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ABSTRACT

KEYWORDS

In this paper we describe an easy method to deposit thin films from soluble
Polypyrrole (Ppy) synthesizedby chemical polymerization using SDBS as
surfactant. Ultrasonic spray technique was adopted to deposit these films,
using acommercial domestic humidifier, on alumina substratescoated with
two interdigitated electrodes, to be used as chemiresistor sensor. The
obtained films were characterized by FTIR, X-ray diffraction, scanning
electron microscope (SEM), and four point probe techniques. We also
investigatedthe effect of polymerization time, molar ratiosof Pyrrole monomer
totheoxidant (FeC13) [Mo] /[Ox] onsensing property . X-ray diffraction
pattern of Ppy with SDBS showed a shift of diffraction peak angle of about
(20 = 11.46°), relatively to pure Ppy, indicating that SDBS acted as a spacer
between the conducting polymer chains, and induced avery high d-spacing
comparing to the pure one. This has a positive impact on sensor sensitivity,
as it makes more easily for analyte molecules to penetrate inside the films.
Small peaks shifts were also observed between Ppy prepared with different
molar ratios [Mo] / [Ox], indicating that the higher the molar ratio, the
higherthe space between chainsis. Conductivity measurements were made
for the selected molar ratios. The best conductivity was 0.62(S/cm)
corresponding to amolar ratio of 3. Finally, sensors showed agood sensitivity
towards methanol and ethanol which could be explained by the high specific
surface area and porosity as demonstrated by SEM images.
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INTRODUCTION

Semiconducting propertiesof organic materidsare
not new, but theavailability of film-forming semicon-
ducting polymersisvery recent. Thereisahighlevel of
interestinthepotentia that these structuresmight have
for useinlarge-areathin-film electronics, because of

the prospect for low-cost fabrication of deviceswith
very acceptable performance. Over thelast three de-
cades, conducting polymers such asPolypyrrole,
Polythiophene, and Polyaniline have attracted agreat
deal of research interest because of thegreat promise
of their eectrical, electrochemica and optical proper-
tiesfor commercia applicationssuch assensors, light-
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emitting diodes, rechargeabl e batteries, € ectrochromic
display devices, etc. Inthese gpplications, conducting
polymersare normally used asfilmsor coatings, with
different thicknesses, depending on therequirements of

the application. Key hurdlesto the use of these poly-

mersincommercid productshavebeenthelack of facile
synthetic methodsfor producing useful quantitiesaswell

assmpleapproachesfor processing bulk polymer into
useful forms. Inaddition, thestability, including mechani-

cal, thermal, conductivity (withtimeand at high tem-

perature) and overoxidation, has been aconcern. The
limitationsin postsynthes sprocessability areduetothe
chain stiffnessand interchain interactionsthat render
these material sinsolublein commonsolvents. For ex-
ample, polymers can become crosslinked, highly
branched, or electrostatically crosslinked dueto po-
laron/bipolaron chargeinteractions. The chemical or
ionic crosdinking rendersthe polymer intractable. As
aresult, these conjugated polymersaredifficult to pro-
cess into thin films on flexible substrates using
traditionalmethod such as spin coating. Polypyrroleis
one of the more promising conducting polymers. Itis
prepared by oxidation of Pyrroleeither by chemical or
electrochemical meang®l. Chemically prepared Ppyis
intheform of brittle powdersthat areinsoluble and
infusible, and have poor processability, the poor
processability of Ppy has been clarified by theexistence
of stronginterchain interactions. Polymerization condi-
tionsaffect the properties of Ppy such asmonomer to
oxidant molar ratio, presenceof surfactant, reactiontime
and temperature. Depositing a sensitivefilm on a
substrateisacrucia point when looking for reproduc-
ibility and stability of sensor response. There are
severalmethodsfor depositing sensitivefilmson asub-
strate such as casting, spray, Spin coating, self-assem-
bling, sputtering, evaporation, and Langmuir—Blodgett.
Amongthes mplemethodsfor depositing sensingfilms,
those obtai ned by sdlf-assembling havethebest unifor-
mity. However, thethicknessof thefilmislimited by the
self-assembling chemical processand usudly isreduced
to amonolayer or some tens of nanometers. On the
other hand, with the casting method ispossibleto de-
posit athicker film, but thereisapoor control onthe
amount of material deposited. Furthermore, the struc-
ture, thicknessand uniformity of thefilm changefrom
one run to another. Although spray and spin coating
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methods have better controllability, they havealack of
the sensor response reproduci bility, which isdepen-
dent on the uniformity, structure and thickness of the
sengitivefilm. Such reproducibility isrequired, for in-
stance, when replacing sensorswithout cdlibration steps
or in systemswhere two or more sensorswith similar
characteristicsare required®. In the present work, a
novel method for depositing Polypyrrolefilmsbased on
an ultrasonic atomizer was deve oped. Although ultra-
sonic atomization hasbeenwiddy investigated and usd
for avariety of applications, up to our knowledgeit has
not been used for depositingPolypyrrolefilmsused as
sensors, o far. Polypyrrole sengitivefilmswere depos-
ited on aluminasubstrates coated with two interdigi-
tated el ectrodes, for their useaschemical sensors. The
obtained filmswere characterized by FTIR, X-ray dif-
fraction, scanning € ectron microscope (SEM) and four
point probetechniques. We d soinvestigated the effect
of polymerizationtime, molar ratios of Pyrrolemono-
mer tothe oxidant (FeCl3) [M0]/[Ox] on sensing prop-

