumiditywaschanged.Thisphenomenonwasprobed
usinga quartzcrystal microbalance(QCM). The vibra-
tional frequencyof the quartz crystal dependson the
weight of the film attachedto its surface,andin certain
circumstancesthe mass of absorbed water can be
measured.In practicewe found that large quantitiesof
water were absorbed,with increasingamountsat high
humidity. Above 50% relative humidity the device
becameunstableas the wet film becameheavier and
moreplastic.Spectroscopicstudiesshowednodifference
between wet and dry films. Therefore, there is no
evidencefor changesin the structureof the conducting
entitiesandwe suggestthat plasticizationandincreased
mobility explainthe increasein conductivity.

Theseresultson PAMAM dendrimersmodified with
anion radicals led us to extend our results to cation
radical-modifieddendrimers.Oxidizedspeciesaremore
air stableandmorewidely usedfor materialschemistry,
sothisextensionwouldconnectourresultsto thosein the
literature on other conductors.In collaboration with
Newkomewe preparedpolyamidodendrimersmodified
with oligothiophenessuch as 2 and 3.7 It had been
establishedthat oligothiophenescould be oxidized to
give stablecationradicals.Theconductivityandspectra
of suchsaltshadbeenreportedandsowehadasufficient
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backgroundto undertakethe study. The specific den-
drimershadtheoligothiophenesattachedvia thioalkanol
groups.Thethio groupgaveaddedstability to thecation
radical, and the alcohol allowed attachment to the
dendrimervia an esterlinkage.Spectroscopicmeasure-
ments indicated that the loading with oligothiophenes
was 60–70%.Oxidation in methylenechloride solution
gaveoptical spectrademonstratingthat cationradicalp-
dimers were formed. This indicated an enhanced
disposition toward dimerization for the dendrimer
comparedto monomericanalogsat the sameconcentra-
tion.

The cation radicals did not form good films under
castingconditions,sowecastfilms of theneutralspecies
andoxidizedthemwith iodinevapor.Theconductivityof
thesefilms for eitherthebithiopheneor quaterthiophene
exampleswas 10ÿ3 Scmÿ1. Rapid switching of the
currentandlong-termcurrentpassageindicatedthat the
conductivitywasnot ionic.Thisconductivityis similar to
or slightly lower than those of pure quaterthiophenes
oxidized with iodine, indicating that the dendrimer
structurehasonly a small effect on theconductivity.

Vapoconductivityexperimentsrevealeda new phe-
nomenon.Watervaporhadonly a small (factor of two)
effect on the conductivity,but organicvaporsincreased
the conductivity (s/s0, wheres0 is measuredin air) by
factorsof up to 800.Theincrease,which took placeover
a periodof a few minutesfor films of thickness10mm,
was rapidly reversedwhen the vapor was removed.In
Table1 areshownthechangesin conductivity(s/s0) for
a variety of volatile organiccompounds.The datashow
that there is a range of responses,with 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
vapoconductiveeffectswasdifferent. Acetonegavethe
largest effect with 2. Diethyl ether gave the largest
increasewith 3. It was realized that the sensitivity of
thesepolymersto organicvaporsallowedthepossibility
of sensorapplications.In particular,it wasreasonedthat
qualitative organic analysiscould be performedbased
simply on theobservedconductivityvalue.

QCM studies were performed on these polymers
exposedto organic vapors. There was a decreasein
frequency(increasein weight)overa periodof minutes.
Whenthe vaporwasremoved,the weight returnedto a
value similar to that of the initial sample,also over a
period of minutes.In Table 1 is shownthe percentage
increasein mass.It canbe seenthat thefilms aretaking
up everyvapor including 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 the touch.

It will be recognizedthat theseoxidized dendrimer
films containnotonly oligothiophenecationradicals,but
alsocounterions, triiodide or polyiodides.Thesehalide
speciesareknown to give conductivity in poly(ethylene
oxide) and could contributeto the conductivity in this
case.8 Preliminarytests(D. C.Boyd,unpublishedresults)
indicatethatthis is thecaseandthattriiodidesaltscanbe
usedto developinexpensiveandreversiblevapoconduc-
tive films. An exampleis tetrahexylammoniumiodide in
PVC, treated with iodine vapor. This film, in which
triiodide is found spectroscopically,is insulating with
� = 8� 10ÿ10 Scmÿ1. In the presenceof acetonethe
conductivityrisesto 2� 10ÿ3 Scmÿ1. Whentheacetone
vaporis removed,theconductivityreturnsto its original
value. This huge (six orders of magnitude)changeis
reversiblefor anumberof cycles.Othervapors(Table2)
give different, but large effects, and even toluene
increasedtheconductivityby 5000.