erty.
EXPERIMENTAL

Materials

Materid susedfor thechemica synthesiswere Pyr-
rolemonomer (Py) purchased from (Merck), Sodium
dodecyl benzenesulfonate (SDBS) (Aldrich) (Mw =
348.48 g/mol), hexahydrate ferric chloride
(FeCl,..6H,0), Ethanal (Aldrich), Methanol (Merck),
Acetone (Panreac), Deionized water (DI), dl materids
usedinthisresearch wereanadytica grade.

Polypyrrolesynthesis

Polypyrrolewas chemically synthesized with five
different molar ratios(3, 5, 6, 8, and 10) of monomer
to oxidant [Mo] / [Ox]. The oxidant solution was pre-
pared by dissolvingl mmol of hexahydrateferric chlo-
ridein25mL of DI water under stirringfor 20 min. The
monomer sol ution was prepared by dissolvingthe ap-
propriate moles Pyrrolein 100 mL of DI water by stir-
ringfor 10 min, theflask was put inicebathto maintain
the temperature between (0U- 5U) C!¢, then 5 mmol
of SDBSwas addedunder stirring for 30 min. Thena
drop wise of oxidant solution was added to the cold
mixture of Py and SDBS during onehour, themixtures
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Figurel: Schematicview for ultrasonic spray deposition technique

were gently stirred until thetermination of the polymer-
izati on reaction by pouring excessamount of methanol
into the black mixture. Three polymerizationtimes(1,
24, 45) h were chosen for each molar ratio. Finally,
solutionswerefiltered, and theresulted black Ppy pre-
cipitateswerewashed with DI water, methanol, etha-
nol, and acetone, sequentially followed by dryingin
vacuum oven at 30U C for 24 hours.

Ultrasonic spray deposition system

The deposition system consistsof four main parts:
mist generator (from LAICA) equipped with piezod ec-
tric ultrasonic transducer, air compressor, heater, and
nozzle, asshowninFigure 1. A controlling valvewas
used to control air flow ratewhich was measured with
arotameter>7,

Prepar ation of sensorssubstrates

Figure 2 shows auminasubstrate with two i nter-
digitated e ectrodesused inthiswork®. Thecleanliness
of substratesisof primeimportanceto have good ad-
herent films. So, wefollowed amultistep cleaning pro-
cedure, congisting of soaking thea uminasubstratesin
distilled water, methanol, distilled water, acetone,
anddidtilled water, successively, in an ultrasonic bath for
10 minutes. Then, substratesweredriedin oven at 70U
Cforonehour.

Sensor sfabrication by ultrasonic spray deposition

About 50 mL from thepreparedPpysol utionswere
put inthe pulverization flask, whichisinturn placedin
theultrasonic bath, just abovethetransducer (seeFig-
urel). Compressed air, with 500 cc/minflow rate, en-

ultrasonic spray deposition of
Ppy on ceramic substrate

[

W

40 A A

Figure 2 : Schematic view of the interdigitatedsensors
substrates

terstheflask inlet, carriesthe generated Polypyrrole
mist andexitsfromthe outlet of theflask into theglass
nozzle, and finally to the heated substrate. A tempera-
ture of about 100UC was found to give the best re-
sults. Thedepositiontimewasfixed at 15 minfor all
sensors. Inthefollowing, wewill denote each sensor
by (Sx-y) wherex indicatesthemolar ratio, andy the
polymerizationtime.