The magnitudeof theseeffects is much larger than
found in an extensive series of studies on oxidized
polypyrrole basedsensors.2 Thesestudiesusually used
electrochemicallypreparedpolypyrrole.The counterion
for the cationic polymer camefrom the electrolyteand
wasvaried.Althoughchangesof 100havebeenfound,in
most casesthe size of the effect was a few per cent
increaseor decrease.The thrustof this work wasto use
suchmaterialsfor sensorsand evensmall vapoconduc-
tive effects could be used if an array of sensorswas
employed.

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

2 3

Vapor �/�0 (DM/M0)�100 �/�0 (DM/M0)�100

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

Table 2. Vapoconductivity effects for tetrahexylammonium
triiodide±PVC ®lms

Vapor s/s0 Vapor s/s0

Acetone 2� 106 Methanol 2� 105

Dichloromethane 1� 106 Ethanol 3� 104

Acetonitrile 1� 106 Diethyl ether 1� 104

Tetrahydrofuran 3� 105 Isopropylalcohol 1� 104

Chloroform 1� 105 Toluene 5� 103

Ethyl acetate 2� 105 Cyclohexane 1
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Since iodine has beenthe oxidant of choice in this
field, the above results also have some general sig-
nificancefor thefield of conductingpolymers.1 Examples
rangefrom oxidation of polyacetyleneusing iodine in
carbontetrachloride,to makethemosthighly conducting
polymer known, to many examplesof iodine-oxidized
polythiophenes, poly(phenylenevinylene)sand even
polyisoprene.We suggestthat if the conductivity is not
too high and if the samplesare not too dry, triiodide
conductioncouldbe important.

The largevapoconductiveeffectsfrom organicvapors
describedaboveweresoonrelatedto anongoingstudyof
a soluble polyaniline obtainedfrom Dr Pat Kinlen at
Monsanto. The polymer was solubilized by a large
counterion,dinonylnaphthalenesulfonate.The material
also containedexcessdinonylnaphthalenesulfonic acid
and a plasticizerin p-xylene. Although the polyaniline
was in 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 methanol.9 The
methanol wash sharply increasedthe conductivity to
valuesnear20 Scmÿ1. Althoughit waspossiblethat the
methanol was washing away some non-conducting
material, it seemedequally reasonablethat the polar
solvent allowed the ionic polyaniline to unfold and
aggregateto give bulk conductivity.We reasonedthat if
the latter was true then methanolvapor could have a
similar effect.

Tested experimentally,10 it was determined that
methanol vapor, indeed, causeda rapid increase in
conductivity of this Monsantopolyaniline materialcast
from p-xylene. The initial conductivity of 3� 10ÿ5

Scmÿ1 changedto 20Scmÿ1 afterexposureto methanol
vaporfor 1 min. Whenthefilm wastransferredto air the
conductivity did not change.Indeed,even heating the
film to 70°C to drive off anyabsorbedmethanoldid not
changethe high conductivity value.On the otherhand,
theconductivitycouldberapidly decreasedby 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 deactivate the film in
preparationfor anothermethanolmeasurement.

The large dynamicrangeof the effect allowed us to

differentiatea numberof different vapors.Table3 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 verymucha
factor as seen in the effects of methanol, ethanol,
propanolandbutanol.The notion that this film could be
usedto differentiatedifferentvaporpressuresof 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 practical interestwas the differ-
entiationof lite beer(�/�0 = 60) from ale (�/�0 = 1260)
beforetasting.

QCM studies(Fig. 1) showedthat the film rapidly
absorbedlarge 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 conclusionagain is that the film is
swollenwith thevolatile organiccompoundandthat this
allows reorganizationof the morphology.In this case,
morecrystallinity maybe importantfor theconductivity
increase.Crystallization, or at least organizationinto
polyanilinenetworks,hasreceivedsupportfrom a recent
studyof polyanilinegels.11 Thesegelswereformedusing
emaraldinebaseandan excessof organicsulfonic acids
suchasdinonylnaphthalenesulfonicacid in formic acid.
TheyshowTEM evidencefor organizedfibrils andx-ray
scatteringevidencefor crystallinephases.The conduc-
tanceof thesegels is lower (10ÿ2 Scmÿ1) thanthat for
our high-conductivityfilms, but it seemsclearthat in the
presenceof vaporssuchasformic acidwe couldalsobe
forming a gel phaseandthat networkmorphologiesare
formed under conditions comparable to those we
employed.