Char acterization and gassensitivity measur ement

Electrical conductivity measurement of Ppy pow-
der pelletswas done by using standard four probe
method (SIGNATONE) equipped with (KEITHLEY
617 programmabl e electrometer), and (KEITHLEY
220 programmable current source). Thin pelletswere
prepared from Ppy powder using astainlesssteel mold
with 1 cm diameter and 10 tonspressure.

Thestructurd characterization of Ppy with SDBS
wasobtained by using (Philips, X pert), X-ray powder
diffractometer XRD with CuKaemisson (A=1.54187
AU). Diffraction patterns were collected between 10U
and 70U in 26. FTIR spectrawereobtainedby (Bruker,
Vector 22 spectrometer) in transmission mode, by
scrapingalittleamount from the deposited Ppy film (af-
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Figure3: Infrared transmission spectrum (FTIR) of Polypyrrolewith SDBS

ter washingin DI water ethanol, and methanol succes-
svely) and mixing withKBr (Merck), themixturewas
crushed and mixed in amortar, and compressed into
pellet. M orphol ogy measurement was obtained by SEM
(Scanning Electron Microscope) (VEGAII TESCAN)
with (LV STD) detector. Gas senditivity measurements
at different concentrations of methanol, and ethanol for
each sensor were madein aknown volume chamber
equi pped with ameasurement systemconsisting of dua
display multimeter (FLUKE 45) connectedtoa
computerformeasuring sensor resistance.

RESULTSAND DISCUSSIONS

FTIR spectrum

IR spectrum of prepared Ppy intransmission mode
was recorded between (500-4000) cm'?, and shown
in Figure 3. The peak at 3430 cm* belongs to N-H
stretching vibration, two small peaksat 2924 cnr and
2844 cm! refer to the C-H symmetric and antisym-
metric in both CH2, and CH3 aliphatic, C-H out of
planedeformationswere observed gpproximeately & the
region between 1600 cm®, and 2100 cm?, followed
by 1544 cm?, and 1452 cmr? assigned tothe C=Cring
stretching that isresponsible of the conductivity of the
material. Peaks at 1295 cn?, and 1165 cm? refer to
S=0 symmetric and antisymmetric in sulfonates
whichconfirmsthe SDBS presence. Thefour pesksat

(1042, 964, 869, and 796) cmtindicate the C-H in
plane, and out of plane deformationsin Pyrrole units.
Thisspectrumisinwell agreement withpublished re-
S.Jl t§ 10,11,12] .

Electrical conductivity

Variation of synthesized Polypyrrole conductivity
withmolar ratioisshowninFigure4. Alinear reaionis
observed inthe studied range; the conductivity had its
highest value (0.62 S/cm) at [Mo]/[ox] = 3, and
decreasegraduallyby theincrement of molar ratio until
reaching thelowest value (0.035 S/cm) at [Mo]/[ox] =
10. Thiscould berelated to the decrease of thepolymer
doping level, asFeCl actsasadopant through CI-, in
additiontoitsoxidant rol€3.
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Figure4: Conductivity of polypyrrolewith SDBSat different
[M]/[OX]
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Figure5: XRD diffraction patternsof Polypyrrole: a. purePpy, b. Ppy with SDBS, [M o]/[ox] =6
TABLE 1: Comparison of d-spacing between the pureand ey 2 = =5 7 & & 10 1
added SDBSone, [Ma]/[oX] =6 oy [ — S . ]
= 67 [ b .
Polypyrrole 20 (Rad) d-spacing (A°) £ esf .
= 6.5 |- -~ 1
Pure Ppy 25.42 3.504 = . ]
Ppy /SDBS 13.96 6.344 S eaf e 1
_@L 62 | ) i -
XRD oy S .
o | —=m— 2 Theta | g
X-ray diffraction patterns for pure Polypyrrole 2 e e ]
andthat with SDBS, [Mo]/[ox] =6inbothcases, are 5 122 F ]
shownin Figure 5. We observe ashift of diffraction & s | B E
peak angleof Ppy with SDBSof about (20 =11.46U), = ;3% F ) 1
relatively to pure Ppy™*4, indicating that SDBS acted as i 2 ]
a spacer between the conducting polymer chains Y S N S S N SN S T
2 3 4 - | (<] 7 8 =] 10 11

(interlayer spacing), and induced a very high d-
spacingcomparing to the pure one. Thed-spacingwas
cd culatedfrom Braggs’s equation (1), and theresults
areshowninTABLE 1.

n.A=2d.sin@ 1)

Thisdifferenceof d-spacing highlightstheimpact
of the surfactant, and explainsin part thegreat incre-
ment of solubility, duetoitshigh steric effectsbetween
thechainsduring their formation.

Peaks positionsand d-spacingsfor each molar ra-
tio[Mo]/[Ox] wereca culated and plotted in Figure 6.
We observed adecrease of d-spacingswiththeincre-
ment of the oxidant (decrease of monomer/oxidant ra-
tio). Thiscould beexplaned bytheincrease of the oxi-
dationintensity of polymerization reaction, which de-

Molar ratio [Mo]/[Ox]
Figure6: Effect of molar ratio on XRD diffraction peaks
positionsand d-spacings

TABLE 2: Experimental conditionsused in fabrication of
tested sensors

sensor [Mo]/[OxX] Polymerization time
S3-1 3 1
S3-24 3 24
S3-45 3 45
S5-1 5 1
S5-24 5 24
S5-45 5 45
S6-1 6 1
S6-24 6 24
S6-45 6 45

E
§
|
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Figure10: SEM mor phology of Ppyfilm deposited by ultrasonic spray techniqueafter 1 h polymerization time(S3-1)
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Figurel1l: SEM morphology of Ppyfilm deposited byultrasonic spray techniqueafter 24 h polymerization time (S3-24)

featsthe effect of spacer and reducesthe distance be-
e S(%) = [(Rv— Ro)/Ro] * 100 @
WhereR jstheinitial sensor resistance, R isthesen-
sor resistance after exposing to the target vapor*.
The percentagesensitivity Sof Ppy sensorsupon  Threeseriesof sensors(S3, S5 and S6) werestudied,
exposure to methanol, and ethanol vaporswas calcu- each correspondsto a predefined monomer to oxidant
lated fromrelation (2): ratio namely 3, 5 and 6. Sensors of high molar ratios
S8 and S10 wereexcluded, becauseof their sengitivity
———  Palorioly Science
A ndian ﬁomome
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Figure12: SEM mor phology of Ppyfilm deposited by ultrasonic spray techniqueafter 45 hpolymerization time (S3-45)
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Figure13: SEM mor phology of Ppynano-flakeslocated at theinter nalsurfacesof thetubular poresfor 45 h reactiontime(S3-

45)

instability, may bedueto their low conductivity. Each
seriesinclude three different polymerization times,
namely 1h, 24h and 45h. TABLE 2 summarizesthe
experimental conditions used in fabrication of tested
SENsors.

Figures (7-9) showsengitivitiesof these sensorsas

afunction of methanol and ethanol concentrations. In
all sensors, the sengitivity increaseswith analyte con-
centration, with atrend to saturation. Moreover, sensi-
tivity to methanol and ethanol increased steadily with
theincreasing of molar retio, and d sowith theincreas-
ing of polymerization time. The S3 series sensors
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showed the highestsensitivity, and among them S3-
45(45 h polymerization time) had the highest one.
Changes in sensitivity with the polymerization
timesweresttributed tomorphologica factorsrelated to
surface area, and porosity, aswill bediscussed inthe
next paragraph. Also, for all sensorsthesengitivity to-
ward ethanol ishigher than methanol, thiscould be at-
tributed to thehigher volatility of methanol, leadingtoa
lower concentrationin the polymert.,

SEM

Morphology of Ppy films prepared with different
polymerization timeswereexamined by (SEM); for S3
seriessensors ([Mo]/[Ox]=3), theresultsareshownin
Figures(10-13). All filmspossess high porosity, with
poresdiameter of about 2 um, which enhance sensor
sengtivity, asitincreasesthe specific areaof theinter-
action surface. Stratified layersinsdethetubular pores
areobserved, which aresmilar to thin flakeswith nano
dimeng onsof about42nm, and granul esof about 90 nm.
Thisleadsto anincrease of area-to-volumeratio, and
could explain sengitivity improvement with polymeriza-
tiontimesincrease,

CONCLUSIONS

We have demonstrated the feasibility of
nanostructurefilms by ahomemade ultrasonic spray
setup, from soluble Polypyrrolewith SDBS surfactant,
and synthesized by chemica oxidation polymerization.
It’s showed that addition of SDBS leads to an increase
of theinterchain spacing, so enhancing Polypyrrolesolu-
bility. Impact of molar ratio of Pyrrolemonomer to FeCl,
oxidant, and polymeri zation timeon sengitivity toward
methanol and ethanol were studied. Improvement of
sengitivity was correl ated with the morphol ogy of the
obtained films, asdemonstratedby SEM. Best results
were obtained for sensors made form amolar ratio of
3, and 45h polymerizationtime.
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