We havealso studiedthe neutral, insulatingform of
polyaniline(5) (J. S. Bankers,unpublishedresults).The
initial conductivityof a film of this commercialmaterial,

Table 3. Vapoconductivity changes for protonated polyani-
line ®lms after 30 s exposure

Vapor s/s0 Vapor s/s0

Methanol 7.4� 105 Dimethylformamide 2.0� 101

Ethanol 6.0� 105 Tetrahydrofuran 1
Isopropyl

Alcohol
1.3� 104 Acetonitrile 1

IsobutylAlcohol 6.2� 102 Ethyl acetate 1
tert-Butyl

Alcohol
5.4� 102 Diethyl ether 1

Acetone 3.4� 101 Toluene 1
Methyl ethyl

ketone
1.0� 101
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cast from N-methyl-2-pyrrolidinone, is about 10ÿ10

Scmÿ1. When the film was exposedto organicvapors
the conductivity rosesubstantiallyasshownin Table4.
The UV–visible spectraof the film before and during
exposureto vaporshowa broadmaximumat 625nm as
expectedfor thebaseform of polyaniline.Thesespectra
showthat the vapordoesnot protonatethe polyaniline.
Additionally, experimentshaveshownthatthemaximum
conductiveresponsedecreaseswith repeatedexposureto
vapors.By reversingthe bias on alternatingexposures,
this phenomenonis greatly reduced.It wasthoughtthat
this phenomenonmight be due to ions, not properly
removedduring the conversionfrom the salt to base
form, migrating to the electrodesduring bias.However,
elementalanalysisdoesnot supportthis hypothesis.A
comparisonof the relative sensitivity of the protonated
andunprotonatedformsof polyanilineto organicvapors
showssomedifferences,and in this baseform material
thereareno obviouscandidatesfor carriers.

Still, the films exhibited increasesin conductivity as
largeas106 whenexposedto methanolvapors.Although
the changesin conductivitywerenot entirely reproduci-
ble from exposureto exposure,anacceptablemethodhas
been devised to standardizethe response.Using this

method, the conductivity changeswere sufficient to
differentiate10 volatile organic compoundsin a blind
test.

Previousstudiesof vapoconductivity(or vaporesis-
tivity) have focuseduseful attentionon three types of
polymers.Oxidized conjugated-chainpolymerssuchas
polyaniline, polypyrrole and polythiophene have re-
ceivedattention.Bartlett andco-workershavepublished
extensivelyon suchmaterials.2 Theyhavemadedevices,
including arrays, and developed the electronics and
softwareto makethesemeasurementsuseful in applica-
tions. Of interestare artificial neural networksfor the
identification of vapors.Of importanceare methodsto
calibrate the responses.There is often a concernwith
baseline drift and reproducibility of the response.
Becausethesematerialsare in a high oxidation state
they are susceptibleto reductionby aminesand other
volatile reducingagents,and this tends to changethe
property in an irreversiblemanner.On the other hand,
this typeof redoxor acid–basebehaviorhasbeenwidely
toutedfor sensitivedetectionusingsuchpolymers.

In comparisonwith the redox polymers of interest
here, these conjugatedchain conductorshave higher
conductivities,but show smaller vapoconductivityef-
fects.A typical change(usuallyan increase)is a few per
cent compared with the 103–106 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
proposedfor qualitativeidentificationof volatile organ-
ics.

Ionic 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 salts in poly(ethyleneoxide) of
the type usedfor battery applications.A recentpaper
reportsasurveyof anumberof polymers,plasticizersand
organic salts to organic vapors such as ethanol and
toluene.12 All threecomponentsarerequiredto obtainthe
vapoconductive response. The conductivity in the
absenceof vapor is of the order of 10ÿ6 Scmÿ1. It
appearsthat the vaporstypically causeincreaseson the
order of a few per cent, but can be up to 100 and are
reversible.It waspossibleto constructverystabledevices

Figure 1. Conductivity (squares) and mass changes from
QCM for 1 mm polyaniline ®lms exposed to the vapor above a
20:80 ethanol±water mixture by volume. Sample placed in
the vapor after 5 min

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

Vapor (�vapor/�methanol)�10ÿ3 Vapor (�vapor/�methanol)�10ÿ3

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
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with goodreproducibilityandusethemfor quantitation
of theamountof organicvaporin air.

Of interest is the developmentof a set of vapor-
sensitivefilms with differentresponses.Suchasetwould
havegreaterpossibilitiesfor analyticalusethana set in
which all the membersgavesimilar responses.Figure2
comparesthe vapoconductiveresponsesfor the four
polymersystemsdescribedabove.In thecaseof thebase
form of polyaniline the absolutevalues are not exact
becausetheinitial conductivityis solow, but therelative
valuesaremeaningfulin this context.It canbeseenthat
thereis not a similar patternin the observedresponses.
Polarvaporstendto give largerincreasesin conductivity,
but thedetailschangedramatically.Henceit appearsthat
this new phenomenoncould have utility for sensor
components.
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